


                M E T H O D S  I N  M O L E C U L A R  B I O L O G Y ™

Series Editor
John M. Walker

School of Life Sciences
University of Hertfordshire

Hat fi eld, Hertfordshire, AL10 9AB, UK

For further volumes:
http://www.springer.com/series/7651



     



Calcium-Binding Proteins 
and RAGE

From Structural Basics to Clinical Applications

Edited by

Claus W. Heizmann 

Department of Pediatrics, Division of Clinical Chemistry 
and Biochemistry, University of Zürich, Zürich, Switzerland



Editor
Claus W. Heizmann 
Department of Pediatrics
Division of Clinical Chemistry and Biochemistry
University of Zürich
Zürich, Switzerland

ISSN 1064-3745 ISSN 1940-6029 (electronic)
ISBN 978-1-62703-229-2 ISBN 978-1-62703-230-8 (eBook)
DOI 10.1007/978-1-62703-230-8
Springer New York Heidelberg Dordrecht London

Library of Congress Control Number: 2012952137

© Springer Science+Business Media New York 2013
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is 
concerned, speci fi cally the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction 
on micro fi lms or in any other physical way, and transmission or information storage and retrieval, electronic adaptation, 
computer software, or by similar or dissimilar methodology now known or hereafter developed. Exempted from this 
legal reservation are brief excerpts in connection with reviews or scholarly analysis or material supplied speci fi cally for 
the purpose of being entered and executed on a computer system, for exclusive use by the purchaser of the work. 
Duplication of this publication or parts thereof is permitted only under the provisions of the Copyright Law of the 
Publisher’s location, in its current version, and permission for use must always be obtained from Springer. Permissions 
for use may be obtained through RightsLink at the Copyright Clearance Center. Violations are liable to prosecution 
under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not 
imply, even in the absence of a speci fi c statement, that such names are exempt from the relevant protective laws and 
regulations and therefore free for general use.
While the advice and information in this book are believed to be true and accurate at the date of publication, neither 
the authors nor the editors nor the publisher can accept any legal responsibility for any errors or omissions that may be 
made. The publisher makes no warranty, express or implied, with respect to the material contained herein.

Printed on acid-free paper

Humana Press is a brand of Springer
Springer is part of Springer Science+Business Media (www.springer.com)



v

   Preface 

    A major direction in medical research leading to clinical applications targets the regulation 
of intracellular calcium and the various human diseases associated with an altered homeo-
stasis of this global second messenger. These diseases include, for example, cardiomyopathy, 
in fl ammation, brain disorders, diabetes, and cancer. 

 After entering the cell, Ca 2+  binds reversibly to speci fi c Ca 2+ -binding and sensor pro-
teins that ful fi ll multiple cellular functions. The human genome contains over 200 genes 
coding for this large protein family, characterized by a common helix–loop–helix structural 
motif, the EF-hand. 

 In the 1960s troponin was discovered by Ebashi [1] as the  fi rst intracellular Ca 2+ -sensor 
protein, regulating muscle contraction. Today highly sensitive cardiac-speci fi c troponin 
assays are routinely used in most hospitals to diagnose patients with acute coronary syn-
drome (ACS). 

 Calmodulin interacts with more than 300 variable target sequences, regulating many 
biological functions. New strategies are described in this book to quantify calmodulin–tar-
get interactions. These techniques can be applied to analyze the interaction between any 
calcium-binding protein with its binding partner. 

 In 1971 muscle parvalbumin was the  fi rst Ca 2+ -binding protein to have its amino acid 
sequence and 3D structure resolved. On this basis, Kretsinger developed the concept of the 
EF-hand structural motif [2]. Today parvalbumin is known as a marker of a subpopulation 
of GABAergic neurons in the brain and as a major food allergen sharing the allergenic 
potential of many other Ca 2+ -binding proteins. Parvalbumin and S100A1, when introduced 
by gene therapy, are able to restore heart function in animal models. 

 These and other examples, included in this book, underline the diagnostic and clinical 
importance of this family of proteins in human diseases and as drug targets. For example, 
longistatin—a plasminogen activator from vector ticks (blood-sucking ectoparasites affect-
ing humans and animals)—is a candidate for the development of anti-tick vaccines. 

 S100 proteins ( fi rst described by Moore;[3]) constitute the largest family within this 
EF-hand superfamily [4]. Most S100 genes are clustered on a region of human chromo-
some 1q21 (for nomenclature see: [5] and update [6]) that is prone to chromosomal rear-
rangements. Several S100 proteins are secreted, and they exert the role of cytokines through 
the activation of various cell surface receptors, e.g., the Receptor for Advanced Glycation 
Endproducts (RAGE), an immunoglobulin-like multi-ligand receptor for AGEs, amyloid 
beta peptides, HMGB1, TTR, and several S100 proteins. This receptor and its ligands are 
associated with Alzheimer’s disease, in fl ammation and cancer. The interaction of RAGE 
with its ligands is described, using the Surface Plasmon Resonance (SPR) technology. Site-
speci fi c blocking of RAGE by speci fi c inhibitors, antibodies, or selected peptides that target 
RAGE or its ligands is also described, using phage display technology. This approach is 
presently discussed as a therapeutic strategy to attenuate cell toxicity. 
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 This volume is a collection of chapters written by leading experts in the  fi eld, contain-
ing state-of-the-art, lab-based methods and easy-to-follow protocols for daily use. These 
methods and techniques are generally applicable—after modi fi cations—and are not 
restricted to Ca 2+ -binding proteins and their targets. 

 Methods and protocols include: 
  Calcium-measurements, structural analysis, target binding, and localization : Intracellular 

Ca 2+ -measurement in single cells using ratiometric calcium dyes; protein expression sys-
tems; equilibrium and  fl ow dialysis and isothermal calorimetry to determine metal binding; 
isotope labeling of proteins for NMR analysis; crystallization and X-ray analysis using a 
synchroton source;  fl uorescence anisotropy; Surface Plasmon Resonance (SPR); Phage dis-
play selection; super-resolution light microscopy, and human cell line authentication. 

  Screening methods : HPLC-ES-MS analysis of body  fl uids; GST-pulldown to screen for 
novel Ca 2+ -binding proteins; grafting approach with luminescence resonance energy trans-
fer to search for viral Ca-binding motifs; primer extension microarray for the analysis of 
genes associated with disease ; in vivo screening of S100B inhibitors in melanoma. 

  Clinical Chemistry : Diagnostic and prognostic use of cardiac troponin; S100B as a 
biomarker for traumatic brain injury, certain neurodegenerative disorders, and malignant 
melanoma. 

  Therapy : In vivo S100A1 gene delivery to correct heart failure; Nesfatin and diagnosis 
and treatment of obesity. 

 I am very grateful to all contributors for making this volume interesting for basic and 
medical researchers, cell biologists, clinicians, clinical chemists, and the diagnostic industry. 
I am also thankful to my wife Erika Heizmann for her patience and understanding during 
the process of editing this book.

Zürich, Switzerland Claus W. Heizmann 
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    Chapter 1   

 Measurement of Intracellular Ca 2+  Concentration 
in Single Cells Using Ratiometric Calcium Dyes       

     Sonal   Srikanth    and    Yousang   Gwack         

  Abstract 

 Measurement of intracellular Ca 2+  concentration ([Ca 2+ ] i ) is useful to study the upstream and downstream 
events of Ca 2+  signaling. Ca 2+ -binding proteins including EF-hand-containing proteins are important 
downstream effector molecules after an increase of [Ca 2+ ] i . Conversely, these proteins can also act as key 
modulators for regulation of [Ca 2+ ] i  by sensing the Ca 2+  levels in the intracellular organelles and cytoplasm. 
Here we describe a single-cell Ca 2+  imaging technique that was used to measure the intracellular Ca 2+  levels 
to examine the function of Ca 2+ -binding proteins, STIM1 and Calcium release-activated Calcium channel 
regulator 2A (CRACR2A), using ratiometric Ca 2+  dye Fura-2 in adherent and non-adherent cells.  

  Key words:   Store-operated Ca 2+  entry ,  Calcium release-activated Calcium (CRAC) channel ,  Nuclear 
factor of activated T cells (NFAT) ,  Ratiometric Ca 2+  measurements ,  Fura-2 ,  Intracellular Ca 2+  concen-
tration ,  EF-hand-containing proteins ,  STIM1 ,  Orai1 ,  CRAC channel regulator (CRACR) 2A    

 

 In non-excitable cells, Ca 2+  entry via store-operated Ca 2+  (SOC) 
channels is a predominant mechanism to raise intracellular Ca 2+  
concentrations ([Ca 2+ ] i )  (  1–  4  ) . Under resting conditions, cyto-
plasmic [Ca 2+ ] is in the range of ~100 nM while that in the endo-
plasmic reticulum, which serves as an intracellular Ca 2+  store, is 
much higher (~400  m M). SOC channels were so named because 
they are activated by depletion of intracellular Ca 2+  stores  (  2  ) . The 
Ca 2+  release-activated Ca 2+  (CRAC) channel is a specialized class 
of SOC channel and is well characterized in immune cells. Ca 2+  
in fl ux via the CRAC channel activates many downstream Ca 2+ -
binding  proteins including calmodulin  (  1,   4,   5  ) . Ca 2+ -bound 
calmodulin activates further downstream signaling molecules like 

  1.  Introduction
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calmodulin-dependent kinases, the protein phosphatase calcineurin, 
and others. Other EF-hand-containing Ca 2+ -binding proteins also 
play an important role in activation and modulation of CRAC 
channel activity, by sensing the Ca 2+  concentrations in speci fi c cel-
lular compartments including cytoplasm (e.g., CRACR2A)  (  6  )  
and endoplasmic reticulum (e.g., STIM1)  (  7–  9  ) . 

 Recent studies have identi fi ed STIM1, a Ca 2+ -binding protein 
localized predominantly in the endoplasmic reticulum (ER) as 
an important component of CRAC channel-mediated Ca 2+  entry 
 (  7–  9  ) . STIM1 contains an N-terminal EF-hand that detects lumi-
nal ER [Ca 2+ ], a single transmembrane domain, and a long 
C-terminal cytoplasmic region. Subsequent studies have identi fi ed 
Orai1 (also known as CRACM1 or TMEM142A) as a pore sub-
unit of the CRAC channels  (  10–  13  ) . Upon ER Ca 2+  depletion, 
STIM1 becomes Ca 2+ -unbound, multimerizes, translocates to PM 
proximal ER, mediates clustering of Orai proteins on the PM, and 
stimulates Ca 2+  entry  (  7–  9,   14  ) . Ampli fi ed CRAC currents have 
been observed upon co-expression of Orai1 and STIM1, suggest-
ing that these are the limiting and essential components of CRAC 
channels  (  15–  17  ) . 

 A direct protein interaction between STIM1 and Orai1 is cru-
cial for activation of CRAC channels. Recently an important 
domain in the cytoplasmic region of STIM1, termed the CRAC 
activation domain (CAD)/STIM1 Orai1 activating region (SOAR) 
was identi fi ed by truncation analysis  (  1–  4  ) . The CAD/SOAR frag-
ment of STIM1 was shown to play a pivotal role in activation of 
Orai1 by direct binding to cytosolic N- and C-termini of Orai1. 
These studies indicate that CRAC channel activation involves 
multiple steps including STIM1 oligomerization, co-clustering of 
Orai1 and STIM1 at the PM-ER junctions, and gating of Orai1 
 (  18–  23  ) . While the role of Orai1-STIM1 interaction is empha-
sized in the multiple activation steps of CRAC channels, the 
cellular machinery modulating these processes is currently under 
investigation. 

 In a previous study, we identi fi ed a novel cytoplasmic EF-hand-
containing protein, CRACR2A, as an important regulator of 
Orai1–STIM1 interaction  (  6  ) . We showed that CRACR2A directly 
interacts with Orai1 and STIM1, forming a ternary complex. 
Interestingly, CRACR2A dissociates from Orai1 and STIM1 upon 
increase of [Ca 2+ ] i . An EF-hand mutant of CRACR2A elevated 
cytoplasmic [Ca 2+ ], enhanced STIM1 clustering, and induced cell 
death. These observations suggest a role for CRACR2A as a cyto-
plasmic Ca 2+  sensor that modulates multiple steps of CRAC chan-
nel activation including oligomerization, translocation, and cluster 
formation of Orai1 and STIM1 by direct protein interaction. 
Recently, CaM binding to the N terminus of Orai1 has been shown 
to induce inactivation of CRAC channels  (  24  ) . CaM-binding sites 
on Orai1 and STIM1 partially overlap with those of CRACR2A. 
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Interestingly, CaM was found to co-immunoprecipitate with Orai1 
only in the presence of Ca 2+ , contrary to CRACR2A that dissoci-
ates from Orai1 and STIM1 at elevated [Ca 2+ ] i . These results sug-
gest a scenario where CRACR2A binding favors an active CRAC 
channel complex upon store depletion (at low [Ca 2+ ] i ) while CaM 
facilitates inactivation of CRAC channels at high [Ca 2+ ] i . In sum-
mary, several Ca 2+ -binding proteins are key players in regulation of 
[Ca 2+ ] i  and to study their role, accurate measurement of a change 
in [Ca 2+ ] i  is very important. 

 Two different methods such as current measurements using 
electrophysiological recordings and intracellular Ca 2+  measure-
ments using Ca 2+ -binding dyes are widely used to examine CRAC 
channel function. Both of them have their bene fi ts and limitations 
and should be used based on desired sensitivity, speci fi city, and 
feasibility of the techniques. Whole-cell patch clamp recording is a 
specialized and accurate technique to measure CRAC currents. 
Because CRAC channel-mediated currents are de fi ned based on 
their characteristic inwardly rectifying current–voltage relationship, 
whole-cell patch clamp recording remains an indisputable method 
of choice for accurate measurement of CRAC channel function. 

 Although electrophysiological recording is an excellent tool to 
study biophysical properties of CRAC channels, it also has limita-
tions. Because CRAC currents are very small with an estimated 
single-channel conductance of <1 pS  (  25,   26  ) , it is not possible to 
directly measure single-channel currents, a hallmark of electro-
physiological analyses, with the currently available tools. In addi-
tion, endogenous CRAC currents have been measured only from 
immune cells including T cells and mast cells. Because these cells 
express relatively few ion channels, it is easy to isolate the small 
CRAC currents. Whole-cell patch clamp recording is an invasive 
method involving exchange of intracellular content of a cell with a 
synthetic solution, which may cause diffusion of intracellular fac-
tors regulating channel activity. Lastly, it is very dif fi cult to measure 
small changes in basal (resting) Ca 2+  levels or Ca 2+  oscillations using 
electrophysiological tools. 

 On the other hand, Ca 2+  imaging can determine [Ca 2+ ] i  in 
20–100 cells simultaneously and allows to detect even a small 
change in [Ca 2+ ] i . However, Ca 2+  imaging lacks speci fi city of detect-
ing a change in [Ca 2+ ] i  resulting from the activity of a single type of 
channels. One often relies on agonists or antagonists of speci fi c 
channels in combination with Ca 2+  imaging to measure changes in 
[Ca 2+ ] i  speci fi cally derived from a single type of channels (e.g., La 3+ , 
Gd 3+ , or 2-aminoethoxydiphenyl borate for CRAC channels). 
While a wide range of currents (e.g., ranging from pA to nA) can 
be easily measured using whole-cell patch-clamp techniques with-
out saturation, for ratiometric Ca 2+  imaging, one relies on dyes 
with different af fi nities for Ca 2+  to avoid saturation of signals. In 
addition, it is not feasible to study the detailed channel properties 
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such as gating and inactivation using Ca 2+  imaging. On the positive 
side, SOCE from hundreds of Jurkat or primary T cells can be 
measured simultaneously using this technique, allowing for popu-
lation analysis. With combinations of surface staining and 
 fl uorescence marker expression (e.g., GFP or mCherry), data can 
be analyzed in speci fi c subsets of cells. Single-cell Ca 2+  imaging is 
relatively noninvasive, requiring loading of cells with a Ca 2+ -
sensitive dye, leaving intracellular milieu intact for regulation of 
channel activity. Hence, the method of choice for any experiment 
would depend on the purpose of the experiment. In this report, we 
focus on intracellular Ca 2+ -measurement using noninvasive ratio-
metric Ca 2+ -imaging technique. This method can be used for anal-
ysis of a population of cells after exposure to various conditions 
including knockdown and overexpression of speci fi c genes, after 
co-expression of compatible  fl uorescence markers, etc. This method 
can be widely applicable to determine the role of possible modula-
tors for [Ca 2+ ] i  in agonist-dependent, store-dependent, or store-
independent manners.  

 

      1.    Lipofectamine 2000 and Lipofectamine RNAimax (Invitrogen, 
Carlsbad, CA).  

    2.    siRNAs (Dharmacon).  
    3.    Complete Medium—DMEM (Mediatech) + 10% Fetal Bovine 

Serum (Hyclone) + Penecillin–Streptomycin (1%, Mediatech) + 
HEPES (1 mM, Mediatech) + Glutamine (1 mM, Mediatech).  

    4.    ECM-830 Electro Square Porator (Harvard apparatus).  
    5.    Gene pulser 0.4 cm electroporation cuvettes (Biorad).  
    6.    OptiMEM (Invitrogen) or plain DMEM (without additives or 

serum).  
    7.    Reporter plasmids (pEGFPN1 or pN1-mCherry, Clontech).  
    8.    TRIzol LS reagent and oligo(dT)-primed  fi rst-strand cDNA 

synthesis kit (Superscript III kit; Invitrogen).      

      1.    Fura 2-acetoxymethyl ester (AM) and Fura 4F-AM (Invitrogen, 
Carlsbad, CA) resuspended in dimethyl sulfoxide (DMSO) to 
generate a 1 mM stock solution.  

    2.    Ca 2+ -free Ringer’s solution (in mM): 145 NaCl, 4.5 KCl, 3 
MgCl 2 , 10  D -glucose, 0.05 EGTA, and 10 HEPES (pH 7.35).  

    3.    2 mM Ca 2+ -containing Ringer’s solution (in mM): 145 NaCl, 
4.5 KCl, 1 MgCl 2 , 2 CaCl 2 , 10  D -glucose, and 10 HEPES 
(pH 7.35).  

  2.  Materials

  2.1.  Transfection of 
Plasmids and siRNAs 
and Quanti fi cation of 
Knockdown Ef fi ciency 
Using Quantitative 
RT-PCR

  2.2.  Reagents for 
Ratiometric Ca 2+  
Imaging
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    4.    Thapsigargin (from EMD Biosciences),  fi nal concentration of 
1  m M in Ca 2+ -free Ringer’s solution.  

    5.    Fura-2 Ca 2+  Imaging Calibration kit (Invitrogen).      

      1.    Slidebook (Intelligent Imaging Innovations, Inc.).  
    2.    Origin Pro (Origin, Northampton, USA).      

      1.    Olympus 1X-51 inverted microscope (Olympus Inc.) con-
nected to a Lambda LB-LS/30 (Sutter instruments) light 
source housing a 300 W xenon-arc lamp (Perkin-Elmer) and 
an excitation  fi lter-wheel, regulated by an external controller 
(Fig.  1a ). Image acquisition is done using Fura-2 (z340/15 
and z380/15 excitations, T400LP dichroic and D510/40 
emission)  fi lter cube (Chroma Technology Corp.).   

    2.    Microscope is attached to a deep-cooled CCD camera (ORCA-
ER-AG; Hamamatsu). Filter switching and image acquisition are 

  2.3.  Software for Data 
Acquisition and 
Analysis

  2.4.  Equipment 
for Imaging

  Fig. 1.    Pictures of setup for measurement of SOCE using ratiometric Ca 2+  imaging. ( a ) Microscope setup with microscope, 
lamp housing,  fi lter-wheel controller, perfusion apparatus, and camera. ( b ) Perfusion chamber setup.  Top image  depicts the 
disassembled chamber showing a series 20 chamber platform attached to Olympus stage adaptor (i) and the imaging 
chamber RC-20 H (ii) with the white-ring (iii).  Bottom image  shows the RC20H chamber assembled on the platform with 
the white-ring on top.       
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controlled by scripts written in Slidebook (Intelligent Imaging 
Innovations, Inc.). All  fl uorescence image acquisition is done 
with 2 × 2 pixel binning at 5-s frame intervals and all the experi-
ments are performed at room temperature (22–25°C, Fig.  1a ).  

    3.    15 mm round poly- D -Lysine coated coverslips (Warner 
Instruments).  

    4.    SA-OLY/2 (Warner Instruments), stage adapter for series 20 
chamber platform.  

    5.    Series 20 chamber platform P-5 (Warner instruments).  
    6.    Cell culture/Imaging Chamber RC-20 H (Warner Instruments).  
    7.    Perfusion system (6-channel multi-valve perfusion system, 

Warner Instruments, Hamden, CT).  
    8.    A 3-ml syringe  fi lled with petroleum jelly and a 26-gauge nee-

dle attached to the tip of the syringe.  
    9.    Philips #1 screwdriver.       

 

      1.    Plate 0.25 × 10 6  adherent cells (e.g., HEK293 or HeLa cells) in 
12-well plates in complete medium overnight.  

    2.    Next day, transfect with control or experimental siRNAs 
(Dharmacon) using lipofectamine RNAi Max reagent. We co-
transfect pEGFPN1 or pN1-mCherry reporter plasmid to 
select transfected cells for analysis. We use 20–50 nM 
siRNA + 100 ng reporter plasmid (pEGFPN1 or pN1-mCherry) 
with 2.5  m g of lipofectamine RNAimax for one well of a 12-well 
plate containing adherent cells.  

    3.    For non-adherent cells such as Jurkat T cells, we use electropo-
ration to introduce siRNA. For electroporation, exponentially 
growing Jurkat T cells are washed with media lacking serum 
(OptiMEM [Invitrogen, Carlsbad] or DMEM without any 
additives) twice and resuspended in the same serum-free media 
at a concentration of 10 × 10 6  cells/ml. The cells (400  m l) are 
transferred into a 0.4 cm Gene pulser electroporation cuvette 
(Biorad), incubated with 100–200 nM of siRNA + 2  m g of 
reporter plasmid (or alternatively 15  m g DNA for overexpres-
sion analysis) for 15 min and electroporated at 200 V for 40 ms 
on an ECM-830 Electro Square Porator (Harvard Apparatus). 
After electroporating, cells are incubated for further 10 min, 
before transferring into 6-well plates (Greiner, Bio-one) con-
taining 3 ml of pre-warmed complete medium and incubated 
in a 37°C incubator with 5% CO 2 . Experiments are performed 
72–96 h after electroporation.  

  3.  Methods

  3.1.  Transfection of 
Plasmids or siRNA into 
Adherent and Non-
adherent Cells
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    4.    For adherent cells, the protocol of transfection is repeated 24 h 
after the  fi rst transfection and cells are harvested for reverse 
transcription-polymerase chain reaction (RT-PCR) or [Ca 2+ ] i  
measurement 3 days after the  fi rst transfection.  

    5.    Knockdown ef fi ciency is quanti fi ed by quantitative RT-PCR 
analysis. RNA is puri fi ed using TRIzol LS reagent (Invitrogen) 
and oligo(dT)-primed for  fi rst-strand cDNA synthesis 
(Superscript III kit; Invitrogen) using manufacturer’s proto-
cols. Quantitative real-time PCR is performed using an iCycler 
IQ5 (Bio-Rad).  

    6.    72 h after the  fi rst transfection, adherent cells are plated onto 
UV-sterilized 15 mm coverslips (individual coverslips added 
onto 12-well plates) and used for imaging on the next day.      

      1.    Adherent cells plated on coverslips overnight are loaded with 
1  m M Fura 2-AM in complete medium for 45 min at 25°C in 
the dark.  

    2.    Non-adherent cells are loaded at 1 × 10 6  cells/ml with 1  m M 
Fura 2-AM for 30 min at 25°C and attached to poly- D -lysine-
coated 15 mm coverslips for 15 min.  

    3.    The P-5 platform is inserted onto the stage adapter (SA-OLY/2) 
and a thin ring of petroleum jelly is applied around the edges 
for placement of coverslip on top. Once the coverslip is placed 
on the platform, the imaging chamber (RC-20H) pretreated 
with petroleum jelly (as mentioned for the platform above) on 
both the sides is placed on top of the coverslip. Then a blank 
coverslip (without any cells) is attached on top of the imaging 
chamber. The imaging chamber is held onto the platform by 
four tiny screws. Once assembled, it forms the imaging area 
(Fig.  1b ). Application of petroleum jelly ensures a leak-free 
imaging chamber.  

    4.    After chamber assembly, cells are visualized using a 20× (NA 
0.5) objective and a  fi eld containing a good number of cells 
and some blank area for background selection is selected. The 
cells are  fi rst perfused with Ringer’s solution containing 2 mM 
CaCl 2  to get a baseline reading for ~1 min (in the absence of 
any stimulus, Fig.  2 , i). Slidebook 5.0 is used for image acquisi-
tion, using settings for time-lapse ratiometric Fura-2 imaging, 
allowing for visualization of real-time pseudocolored images of 
intracellular Ca 2+  during the acquisition.   

    5.    After acquiring the baseline, the chamber is perfused with 
Ca 2+ -free Ringer’s solution and measurements are continued 
for further 1 min.  

    6.    For depletion of ER Ca 2+ -stores, the chamber is perfused with 
1  m M thapsigargin in Ca 2+ -free Ringer’s solution for 5 min to 
observe an increase in [Ca 2+ ] i  derived from depletion of ER 

  3.2.  Fura-2 Imaging
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Ca 2+  store (Fig.  2 , ii). Complete depletion of the store is 
ensured when [Ca 2+ ] i   fl uorescence levels return to the 
baseline.  

    7.    SOCE is measured by perfusing the chamber with 2 mM Ca 2+ -
containing Ringer’s solution (Fig.  2 , iii). A sharp increase in 
[Ca 2+ ] i  is observed upon addition of 2 mM Ca 2+ -containing 
Ringer’s solution and depending on the cell type, it is either 
sustained (in T cells) or slowly decays (in HEK293 and HeLa 
cells) (Fig.  3a, b ).   

    8.    eGFP or mCherry images are acquired using appropriate  fi lter 
cubes, at the start and end of the experiment, to allow for 
selection of cells expressing the  fl uorescence marker (Fig.  3a ).  

    9.    Measurement of Ca 2+  oscillations in T cells: Jurkat T cells are 
treated with 10 nM thapsigargin in 2 mM Ca 2+ -containing 
Ringer’s solution to induce asynchronous [Ca 2+ ] i  oscillations.      

  Fig. 2.    Measurement of the intracellular Ca 2+  concentrations using Fura-2 in adherent and non-adherent cells. Images of 
Jurkat T cells and HEK293 cells at different stages of SOCE measurement: (i) resting, (ii) peak of store depletion after 
thapsigargin treatment, and (iii) peak of SOCE after exchanging the Ca 2+ -free extracellular solution with that containing 
2 mM Ca 2+ .       

  Fig. 3.    Method for single cell analysis. ( a ) Images on the left depict cells co-expressing GFP  fl uorescence marker while 
those on the right show individual regions of interest (ROIs) drawn around GFP +  cells (represented as  circles  in the  top 
panel  and  irregular shape  in the  bottom panel ) using Slidebook. ( b ) Raw graphs of individual ROIs (cells) selected in panel 
( a ).  Green line  shows the time point of ratio images depicted in panel ( a ). ( c ) Graphs of average ± s.e.m from several ROIs. 
30–60 cells (ROIs) were selected and their 340/380 ratio was averaged. Averaged ratio values of individual cells (as seen 
in panel ( b )) ± s.e.m are plotted versus time using graph options of Origin Pro.       
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  Ratio values can also be converted to absolute Ca 2+  concentrations 
using two different methods as mentioned below.

    1.    In the  fi rst method, at the end of the experiment, cells are  fi rst 
perfused with a Ca 2+ -free solution containing 2 mM ethylene 
glycol tetraacetic acid (EGTA, to obtain minimum ratio [ R  min ] 
value) and then with 1  m M Ionomycin in 2 mM Ca 2+ -containing 
Ringer’s solution (to obtain maximum ratio [ R  max ] value). 
These values are then incorporated into the Grynkiewicz equa-
tion [Ca 2+ ] i  =  K  × ( R  −  R  min )/( R  max  − R)  (  27  ) .  K  represents the 
Ca 2+  af fi nity of Fura-2 which is calculated as ~224 nM within 
cells (and 145 nM in extracellular solutions).  R  min  and  R  max  are 
calculated at the end of the experiment as mentioned above.  

    2.    In the second method, a calibration kit containing solutions 
with known amounts of free Ca 2+  (Fura-2 Ca 2+  Calibration Kit, 
Invitrogen) is used and  fl uorescence values at different Ca 2+  
concentrations are obtained as described in the manufacturer’s 
protocol.      

      1.    For each experiment, 25–35 HEK293/HeLa and 50–70 T cells 
are selected by drawing regions of interest (ROIs) around cells 
using the analysis options of Slidebook (Fig.  3a ). Individual 
cell traces are observed (Fig.  3b ) and the results are converted 
into a text  fi le displaying time course of ratio values of indi-
vidual cells and imported into OriginPro (Originlab).  

    2.    Ratio values of individual cells are averaged to obtain average 
ratios ± s.e.m that are plotted versus time using graph options 
of Origin Pro (Fig.  3c ).       

 

     1.    The intracellular Ca 2+ -binding af fi nity for Fura-2 is ~224 nM. 
This means that measurement of [Ca 2+ ] i  higher than ~1  m M 
should be performed using low-af fi nity Ca 2+  dyes such as 
Fura-4F ( K  d [Ca 2+ ] = 770 nM, information about alternative 
indicators is available at the Molecular Probes Web site). The 
protocol can be adjusted simply by replacing Fura-2 with 
Fura-4F while loading the cells and performing calibration 
experiments with Fura-4F instead of Fura-2. The use of Fura-4F 
was demonstrated in our previous publication  (  6  ) .  

    2.    The technique described here can also be used for measure-
ment of Ca 2+  oscillations. However, in this case, because the 
oscillation frequency of different cells is not synchronized, 
individual cells need to be analyzed to calculate their oscilla-
tion frequency.  

  3.3.  Ratio Calibration

  3.4.  Single Cell 
Analysis

  4.  Notes
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    3.    When GFP is coexpressed as a  fl uorescence marker, high GFP 
levels can interfere with Fura-2 signals. In these cases, select 
only cells with mild GFP expression. It is advisable to use 
m-Cherry as a reporter with Fura-2 imaging to avoid any 
interference.          
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    Chapter 2   

 Divers Models of Divalent Cation Interaction 
to Calcium-Binding Proteins: Techniques 
and Anthology       

     Jos   A.   Cox         

  Abstract 

 Intracellular Ca 2+ -binding proteins (CaBPs) are sensors of the calcium signal and several of them even 
shape the signal. Most of them are equipped with at least two EF-hand motifs designed to bind Ca 2+ . Their 
af fi nities are very variable, can display cooperative effects, and can be modulated by physiological Mg 2+  
concentrations. These binding phenomena are monitored by four major techniques: equilibrium dialysis, 
 fl uorimetry with  fl uorescent Ca 2+  indicators,  fl ow dialysis, and isothermal titration calorimetry. In the last 
quarter of the twentieth century reports on the ion-binding characteristics of several abundant wild-type 
CaBPs were published. With the advent of recombinant CaBPs it became possible to determine these 
properties on previously inaccessible proteins. Here I report on studies by our group carried out in the last 
decade on eight families of recombinant CaBPs, their mutants, or truncated domains. Moreover this chap-
ter deals with the currently used methods for quantifying the binding of Ca 2+  and Mg 2+  to CaBPs.  

  Key words:   Equilibrium dialysis ,  Fluorescent Ca 2+  indicators ,  Flow dialysis ,  Isothermal titration calo-
rimetry ,  Penta-EF-hand proteins ,  S100 proteins ,  Invertebrate-speci fi c CaBPs ,  Centrins ,  NOX5    

 

 A rise in cytosolic Ca 2+  concentration is used as a universal signal-
ing mechanism to control very diverse biological processes, such as 
exocytosis, contraction, cell growth, and cell death. It consists of 
an oscillating and transient increase of the mean Ca 2+  concentra-
tion from 100 nM to 0.5–2  m M during stimulation  (  1  ) . It is note-
worthy that at the surface of different membranes cytosolic 
microdomains build up in which Ca 2+  reaches a few hundred  m M  (  2  ) . 
The intracellular Ca 2+ -binding proteins (CaBPs) have af fi nities 
which are  fi ne-tuned to handle the intracellular Ca 2+  signal. The 

  1.  Introduction
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af fi nities of CaBPs for Ca 2+  vary considerably; moreover for a given 
protein the af fi nity for Ca 2+  can be strongly affected by Mg 2+ ; for 
instance in the absence of Mg 2+  parvalbumins display af fi nity con-
stants for Ca 2+  ( K  Ca ) of 10 9  to 10 7  M −1  which are decreased to 
10 6  M −1  in the presence of millimolar concentrations of Mg 2+   (  3  ) . 
On the other hand calmodulin shows af fi nity constants of the order 
of 10 5  M −1  and these values are nearly not affected by Mg 2+   (  4  ) . 
Some CaBPs show much lower af fi nities: for instance several S100 
proteins display  K  Ca  values of 3 to 8 × 10 3  M −1   (  5  ) . For such pro-
teins the importance of the microdomains becomes evident. Also 
the interaction of CaBPs with target proteins may dramatically alter 
their af fi nity for Ca 2+   (  6  ) . Moreover in the case of calmodulin the 
rather low af fi nity is compensated by its high cellular concentration 
and huge excess over the target enzymes  (  7  ) . 

  Anthology of Ca   2+  - binding to CaBPs : A  fi rst anthology has been 
reported in 1996  (  8  )  and comprised calmodulin, troponin C, cal-
bindin D-9k, parvalbumin and oncomodulin, sarcoplasmic Ca 2+ -
binding proteins (SCPs), and neuron-speci fi c Ca 2+ -binding proteins 
(NCS). Below are summarized more recently studied (in the pres-
ent century) families of CaBPs, with emphasis on what they have 
added to our knowledge on divalent cation interaction to EF-hand 
motifs. By convention the term  K   d Ca  (dissociation constant for 
Ca 2+ ) will be used when the sites in a CaBP do not display coopera-
tive binding, while [Ca 2+ ] 0.5  will be used in cooperative systems. 

  ALG-2 encodes a dimeric CaBP of the penta EF-hand family that 
promotes Ca 2+ -dependent apoptosis  (  9  ) . We reported that cloned 
ALG-2 cDNA from mouse liver mRNA contained two types of 
sequences  (  10  ) . One (named ALG-2,5) corresponded to the 
sequence reported before; the second (named ALG-2,1) was six 
nucleotides shorter, and the corresponding protein lacked the 
amino acid residues Gly121 and Phe122. Both transcripts are pres-
ent in mouse tissues in the same 2:1 molar ratio. The amino acid 
sequence shows 5 EF-hands but only EF-I and EF-III are canoni-
cal Ca 2+ -binding sites  (  9  ) . Contrary to the metal-free form, in the 
presence of Ca 2+  ALG-2 is completely insoluble and 0.5% Tween 
must be added in order to perform the Ca 2+ -binding experiments. 
Both isoforms possess two sites with high af fi nity for Ca 2+  
( K   d Ca  = 1.2  m  M  for ALG-2,5 and 3.1  m  M  for ALG-2,1) and one site 
of much lower af fi nity ( K   d Ca  ca 300  m  M ). All the sites are Ca 2+  
speci fi c, i.e., 2 m M  Mg 2+  does not affect the binding isotherms. 
The crystal structure of ALG-2,5 shows bound Ca 2+  in EF-I, 
EF-III, and EF-V  (  11  ) . EF-V is also a dimerization domain, as in 
most other penta EF-hand proteins. One target of ALG-2,5 is Alix, 
but the shorter isoform ALG-2,1 does not interact with this target. 
Thus the minor sequence difference, which occurs in the linker 
between EF-III and EF-IV, affects the function of the proteins. In 
human uveal melanoma ALG-2,5 is down regulated and mutations 
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in the EF-hand revealed that EF-I and EF-III are the high-af fi nity 
sites and the binding of Ca 2+  to both EF-I and EF-III is necessary 
for interaction with Alix  (  12  ) .  

  Grancalcin is a penta-EF-hand protein especially abundant in 
human neutrophils. Native and recombinant grancalcin always 
exist as a dimer regardless of the Ca 2+  load  (  13  ) . Metal-free gran-
calcin is fully soluble and in Ca 2+ -containing buffers the protein is 
partly soluble, especially at micromolar concentrations; in the pres-
ence of 25 m M  octylglycoside the protein is soluble even at 10  m  M  
Ca 2+ . From the amino acid sequence one can predict that, as for 
ALG-2, EF-I and EF-III are canonical Ca 2+ -binding sites, whereas 
EF-II, EF-IV, and EF-V are abortive sites. As in other penta-EF-
hand proteins EF-V is the dimerization module. The protein binds 
two Ca 2+  with moderate af fi nity, with a  K   d Ca  of 25  m  M  in the pres-
ence of octylglycoside and 83  m  M  in the absence of the detergent. 
The  fi rst Ca 2+  seems to bind to EF-III without inducing any con-
formational change  (  14  ) , whereas the binding of Ca 2+  to the  fi rst 
EF-hand leads to pronounced changes in the Trp environment. In 
neutrophils the target of grancalcin is L-plastin, a leukocyte-speci fi c 
actin-bundling protein, a mosaic protein containing two EF-hands, 
one calmodulin-binding domain, and two actin-binding domains. 
Ca 2+  regulates the interaction in a negative manner, i.e., in the 
presence of EGTA the proteins interact and upon addition of an 
excess of Ca 2+  the complex dissociates.  

  Calmodulin-like skin protein (CLSP), a 15.9 kDa CaBP speci fi cally 
expressed in differentiated human keratinocytes  (  15  ) , displays 52% 
sequence identity to calmodulin and possesses four EF-hands. The 
protein binds four Ca 2+  ions at two pairs of sites with [Ca 2+ ] 0.5  of 
1.2 (with very strong positive cooperativity:  n  H  = 1.99) and 150  m M 
(without cooperativity). Mg 2+  at millimolar concentrations strongly 
decreases the af fi nity for Ca 2+  of the two high-af fi nity sites, but has 
no effect on the low-af fi nity sites. The protein can also bind two 
Mg 2+  (K  d Mg  = 57  m M) at the sites of high Ca 2+  af fi nity  (  16  ) . Thus, as 
in fast skeletal muscle troponin C, CLSP possesses two high-af fi nity 
Ca 2+ /Mg 2+  mixed sites and two low-af fi nity Ca 2+ -speci fi c sites. 
Studies on the isolated N- and C-terminal half domains of CLSP 
revealed that, in contrast to the case of TNC, the high-af fi nity 
Ca 2+ –Mg 2+  mixed sites reside in the N-terminal half. The binding 
of Ca 2+  to the pairs of sites in each half, respectively, leads to the 
exposure of two hydrophobic patches, which are of equal quality as 
probed with the hydrophobic  fl uorescent TNS (see Note 5) and 
are directly governed by the Ca 2+  af fi nity of that domain.  

  Calretinin is an abundant neuronal CaBP containing six EF-hand 
motifs and closely related to calbindin-D28k. In the cochlea it 
likely provides a strong, fast, and mobile buffer to cope with the 

  1.2.  Grancalcin

  1.3.  Calmodulin-Like 
Skin Protein

  1.4.  Calretinin



18 J.A. Cox

unusually high, localized Ca 2+  spikes. Calretinin-22k is a splice 
product of calretinin (17 kDa) found speci fi cally in cancer cells, 
and possesses four EF-hands  (  17  ) . Calretinin binds four Ca 2+  ions 
with high af fi nity ([Ca 2+ ] 0.5  = 2  m M;  n  H  = 1.3) and one Ca 2+  with 
much lower af fi nity ([Ca 2+ ] 0.5  = 50  m M). Calretinin-22k binds three 
Ca 2+  with high af fi nity ([Ca 2+ ] 0.5  = 1.2  m M;  n  H  =1.3) and one Ca 2+  
with low af fi nity (K  d Ca  above 1 mM). Since EF-VI shows a nonca-
nonical amino acid sequence, it is likely that EF-V, which is paired 
to EF-VI, is the low-af fi nity site in both proteins. All the sites are 
of the Ca 2+ -speci fi c type. The secondary structure is not signi fi cantly 
altered upon the binding of Ca 2+ , but Ca 2+  induces changes in the 
microenvironment of Trp and leads to the exposure of a hydropho-
bic patch on the surface of both proteins  (  18  ) .  

  S100 proteins (soluble in 100% ammonium sulfate) are dimeric 
proteins of ca 20 kDa. Each monomer contains 2 EF-hands: the 
C-terminal EF-hand displays the canonical sequence, whereas the 
N-terminal EF-hand, consisting of 14 amino acids, is speci fi c for 
S100 proteins. To date, some 21 different proteins, which display 
various degrees of amino acid sequence homology, have been 
assigned to the S100 protein family  (  19  ) . The protein contains a 
dimerization domain, an X-type four-helix bundle consisting of the 
N-terminal helix of EF-I and the C-terminal helix of EF-II. The 
conformation of this socle is insensitive to Ca 2+ . Binding of Ca 2+  
induces small changes in the loop of the second EF-hand and a 
reorientation of the third helix. This swing-out movement on both 
sides of the protein dimer leads to unmasking of hydrophobic resi-
dues, thus forming two symmetric hydrophobic patches. The dif-
ferent S100 proteins interact in a Ca 2+ -dependent manner with a 
large number of target proteins. Since a previous review covered 
the studies of the last quarter of the twentieth century  (  5  ) , this 
overview deals with the ion-binding properties of S100 proteins 
reported in the last decade: S100A5, S100A13, and S100A16. 

  S100A5  is expressed in some restricted regions containing neu-
rons of the brain  (  20  ) . The four Ca 2+  in the homodimer bind with 
high af fi nity and positive cooperativity ([Ca 2+ ] 0.5  = 6  m M;  n  H  = 1.9) 
and the sites are of the Ca 2+ -speci fi c type. The dimer of S100A5 
also binds 2 Zn 2+  ([Zn 2+ ] 0.5  = 2  m M) and 4 Cu 2+  ([Cu 2+ ] 0.5  = 3  m M). 
In the monomer Zn 2+  binds to a site different from the Ca 2+  site, 
likely opposite to the two Ca 2+  sites. In contrast Cu 2+  seems to use 
the Ca 2+  ligands. The secondary structure does not change upon 
binding of metal ions, but the microenvironment of the Tyr 
changes upon binding of Ca 2+ , but not of Zn 2+ . 

  S100A13  is expressed in different tissues, but often in a cell 
type-speci fi c manner in these tissues; it seems to function in exocy-
tosis since it is a target of anti-allergic drugs  (  21,   22  ) . The protein 
dimer binds 4 Ca 2+ , two with [Ca 2+ ] 0.5  of 8  m M ( n  H  = 1.3) and two 
with [Ca 2+ ] 0.5  of 400  m M ( n  H  = 1.3). Mg 2+  (2 mM) has no effect on 
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the Ca 2+ -binding isotherm. As for S100A5 Ca 2+ -binding does not 
change the secondary structure, but it has a strong effect on the 
microenvironment of the single Trp. Surprisingly, S100A13 does 
not bind to phenyl-Sepharose, as do all other S100 proteins, and 
the Ca 2+ -loaded protein does not in fl uence the hydrophobic probe 
TNS, thus strongly suggesting that this Ca 2+ -S100A13 isoform has 
no hydrophobic patch on its surface. 

  S100A16  is predominantly expressed in astrocytes in adult 
brain where it is present in the nucleus (concentrated in the nucle-
olus) and cytoplasm in vivo  (  23  ) ; in fact the intracellular free Ca 2+  
regulates the nuclear translocation of S100A16 in the sense that 
high intracellular Ca 2+  levels induce nucleolar exit and nucleocyto-
plasmic transport and lowering the intracellular Ca 2+  concentration 
leads to nuclear translocation. S100A16 binds only 2 Ca 2+  ions per 
dimer with a K  d Ca  of 750  m M ( n  H  = 1) for the human protein and 
430  m M for that of mouse. From the amino acid sequence it can be 
inferred that Ca 2+  binds to the second EF-hand in each monomer. 
The mouse protein binds also 2 Zn 2+  per dimer with an estimated 
 K   d Zn  of 25  m M and, as for S100A5, likely at a different site than 
that for Ca 2+ . Surprisingly Ca 2+ -binding does not induce a hydro-
phobic patch on the surface of the mouse protein, whereas Zn 2+  
does so.  

  A family of intracellular CaBPs was found to be spread over all 
forms of life, from bacteria to protochordates, in invertebrate mus-
cle and brain, except in vertebrates. We called it the SCP family 
since for a long time only the proteins present in the sarcoplasm, 
i.e., in the supernatant after centrifugation of a muscle homoge-
nate extracted in physiological ion salt concentrations, were known. 
They have all a very similar three-dimensional structure, which is 
characteristic, and unique for this family,    and are involved in a 
variety of functions including intracellular Ca 2+  buffering, biolumi-
nescence, enzymatic activity, and associated learning. Members of 
this family are SCP, calerythrin (a Ca 2+ -buffering protein in the 
gram-positive bacterium  Saccharopolyspora erythraea ), aequorin 
(a bioluminescent protein in the jelly fi sh  Aequorea aequorea ), and 
calexcitin found in the nervous tissues of insects and mollusks. The 
Ca 2+ -binding properties of SCPs (considered to function only as 
intracellular Ca 2+ -buffering proteins) of arthropods, annelids, 
protochordates mollusks, and insects have been described in the 
period 1975–1990 and have been reviewed  (  24  ) . 

 Calerythrin possesses 4 EF-hands, but EF-II does not possess 
a canonical Ca 2+ -binding loop. It displays three high-af fi nity Ca 2+ -
binding sites, two of which are strongly cooperative. The NMR 
solution structure  (  25  )  shows much similarity with sandworm 
SCP. Aequorin consists of a 22 kDa apoprotein, the hydrophobic 
prosthetic coelenterazine moiety, and an oxygen molecule. 
Aequorin binds three Ca 2+  with high positive cooperativity and 
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subsequently undergoes a series of autocatalyzed reactions leading 
to the emission of a photon. The crystal structure  (  26  )  shows an 
overall conformation very similar to sandworm SCP, but, contrary 
to the latter, in the center of aequorin there is a cavity with a vol-
ume of 600 Å 3 . The cavity is entirely  fi lled with the substrate 
2-hydroperoxycoelenterazine which is oxidatively decarboxylated 
to coelenteramide. 

 Calexcitin, the most recent member of the SCP family  (  27  ) , 
plays a role in associative learning through inhibition of K +  chan-
nels and activation of the ryanodine receptor, both in a Ca 2+ -
dependent manner  (  28  ) . Calexcitin from the optic lobe of squid 
 Loligo pealei  has four EF-hands but EF-IV is clearly    inactive. The 
sequence identity with amphioxus SCP is 31%. Calexcitin is mono-
meric and binds three Ca 2+  ions with a [Ca 2+ ] 0.5  of 0.8  m M and  n  H  
of 1.6, meaning pronounced cooperativity. Similar to be case of 
SCPs the relation between Ca 2+  and Mg 2+  is complex: the data can 
best be interpreted as    follows: calexcitin possesses one Ca 2+ -speci fi c 
site and two Ca 2+ /Mg 2+  mixed sites. Of the mixed sites one is very 
sensitive to Mg 2+ , whereas the other displays a weak Mg 2+  effect 
 (  29  ) . The thiol reactivity, circular dichroism, Trp  fl uorescence, 
thermal stability, and urea denaturation, all indicate that the pro-
tein displays three distinct structures based on the type of ion that 
is bound, as do the genuine SCPs. From hydrophobic probe binding 
it can be inferred that the metal-free protein has molten globule 
characteristics, the Ca 2+ -form displays a hydrophobic grove, likely 
involved in protein–protein interaction, and the Mg 2+  form is 
very compact without a hydrophobic patch. The three-dimen-
sional structure at 1.8 Å resolution of calexcitin from  Loligo paelei  
 (  30  )  displays a compact molecule with a very pronounced hydro-
phobic core and a scaffold similar to that of amphioxus SCP.  

  Centrins are ubiquitous Ca 2+ -binding proteins in higher plants, 
yeast, algae, invertebrates, and vertebrates, concentrated in micro-
tubule-organizing centers (MTOCs), which are named spindle 
pole bodies in yeast, basal bodies in algae, and centrosomes in 
higher eukaryotes. Centrins are essential for cell division, for 
mRNA nuclear transport, and for nucleotide excision repair. 
Moreover in green algae centrin participates in a network of Ca 2+ -
sensitive  fi bers forming connections between them and with 
the nucleus. These  fi bers contract in a Ca 2+ -dependent, ATP-
independent manner and centrins seem to be the Ca 2+  sensor for 
contraction. The molecular mechanism of centrin-mediated motil-
ity is actually not known, but a clear sign of progress was the dis-
covery of a protein called S fi 1, containing a large number of similar 
sequence motifs, each capable to bind independently one centrin 
molecule  (  31  ) . Salisbury  (  32  )  postulated a novel mechanism of 
MTOC duplication based on a “unit of duplication” requiring 
either C-terminal tail-to-tail homodimerization of S fi 1, thus 
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forming the spindle pole body in yeast, or oligomerization (a 9-mer) 
in green algae and likely in vertebrates, thus forming a cartwheel. 
Ca 2+ -binding to the multiple centrins aligned on the S fi 1  fi bers may 
cause changes in the length of these  fi bers. All these functions are 
centrin speci fi c and not supported by calmodulin. 

 Centrins (ca 18 kDa) are structurally closely related to calm-
odulin with four EF-hands and structural independence of the two 
EF-hand domains. But, whereas calmodulin displays four Ca 2+ -
speci fi c sites of almost the same af fi nity and no, or nearly no, effect 
of Mg 2+ , the Ca 2+ - and Mg 2+ -binding properties are different, and 
even differ widely within the centrin family. Comparative sequence 
analysis allowed the establishment of a phylogenetic three that has 
four main subfamilies.  Chlamydomonas reinhardtii  (CrCen) is the 
prototype of the largest subfamily which comprises also human 
centrin 1 (HsCen1) and HsCen2. Yeast centrin (Cdc31) and 
HsCen3 form the next subfamily, while plant and  Paramecium  
centrins de fi ne the two other subfamilies. 

 Human centrin 2 (HsCen2) is a homodimer and binds only 
one Ca 2+  in each monomer with rather low af fi nity ([Ca 2+ ] 0.5  = 30  m M) 
and negative cooperativity ( n  H  = 0.68)  (  33  ) . Mg 2+  does not affect 
the Ca 2+ -binding curve. In the amino acid sequence EF-IV is the 
only EF-hand with a canonical Ca 2+ -binding loop. But in the pres-
ence of a model peptide  (  33  )  or in the isolated C-terminal half 
which possesses in addition helix D (F86-T94) at its N-terminus, 
called LC-HsCen2  (  34  ) , two bound Ca 2+  ions are present per 
monomer; thus under certain conditions EF-III, which contains 
Thr in the +Z and Asn in the −Z position, can bind Ca 2+ . The bind-
ing of Ca 2+  induces a hydrophobic patch on the surface of HsCen2, 
only in the C-terminal half, consistent with the observation that 
the protein binds one mole of melittin, a model peptide for calm-
odulin interactions. HsCen1 is in several of these characteristics 
very similar to HsCen2 (not published observations). 

 Human centrin 3 (HsCen3) contains one high-af fi nity Ca 2+ /
Mg 2+  mixed site ([Ca 2+ ] 0.5  = 3  m  M , [Mg 2+ ] 0.5  = 10  m  M ) and two Ca 2+ -
speci fi c sites of low af fi nity ([Ca 2+ ] 0.5  = 140  m  M ). The high-af fi nity 
site could be assigned to the N-terminal half of HsCen3, very likely 
to EF-I which contains an acid pair  (  35  ) . Temperature denatur-
ation, circular dichroism, and utilization of  fl uorescent hydropho-
bic probes allowed us to propose that the metal-free protein has 
molten globule characteristics and that the dication-bound forms 
are compact with a polar surface for the Mg 2+  form and a hydro-
phobic exposed surface for the Ca 2+  form. 

  Clamydomonas reinhardtii  centrin (CrCen, also called caltrac-
tin) is a major component of the basal body connector and of the 
distal striated  fi ber that connects the basal bodies of contractile 
 fi bers in green algae and plays an essential role in  fl agellar excision. 
It has four functional EF-hands in two distinct and independent 
domains and may be the most ancestral of centrins since it 



22 J.A. Cox

 resembles the most to calmodulin. But, whereas calmodulin has 
four Ca 2+ -speci fi c sites of nearly identical af fi nity, CrCen possesses 
two high-af fi nity EF-hands  K   d Ca  = (1.2  m  M ) in the N-terminal 
domain and two low-af fi nity sites ([Ca 2+ ] 0.5  = 160  m  M ) in the 
C-terminal domain  (  36  ) . The effect of Mg 2+  on these Ca 2+ -binding 
properties has not been studied. A target peptide excised from 
the yeast protein Kar1 binds to each of the CrCen domains in a 
Ca 2+ -dependent manner, with the C-terminal domain binding 
stronger than the N-terminal domain. Thus CrCen binds two 
Kar1p and can act as a bridging factor in MTOCs. 

  Scherffelia dubia  centrin (SdCen) is, as CrCen, a component 
of basal body-associated contracting  fi bers in this green alga, and 
it resembles this latter centrin also in Ca 2+ -binding  (  37  ) . SdCen 
possesses two high-af fi nity Ca 2+  sites ([Ca 2+ ] 0.5  = 3  m  M ) and one 
low-af fi nity site ([Ca 2+ ] 0.5  = 20  m  M ). In the presence of Mg 2+  one 
of the high-af fi nity sites displays a fourfold lower af fi nity. 
Experiments with the isolated halves showed that the two high-
af fi nity sites correspond to EF-I and EF-II and the low-af fi nity site 
likely is EF-IV. Ca 2+ -binding to each half induces a hydrophobic 
patch with a sensitivity toward Ca 2+  which is dictated by the af fi nity 
of Ca 2+  for that domain. Each of the hydrophobic patches can 
bind a target peptide corresponding to one repeat of S fi 1 or of an 
identi fi ed consensus motif in the XPC protein which is involved in 
nuclear excision repair. As in the case of CrCen, the peptide inter-
action is stronger for the C-terminal domain. Thus SdCen is in 
many aspects similar to CrCen, except that it binds only one Ca 2+  
in the C-terminal domain. 

  Saccharomyces cerevisiae  centrin (Cdc31) binds to yeast S fi 1, 
which contains 21 conserved repeats, each able to bind one mole-
cule of centrin. The crystal structure of a Cdc31 complex with two 
or three repeats of S fi 1 shows S fi 1 as a long  a -helix with the cen-
trins wrapped around  (  38  ) . As calmodulin, the centrin molecules 
are organized in two domains; the N-terminal domain is in a closed 
conformation (antiparallel EF-hand  a -helices), whereas the 
C-terminal domain is in an open conformation (perpendicular 
EF-hand  a -helices). Cdc31 binds S fi 1 via a deep hydrophobic cav-
ity of the C-terminal domain, while its N-terminal domain has only 
limited contacts with S fl 1. Adjacent centrin molecules are rotated 
by 65° along the S fi 1  a -helix. Cdc31 contains one high-af fi nity 
Ca 2+ /Mg 2+  mixed site ( K   d Ca  = 0.3  m  M ;  K   d Mg  = 44  m  M ) and two low-
af fi nity Ca 2+ -speci fi c sites ([Ca 2+ ] 0.5  = 28 and 41  m  M )  (  39  ) . The 
high-af fi nity mixed site could be attributed to the N-terminal 
domain. Both Ca 2+  and Mg 2+  increase the  a -helix content and sta-
bilize the protein. In apo Cdc31 the N- and C-terminal domains 
are fused together, whereas in the Mg 2+  state they are well sepa-
rated as shown by the groove in the middle of the molecule. The 
af fi nity of Cdc31 for  fi ve different peptides excised from natural 
target proteins shows a Ca 2+  and Mg 2+  dependence and the  peptides 
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occupy the central groove. Contrary to the green algae centrins, 
but similar to the human proteins, Cdc31 interacts with peptides 
in a 1:1 molecular ratio.  

  NADPH Oxidase 5 (NOX5) is a monomeric transmembrane Ca 2+ -
dependent oxidase with multiple domains  (  40  ) : two heme groups 
attached to two of the six transmembrane  a -helices, a long intra-
cellular C-terminus with NADP- and FAD-binding sites, called 
 c atalytic  d e h ydrogenase  d omain (CDHD), and an intracellular 
N-terminus with four EF-hands called NOX5-EF. When NOX5 is 
activated it transports electrons from intracellular NADPH by 
means of FAD and the two heme groups to extracellular oxygen 
resulting in the formation of superoxide radicals. Contrary to the 
other NOX isoenzymes, which need regulatory subunits, NOX5 
activation is initiated by the binding of Ca 2+  to the N-terminal 
regulatory domain which interacts then directly with the catalytic 
C-terminal domain  (  41  ) . Two short segments that represent the 
binding site of NOX5-EF have been identi fi ed  (  42  ) ; they are 
intrinsically autoinhibitory and the inhibition can be relieved by 
Ca 2+ -dependent binding to NOX5-EF. In addition, in the pres-
ence of Ca 2+ , calmodulin binds to the enzyme at a well-identi fi ed 
19 residue long segment in the CDHD and this represents an 
additional sophistication in the regulation of superoxide produc-
tion by NOX5  (  43  ) . 

 NOX5-EF possesses two pairs of EF-hands with a higher 
af fi nity ( K   d Ca  = 3.8  m  M ) for the C-terminal pair than the 
N-terminal pair ( K   d Ca  = 17  m  M ) and these af fi nities are not 
affected by Mg 2+   (  41  ) ; thus as in calmodulin they are of the 
Ca 2+ -speci fi c type. Interestingly whereas sites II, III, and IV 
have canonical sequences, site I displays a sequence typical of 
some sites in the PEF proteins sorcin, grancalcin, and the heavy 
and light chains of calpains, with Ala in the +X position provid-
ing its carbonyl oxygen and a water molecule oxygen in +Y. 
Upon binding of Ca 2+  a hydrophobic patch is exposed on the 
surface of NOX5-EF, but only in the C-terminal pair. However 
conformational changes that affect the intrinsic  fl uorescence of 
Trp residues occur in both pairs of EF-hands.   

 

  All solutions are prepared with ultrapure water bidistilled in 
a quartz apparatus to attain a conductivity of 10 m W  cm. The stan-
dard working buffer in our studies is 50 mM Tris–HCl, pH 7.5, 
150 mM KCl. Buffer solutions are decalci fi ed by passage over 
a 2–15 cm column of Chelex-100 (Bio-Rad Laboratories). 

  1.8.  NADPH Oxidase 5

  2.  Materials

  2.1.  Solutions
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Trichloroacetic acid is from Calbiochem. The contaminating Ca 2+ , 
Mg 2+ , or Zn 2+  was measured by atomic absorption spectrophotom-
etry (Perkin Elmer 2380).  

  Equlibrium dialysis of 1 ml protein solution was performed for 
48 h in the cold room in Spectra/Por dialysis tubes (Spectrum 
Europe B. V.) versus 200 ml buffer in polypropylene bottles on 
a lab shaker with one buffer change after 24 h of dialysis.  

  Benzothiazole coumarin (BTC) and Mag-fura-2 are from Molecular 
Probes, Eugen, Oregon.  

  Flow dialysis was performed in homemade  fl ow dialysis cells with 
volumes of the upper and lower compartment of 500  m l and 50  m l, 
respectively (see Note 1). The  fl ow rate was 1 ml/min, the volume 
of a fraction 0.4 ml. As tracer, 5  m M  45 Ca 2+  (950 mBq/mg) were 
added to the upper compartment. The titration, done by a 
Microlab-2200 (Hamilton), consisted of additions every 2 min of 
1–4  m l of the following stock solutions of Ca 2+ : 0.63, 3.05, 9.58, 
82.5 mM and the  fi nal chase was done with 1  m l of 1 M Ca 2+ .  

  Isothermal titrations were carried out at 30°C on a VP-ITC instru-
ment (Microcal Inc Northampton, MA) in 50 mM Mops buffer, 
pH 7.4, 100 mM NaCl. A solution of 30  m M protein was titrated 
by automatic injections of 5–10  m l of 1 mM Ca 2+ .   

 

 Since most methods require removal of the metal ions from the 
protein, a short  fi rst section is devoted to this topic. 

  All the methods for metal binding described below require a strict 
control of the Ca 2+  and Mg 2+  levels and of the contamination of the 
buffers and protein solutions. Therefore it is nearly indispensable 
to have access to an atomic absorption spectrometer (AAS), called 
also  fl ame-spectrometer. The natural contamination of solutions 
by Mg 2+  is negligible (i.e., below 0.03  m M), but the Ca 2+  contami-
nation is several  m M. Therefore all solutions used must be rendered 
“calcium-free” by treatment with Chelex 100 resin (Bio-Rad 
Laboratories). To reduce Ca 2+  contamination all solutions must be 
kept in plastic containers, which have been soaked in 1 N HCl and 
rinsed with bidistilled water. In the second step Ca 2+  must be 
removed from the CaBPs by methods which do not alter the bind-
ing properties. The softest protein decalci fi cations are done at neu-
tral pH under non-denaturating conditions, but one can take 
advantage of the fact that CaBPs are surprisingly stable and easily 

  2.2.  Equilibrium 
Dialysis

  2.3.  Fluorescent Ion 
Indicators

  2.4.  Flow Dialysis

  2.5.  Isothermal 
Titration Calorimetry

  3.  Methods

  3.1.  Metal Removal 
from CaBPs
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accommodate reversible denaturation. A panoply of fast (taking 
1 h or less) methods is listed below.

    1.    After addition of 1–2 mM EDTA 1 ml of the concentrated 
protein solution is chromatographed on a 0.8–40 cm column 
of Sephadex G-25 equilibrated in the “Ca-free” working buf-
fer (see Note 2). There is a risk that complexes of weak af fi nity 
are formed between the protein and EDTA, but likely they dis-
sociate during the gel  fi ltration.  

    2.    Passage of the concentrated protein solution over a column of 
Chelex-100 resin or of EDTA-agarose equilibrated in the 
working buffer. It must be noted that the Ca 2+  binding leads to 
proton exchange, thus necessitating strong pH buffers. In this 
method the protein is in fact not perfectly equilibrated in the 
working buffer.  

    3.    Acidi fi cation of the protein solution to pH 2 followed by 
Sephadex G-25 chromatography in the working buffer.  

    4.    Denaturation of the protein in 6 M guanidine-HCl at pH 8.0 
followed by Sephadex G-25 chromatography in the working 
buffer.  

    5.    Protein precipitation by addition of 3% trichloroacetic acid 
(TCA) and resolubilization at pH 8.0. The contaminating Ca 2+  
is monitored by AAS and eventually the precipitation is repeated 
At the end the dissolved protein is put on the Sephadex-25 
column.     

 The last method is very ef fi cient and has been applied success-
fully in my laboratory on dozens of proteins. In several cases we 
compared the Ca 2+ -binding data for samples obtained by either the 
TCA method (numbered 5, above) or methods 1 and 2: no 
signi fi cant differences were detected. In contrast the Ca 2+ -binding 
properties of some SCPs, CaVP, and certain mutants of parvalbu-
mins are damaged by the TCA method.  

  The  fi rst question to be solved after one realizes that a given new 
protein contains EF-hand motifs is if it really binds Ca 2+ . For this 
purpose qualitative methods exist such as the Ca 2+ -dependent 
mobility shift in polyacrylamide gel electrophoreses (PAGE). 
Different optical methods such as  fl uorimetry on the intrinsic Trp 
or Tyr residues can be performed in most laboratories and lead to 
a valid diagnosis provided ion-binding leads to signal changes. But 
quantitative information, leading to the evaluation of the physio-
logical signi fi cance of Ca 2+ -binding to a protein, cannot be gath-
ered by these methods. This section deals with the four most 
common methods to determine Ca 2+ -binding isotherms. 

  In this method an equilibrium is established on both sides of a 
solute-permeable, but protein-impermeable, membrane (Spectra/

  3.2.  Ca  2+  Binding

  3.2.1.  Equilibrium    Dialysis
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Por 3). In practice, aliquots of a protein solution (20–100  m M of 
binding sites) are equilibrated against a series of buffers of increas-
ing ion (Ca 2+ ) concentrations. At the end the concentrations of 
protein and of total ligand are measured in both compartments. 
The difference in ligand concentration between both compart-
ments corresponds to the bound ligand, which can be directly 
related to the protein concentration. Ion quanti fi cation can be 
done with AAS. A major complication is that it is impossible to 
decontaminate buffers of physiological ionic strength to free Ca 2+  
values lower than 0.2  m M. In order to attain free Ca 2+  levels of 10 −9  
to 10 −5  M, it is thus necessary to “clamp” the free Ca 2+  by includ-
ing 1 mM EGTA in the dialysis experiment. The free Ca 2+  is then 
calculated using a computer program (WEBMAXC STANDARD 
version 2.10) of “speciation” taking into account the af fi nity con-
stants of EGTA + Ca 2+  and EGTA + H +  and the total concentrations 
of EGTA and Ca 2+ . Even with this complication the method is 
quite simple and needs minimal equipment. But three negative 
points must be mentioned: (1) The length (24 h) precludes deter-
mination on labile, sticky, or hydrolysis-susceptible proteins. (2) In 
the EGTA buffering system the free Ca 2+  versus total Ca 2+  relation-
ship is not linear and lacks precision in the 10 −7  to 2 × 10 −5  M range, 
i.e., in the zone one usually wants to cover. (3) The workload is 
quite heavy and the number of manipulations requires maximal 
attention of the experimenter.  

  The principle of this method is competition for Ca 2+  of the CaBP and 
an indicator whose binding parameters are well known and whose 
degree of saturation can be quanti fi ed exactly  (  44  ) . To the mixture of 
protein and indicator increasing Ca 2+  concentrations are added until 
the indicator is saturated (see Note 3). If the physical and optical 
properties of the indicator are the same in the presence and absence 
of protein, one can determine the free Ca 2+  concentration by Eq.  1 :

     + = Δ Δ − Δ2
i max i indicator[Ca ] s / ( s s )K    (1)  

where [Ca 2+ ] is the concentration of free Ca 2+ ,  D s i  and  D s max  are the 
optical signal change at titration point i and at the end (maximal satu-
ration of the chelator), respectively, and  K  indicator  is the af fi nity constant 
of the indicator. The value of  K  indicator  under the experimental condi-
tions can be determined by a separate titration of the indicator alone. 
Protein-bound Ca 2+  (Ca bound ) can then be calculated as follows:
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where Ca Tot  and  C  indicator  are the concentration of added Ca 2+  and of the 
indicator, respectively. If the protein concentration is in large excess 
over that of the indicator the last factor in Eq.  2  can be neglected. 

  3.2.2.  Fluorescent Ion 
Indicators
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 Fluorescent probes are used at submicromolar concentrations 
while the protein concentration is 2–3  m M. In  fl uorescent titra-
tions the spectra of the indicator often show an isosbestic point, 
a wavelength where no ligand-induced changes occur during the 
titration. The precision is much better when the signal at the wave-
length of maximal  fl uorescence change is rationed to the signal at 
the isosbestic wavelength. An important consideration is the choice 
of the indicator with respect to its af fi nity for Ca 2+ . Ideally  K  indicator  
should be slightly lower than that of the lowest af fi nity sites of the 
protein. Fortunately, many indicators have been developed by 
Molecular Probes with different af fi nities for Ca 2+ , ranging from 
10 7  to 10 4  M −1 . If a CaBP shows pronounced negative cooperativ-
ity or displays more than one site with markedly different af fi nities, 
the indicator method is not recommended. A last caveat is the 
selectivity of the indicator, especially if one wants to determine the 
Ca 2+ -binding properties in the presence of physiological concentra-
tions of Mg 2+ . Ideally the Ca 2+ /Mg 2+  selectivity ratio should be 
higher than 10,000. Indicators with a low selectivity ratio can in 
fact be used to determine the Mg 2+ -binding properties of a CaBP 
by similar Mg 2+  titration experiments in the absence of Ca 2+  (i.e., in 
the presence of EGTA).  

  In this method an immobile solution (upper compartment) is sepa-
rated from the lower compartment by a semipermeable membrane 
which retains the protein but not the small ligands; the lower 
chamber is continuously  fl ushed with the working buffer  (  45  ) . 
Flow dialysis is based in the principle that the amount of Ca 2+  dif-
fusing per unit of time from the upper compartment is propor-
tional to the free Ca 2+  in that compartment. If the Ca 2+  pool in the 
upper compartment is tagged with  45 Ca 2+ , this rate can be mea-
sured by determining the concentration of the isotope in the 
ef fl uent of the lower chamber (for commodity called here cpm i ), 
which is collected in a fraction collector. After perfusion with four 
times the volume of the lower chamber a steady state is reached for 
which the rates (dcpm/dt) of isotope entering and leaving the 
lower chamber are practically equal, as indicated by Eq.  3 :

     2
i idcpm / dt [Ca ] cpm / 0) ,(D f V+= − =    (3)  

hence [Ca 2+ ] i  = cpm i  ( f / V . D ), 
 where  D  is a constant depending on both the diffusion proper-

ties of Ca 2+  and the geometry of the dialysis apparatus,  f  is the  fl ow 
rate of buffer through the lower chamber, and  V  is the volume of 
this chamber. In essence, Eq.  3  indicates that after an equilibrium 
is reached, the concentration of isotope (cpm i ) in the ef fl uent 
becomes a true measure of free [Ca 2+ ] in the upper compartment. 
After each addition of unlabeled Ca 2+  to the upper chamber, a new 
equilibrium is established and a new steady state of cpm i  is reached. 

  3.2.3.  Flow Dialysis
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The parameters ( f / V.D ) are not determined directly; instead a 
large excess of cold Ca 2+  is added at the end of the titration so that 
all Ca 2+  and  45 Ca 2+  can be considered as free. The corresponding 
cpm end  value is an index standing for 100% free [Ca 2+ ] and the ratio 
of cpm i /cpm end  represents thus the fraction of free Ca 2+  in the 
upper compartment. From the known total Ca 2+  concentration at 
each increment the concentration of free and bound Ca 2+  in the 
upper chamber is calculated. This data treatment is not complete 
enough since three factors are not negligible: (1) The dilution 
(Fdil i , or dilution factor) in the upper compartment by the incre-
ments; (2) the losses (Floss i , or loss factor); and (3) the Ca 2+  (and 
tracer  45 Ca 2+ ) contamination in the upper chamber at the start of 
the    experiment. For this purpose the following additional param-
eters must be measured:

    1.    The initial Ca 2+  contamination, [Ca 2+ ] contam : After the cell is 
mounted, the upper chamber is  fi lled with the protein solution 
and tracer  45 Ca 2+  is added; then 250  m l is withdrawn to measure 
the Ca 2+  concentration by AAS.  

    2.    The initial (CPM init ) and  fi nal  45 Ca 2+  counts (CPM end ) in the 
upper compartment: The  D CPM factor, de fi ned as 
(CPM init  − CPM end )/CPM init , determines the total loss of Ca 2+  
in the upper chamber, which can vary substantially (from 10 to 
20%) depending on the pro fi le of free Ca 2+  change in this 
chamber during the experiment. The fraction of free Ca 2+ , 
f [Ca2+]i , after increment i is as follows:    

     [ ] i i i end end endCa2 if (cpm Fdil Floss ) / (cpm Fdil Floss ),+ =    (4)  

with Fdil i  = Vol i /Vol init  and Fdil end  = Vol end /Vol init  and 
 Floss i  = 1 +  D CPM { S  (i = 1 to n)  cpm i / S  (i = 1 to n)  cpm i }. 

 The total Ca 2+  concentration, Catot i , after increment i is
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   (5)  

 
 The free Ca 2+  concentration corresponds to f [Ca2+]i . Catot i  and the 

protein-bound Ca 2+  are then calculated by Ca  bound  
2+   = Catot i  − [Ca 2+ ]. 

 In practice the following experimental conditions are used for 
most of the CaBPs. The  fl ow device (see Note 1) was mounted 
using Spectra/Por membranes, which were boiled twice: once in 
EDTA-alkalinized water and once in distilled water. The upper 
chamber contained 750  m l of a protein solution of 60  m M Ca 2+ -
binding sites. From this chamber 250  m l is withdrawn just after the 
addition of tracer  45 Ca 2+ . The lower chamber is perfused at a  fl ow 
rate of 1 ml/min and the ef fl uent is collected in fractions of 0.4 ml. 
Every 2-min increments of Ca 2+  are added so that the total Ca 2+  
concentrations in the upper compartment vary according to an 
exponential scale until a value of 2–3 mM is attained. The samples 
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of the fraction collector are supplemented with scintillation liquid 
and counted to 98% precision. This method has allowed us to 
determine quite easily and precisely the Ca 2+  af fi nity of a great 
number of proteins with  K  Ca  values varying from 5 × 10 7  to 
2 × 10 3  M −1 . The precision is greatly improved by automation 
(robot) of the pipetting of the increments.  

  If Ca 2+  or Mg 2+ -binding leads to an enthalpy change (  D H ), either 
exothermic or endothermic, their af fi nity constants can be deter-
mined by isothermal calorimetry (ITC) using a MicroCal VP-ITC 
Microcalorimeter (Microcal Inc). This method, known since 1989 
 (  46  ) , has been applied for Ca 2+ - and Mg 2+ -binding experiments 
only recently and only in a few cases  (  37,   39,   47  ) , but is expected 
to become a very important tool in the next future since it is fast 
(circa 2 h), nearly completely automated, and yields not only the 
af fi nity constants but also the enthalpy changes of each binding 
step. As for the true  D  H , it should be stressed that divalent cation 
binding to CaBPs implies exchange of protons and that these pro-
teins in turn will be buffered by the working buffer leading to 
a positive or a negative heat release, depending on which type of 
proton buffer is used (see Note 4). 

 In practice circa 50  m M of the metal-free protein is titrated 
with 50 successive automatic injections of 5–10  m l each of a stock 
solution of 0.5–2 mM divalent cation. The additions were 4 min 
apart to allow heat accompanying each increment to return to the 
baseline prior to the next addition. For each addition the molar 
heat ( Q  t ) was measured as a function of the total ligand concen-
tration (X t ):
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where n is the number of sites, Pt is the total protein concentra-
tion,  K  a  is association constant, and V is the cell volume. The dif-
ferential heat (dQt) is then  fi tted to various models by using a 
nonlinear least squares minimization method using Microcal Origin 
ITC software. The free energy of binding ( D G) and entropy ( D S) 
is obtained using the classical thermodynamic formulas  D G = −RT 
ln Ka and  D G =  D H – T D S, where R is the gas constant and T is the 
absolute temperature in kelvin.   

  Under physiological ionic conditions at low Ca 2+  concentrations 
many EF-hand-containing CaBPs interact with Mg 2+  with af fi nities 
ranging from 10 2  to 10 5  M −1 . The binding of Mg 2+  can be mea-
sured by equilibrium dialysis or by the  fl uorescent indicator 
method, but unfortunately not by  fl ow dialysis since there is no 
stable radioactive isotope of Mg 2+  with a long enough half-life 
time. A method well suited for Mg 2+ -binding is equilibrium gel 
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Calorimetry

  3.3.  Mg  2+  Binding
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 fi ltration,  fi rst proposed by Hummel and Dryer  (  48  ) . This method 
takes advantage of the fact that on a gel  fi ltration column the pro-
tein is rapidly and ef fi ciently brought to equilibrium with the buf-
fer in which the gel matrix is equilibrated. In practice 0.5–1 ml of 
a protein solution is applied to a 0.8 × 40 cm column of Sephadex 
G-25 equilibrated in the working buffer plus a given concentration 
of free Mg 2+ , and eluted at 0.4 ml/min. In the eluent fractions the 
protein concentration is monitored by its UV absorbance and Mg 2+  
by AAS. Analysis of three protein-containing fractions across the 
protein peak allows us to verify if the equilibrium is reached, which 
is the case when the bound Mg 2+ -to-protein ratio is the same in the 
three fractions. In the method originally proposed the protein 
sample was loaded without any addition of the ligand. However, in 
Mg 2+ -binding experiments it is preferable for kinetic reasons that 
the loaded protein already contains Mg 2+ . A practical and rapid way 
of generating a Mg 2+ -binding isotherm is to chromatograph  fi rst 
the CaBP in buffer containing 1 mM Mg 2+  and, after analysis, 
rechromatograph each of the protein-containing fractions on col-
umns equilibrated in lower Mg 2+  concentrations (from 50 to 
500  m M). Excess Mg 2+  dissociates and a new equilibrium is rapidly 
reached. When performing Hummel–Dryer experiments in buffer 
containing less than 50  m M Mg 2+ , the  fl ow rate must be reduced to 
0.1 ml/min. Since generating a correct isotherm takes 3–5 days, 
the determination of the Mg 2+ -binding isotherms now constitutes 
the rate-limiting step in the unraveling of the ion-binding param-
eters of a given CaBP.  

   The above methods yield model-independent isotherms which 
describe the binding of the ion to the protein. They provide mac-
roscopic, also named stoichiometric binding constants,  K  n , which 
refer to the binding of the  fi rst, second, etc. Ca 2+  to the protein 
 (  49  ) ; for an excellent review see ref.  (  50  ) . The most general descrip-
tion of the equilibria in terms of stoichiometric binding is provided 
by the Adair-Klotz model  (  51  ) , which analyzes the binding data in 
terms of a set of constants that describe the binding of the  fi rst, 
second, … nth Ca 2+  ion to the protein. The binding then obeys the 
following equation:
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where  r  is the ratio of bound Ca 2+  per protein and n is the number 
of Ca 2+ -binding sites. These stoichiometric constants yield informa-
tion on the pace of the successive binding steps, but not on the 
af fi nity constant of any particular    site. In a CaBP with four func-
tional Ca 2+ -binding sites I, II, III, and IV and the af fi nity constants 
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 k  I ,  k  II ,  k  III , and  k  IV  (called microscopic or site-binding constants), 
the relationship between  K  n  and these constants is as follows  (  49  ) :

     

1 I II III IV

1 2 I II I III I IV II III II IV III IV

1 2 3 I II III I II IV II III IV

1 2 3 4 I II III IV

k
.

K k k k k
K K k k k k k k k k k k k k

K K K k k k k k k k k
K K K K k k k k

= + + +
= + + + + +
= + +
=

   (8)  

 
 It should be noticed that the microscopic  k  values may change 

during the binding process, e.g., the af fi nity of site II for Ca 2+  may 
be different depending on the presence or not of Ca 2+  in site I. 
Cornish-Bowden and Koshland  (  49  )  analyzed the binding iso-
therm in terms of the intrinsic af fi nity constant,  K  ¢  n , the meaning 
of which is intuitively the easiest understood since it represents the 
mean af fi nity constant of site n in a protein. If all the microscopic 
constants are identical there is only one intrinsic constant and the 
relation between stoichiometric and intrinsic constant is as follows: 
 K  1  = 4  K ¢  ,  K  2  = 3/2  K  ¢ ,  K  3  = 2/3  K  ¢ , and  K  4  = ¼  K  ¢ . If the  k  values do 
not change during the titration (i.e., in a noncooperative system), 
but are different, the four different intrinsic constants,  K  ¢  1 ,  K  ¢  2 , 
 K  ¢  3 , and  K  ¢  4 , describe the binding isotherm. In many instances, 
as in the  fi rst part of this chapter, the binding parameters are 
expressed as dissociation constants  K   d  , since these are closest to 
the notion of the Ca 2+  concentration which induces half maximal 
binding or response: in most (simpli fi ed) cases  K   d   = 1/ K  ¢ . 

 In the case of positive cooperativity in a two-site system the 
relationship between the intrinsic constants is as follows:  K  ¢  1  <  K  ¢  2  
and the degree of allostery is given either by the ratio  k  I,II / k  I  or by 
 D G =  D G I,II  −  D G I , i.e., by the difference between the change in free 
energy when Ca 2+  binds to a given site in the presence ( D G I,II ) or 
absence ( D G I ) of bound Ca 2+  in the second site. However a much 
more popular cooperativity index is given by the empirical Hill 
model, with

     nH 2 nH 2n Ca / ([ ] [1 Ca ),]r K K+ += +    (9)  

where n is the number of sites, n H  the Hill coef fi cient, and  K  an 
apparent binding constant, not related to the stoichiometric, 
intrinsic, or macroscopic constants  (  49  ) . Linearization of Eq.  9  
yields the widely used Hill function:

     2
Hlog r / (n r) log n log[Ca ].{ } K +− = +    (10)    

  In most cases the af fi nities of CaBPs for Ca 2+  are modulated by 
millimolar concentrations of Mg 2+ , either by direct competition 
at the so-called Ca 2+ /Mg 2+  mixed sites or by indirect antagonism 
in proteins with Ca 2+ -speci fi c sites. A primordial task after the 

  3.4.2.  The Ca 2+ /Mg 2+  
Antagonism
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Ca 2+ -binding isotherms have been collected at different Mg 2+  
concentrations is to determine which model of antagonism is 
functioning.

    1.    In the model of  direct competition  the EF-hand site binds either 
Ca 2+  or Mg 2+  and the shift of the isotherms to higher [Ca 2+ ] is 
unlimited. The competition model obeys the following 
equation:

     2
Ca Ca.app Mg/ 1 Mg ],[K K K += +    (11)  

where  K  Ca  and  K  Ca.app  are the Ca 2+ -binding constants in the 
absence and presence of Mg 2+ , respectively, and  K  Mg  the Mg 2+ -
binding constant in the absence of Ca 2+ . Examples of the analy-
sis of simple competition models have been presented for 
troponin C  (  52  )  and parvalbumin  (  53  ) ; complex, but still 
direct, competition models have been described for sarcoplas-
mic Ca 2+ -binding proteins  (  3,   54,   55  ) .  

    2.     Indirect Ca   2+   –Mg   2+    antagonism  is exempli fi ed by calmodulin 
 (  4  ) . In this protein Mg 2+  does not bind to the same sites as 
Ca 2+ , but to auxiliary sites  (  56  ) , physically different from the 
four EF-hands. Calmodulin can bind 4 Ca 2+  and 4 Mg 2+  simul-
taneously. The Ca 2+ - and Mg 2+ -binding sites in fl uence each 
other’s af fi nity due to negative free energy coupling between 
the sites. The amount of bound ligand per mole of site is given 
by (see ref.  4  ) 

     
2 1
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2 1 2 1 2 1

Ca(Mg) Ca Mg(Ca)

1 ( Mg )
Bound Ca / site ;

1 ( Ca ) (1 Ca ) M

[ ]

[ ] [ ] g( [ ])

K

K K K

+ −
+

+ − + − + −

+
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+ + +
   (12)      

similarly:

     
2 1
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2 1 2 1 2 1
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[ ]

[ ] [ ] a( [ ])

K

K K K

+ −
+

+ − + − + −

+
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where  K  Ca  and  K  Mg  are the association constants for Ca 2+  and Mg 2+ , 
respectively, in the absence of the other ligand, and  K  Ca(Mg)  and 
 K  Mg(Ca)  the corresponding constants in the presence of in fi nite 
concentrations of the second ligand. As in the model of straight 
competition, upon increasing the Mg 2+  concentrations the Ca 2+ -
binding isotherms shift to higher free Ca 2+  concentrations, but in 
this model the shift is not unlimited and levels off at the isotherm 
dictated by  K  Ca(Mg) .  

  The examples mentioned above show the great diversity of the 
thermodynamic behavior of different CaBP families, diversity nec-
essary to cope with the complexity of the Ca 2+  signal. The kinetics 
of Ca 2+  and Mg 2+ -binding, not treated here and in general rarely 
studied, adds a new dimension to the action of CaBPs in the cell.    

  3.4.3.  Conclusion
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     1.    Occasionally, we used  fl ow dialysis cells with a spiraled (Feldman 
cell) lower compartment instead of the cubic lower chamber. 
Its smaller volume assures a faster installation of a steady state 
between the two compartments.  

    2.    In our studies the working buffer for nearly all methods is 
50 mM Tris–HCl, pH 7.5 150 mM KCl, except for ITC exper-
iments where a Mops buffer, pH 7.4, 100 mM NaCl is used 
(its protonation enthalpy is negligible).  

    3.    To a solution (500  m l) containing 15  m M of protein and 1  m M 
 fl uorescent Ca 2+  indicator (BTC or Mag-fura-2) 20  m M incre-
ments of Ca 2+  were added and the  fl uorescence excitation spec-
tra were monitored after each addition. For BTC the 
 fl uorescence intensities at 401 (increasing) and 469 nm 
(decreasing) were ratioed with respect to that at the isosbestic 
point at 433 nm to eliminate interferences or lamp intensity 
changes. For example, for Mag-fura-2 the data were extracted 
at 332 (increasing), 352 (isosbestic point) and 385 nm (decreas-
ing). The signal changes were normalized from 0 (nominaly 
zero [Ca 2+ ]) to +1 (saturating [Ca 2+ ]), yielding  D S at the respec-
tive wavelengths which were averaged to yield  D S i . The con-
centration of free Ca 2+  was then calculated by extrapolation 
of these  D S i  values at each increment to the Ca 2+ -binding 
isotherms of BTC or Mag-fura-2. The latter were estimated 
independently and yielded af fi nity constants of 1.4 × 10 5  and 
1.8 × 10 4  M −1  for BTC and Mag-fura-2, respectively. Protein-
bound Ca 2+  was then calculated by subtracting the free [Ca 2+ ] 
from the total amount of added Ca 2+   plus  the initial contamina-
tion determined by atomic absorption.  

    4.    The heat production or absorption (Q) as a function of the 
degree of saturation of a site ( a ) is given by Q =  a ( D H Ca  + n D H-
 proton ), where  D H Ca  is the enthalpy of the Ca 2+ -binding process 
and n and  D  H  proton  are the number of protons liberated and the 
protonation enthalpy of a given buffer, respectively. When the 
same reaction is studied in two buffers of different protonation 
enthalpy,  D H p1  and  D H p2 , the value of n can be formulated by 
n = (Q 1  − Q 2 )/[ a  × ( D H p1  −  D H p2 )]. Thus, by calorimetric moni-
toring of a reaction in two different buffers one can calculate 
the proton release and determine subsequently the real  D H Ca  
of the process.  

    5.    The Ca 2+ -dependent exposure of a hydrophobic patch on the 
surface of a CaBP I is measured by  fl uorescent indicators 
such as 8-naphtalene-1-sulfonate (ANS), 2-p-toluidinyl-naph-
talene-6-sulfonate (TNS), and    4,4 ¢ -dianilino-1,1 ¢ -binaphtyl-

  4.  Notes
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5,5 ¢ -disulphonate (BISANS). In our studies nearly always 
TNS (Sigma) was used: a 400  m l solution of 40 mM TNS and 
1  m M protein was excited at 322 nm and the emission spec-
tra measured from 380 to 540 nm.          
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    Chapter 3   

 Probing Ca 2+ -Binding Capability of Viral Proteins 
with the EF-Hand Motif by Grafting Approach       

     Yubin   Zhou   ,    Shenghui   Xue   ,    Yanyi   Chen   , and    Jenny   J.   Yang         

  Abstract 

 Ca 2+  is implicated in almost every step of the life cycle of viruses, including virus entry into host cells, virus 
replication, virion assembly, maturation, and release. However, due to the lack of prediction algorithms and 
rigorous validation methods, only limited cases of viral Ca 2+ -binding sites are reported. Here, we introduce 
a method to predict continuous EF-hand or EF-hand-like motifs in the viral genomes based on their pri-
mary sequences. We then introduce a grafting approach, and the use of luminescence resonance energy 
transfer and Ca 2+  competition assay for experimental veri fi cation of predicted Ca 2+ -binding sites. This pro-
tocol will be valuable for the prediction and identi fi cation of unknown Ca 2+ -binding sites in virus.  

  Key words:   Calcium ,  CD2 ,  EF-hand ,  Luminescence resonance energy transfer ,  Protein engineering , 
 Protein–ligand interaction ,  Terbium ,  Virus    

 

 Ca 2+  is a universal signal for “life and death” that regulates almost 
every aspect of cellular activities. Ca 2+  is evolutionally chosen as a 
second messenger to modulate a myriad of essential biological 
events, including gene transcription, fertilization, cell proliferation, 
secretion, cell motility, and apoptosis. Under physiological condi-
tions, Ca 2+  homeostasis is maintained by the exquisite choreogra-
phy of a variety of signaling components, including ion channels, 
pumps, exchangers, receptors, Ca 2+  buffers, Ca 2+ -responsive pro-
teins (e.g., Ca 2+ -sensitive enzymes and transcription factors) in 
cytoplasm, ER, Golgi complex, mitochondria, nucleus, and the 
extracellular matrix  (  1  ) . Errors in any step of the calcium signaling 
are likely to cause abnormal cellular activities. 

  1.  Introduction
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 Viruses are adept at hijacking Ca 2+  over other biological metal 
ions (Na + , K + , Zn 2+ , Fe 3+ , etc . ) for their own bene fi t  (  2  ) . Ca 2+  is 
closely involved in viral infection, replication, virion assembling, 
maturation, and release. In general, the interplay between Ca 2+  and 
a virus falls into three categories: (1) the virus perturbs the Ca 2+  
homeostasis of the host cell by altering the membrane permeability 
or disrupting key component(s) of the calcium signaling network; 
(2) viral proteins directly bind Ca 2+  to maintain structural integrity 
and their optimal function; and (3) the virus interacts with cellular 
Ca 2+ -binding proteins or Ca 2+ -signaling proteins  (  2,   3  ) . 

 Based on the arrangement of the Ca 2+ -binding ligand residues 
in space, viral Ca 2+ -binding proteins can be divided as EF-hand and 
non-EF-hand proteins. EF-hand Ca 2+ -binding proteins with a con-
tinuous helix-loop-helix topology were originally described in the 
structure of parvalbumin by Kretsinger  (  4  ) . A typical EF-hand 
Ca 2+ -binding motif contains 12 residues in the loop region respon-
sible for coordinating Ca 2+  (Fig.  1a, b ). Among these residues, the 
side chain oxygen atoms in positions 1, 3, 5, and 12, the main 
chain oxygen in position 7, and a bridged water molecular in posi-
tion 9 bind to Ca 2+  to form a pentagonal bipyramidal geometry. 
Until now, only very limited cases of viral calcium-binding proteins 
were reported in the literature, possibly due to challenges in the 
prediction and investigation of Ca 2+ -binding sites. First, we lack 
robust prediction algorithms and effective validating methods. 
Second, given the physiological abundance and spectroscopic 
silence nature of Ca 2+ , identi fi cation and analyzing Ca 2+ -binding 
sites in proteins is not an easy task. Most experimental methods to 
determine Ca 2+ -binding are sensitive to the total Ca 2+  concentra-
tion. The background Ca 2+  concentration, however, is usually hard 
to control and evaluate. Finally, the binding of Ca 2+  to EF-hands 
usually induces conformational change of the EF-hands. Therefore, 
evaluating site-speci fi c Ca 2+ -binding af fi nity is often complicated by 
the conformational cooperativity in the case of proteins possessing 
multiple Ca 2+ -binding sites (e.g., calmodulin and troponin C)  (  5  ) .  

 To overcome the  fi rst limitation, we have generated a handful 
of motif signatures (Table  1 ) for prediction of continuous EF-hand 
or EF-hand-like motifs  (  6  ) . More importantly, we have developed 
a grafting approach coupled with luminescence resonance energy 
transfer (LRET) to evaluate isolated Ca 2+ -binding sites from 
EF-hand Ca 2+ -binding proteins  (  7–  9  ) . To circumvent the spectro-
scopically silent nature of Ca 2+ , we use lanthanides to probe Ca 2+ - 
binding because of their similar ionic radii (Ca 2+ , 1.00 Å; Tb 3+ , 
0.92 Å) and metal coordination chemistry  (  10,   11  ) . As shown in 
Fig.  2 , a putative Ca 2+ -binding sequence can be inserted in a  fl exible 
loop in the domain 1 of CD2 (CD2.D1) with minimal perturba-
tions to the overall structure. The Trp residue (W32) within CD2.
D1 is capable of transferring energy to Tb 3+  that binds to the 
inserted Ca 2+ -binding loop. We optimized the insertion position 
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and the length of the glycine linkers to optimize LRET ef fi ciency, 
and meanwhile, to minimize the perturbation to the host structure 
 (  9  ) . Insertion of the putative Ca 2+ -binding sequence between resi-
dues Ser52 and Gly53  fl anked by triple glycine linkers proves to be 
most effective. The native structure of host protein CD2.D1 after 
EF-hand insertion is essential for the accuracy of the metal binding 
assay. Next, the correct protein folding of engineered proteins is 
con fi rmed by both intrinsic tryptophan  fl uorescence and circular 
dichroism spectroscopy. Finally, the site-speci fi c Tb 3+ -binding 
af fi nity is obtained by titrating Tb 3+  into the sample containing 
engineered proteins, whereas the site-speci fi c Ca 2+ -binding af fi nity 
is subsequently obtained with competition assay after obtaining 
site-speci fi c Tb 3+ -binding af fi nity.   

  Fig. 1.    Examples of predicted EF-hand calcium-binding sites in the  Togaviridae  family of virus. ( a ) Cartoon representation 
of a typical EF-hand Ca 2+ -binding motif (adapted from ref.  2  with permission from Elsevier). The EF-hand motif contains a 
helix-loop-helix topology with residues from the loop responsible for coordinating Ca 2+ . The oxygen atoms from the side 
chains at positions 1, 3, 5, and 12, backbone in position 7, and one bridged water molecule (via position 9) directly chelate 
Ca 2+  to form a pentagonal bipyramidal geometry  (  12  ) . ( b ) The sequence consensus for a classical EF-hand motif. 
The conservation of amino acids at several positions makes it possible to predict EF-hand motifs from genomic sequences 
(adapted from ref.  6  with permission from Wiley-Liss). ( c ) The predicted EF-hand motifs in Sindbis virus (SINV) and eight 
genotypes of rubella virus (RV). The Ca 2+ -binding sites of EF-hand motifs are compared to the classical EF-hands 1 and 2 
in calmodulin, a well-studied eukaryotic Ca 2+ -binding protein with four EF-hand motifs. ( d ) The EF-hand Ca 2+ -binding motif 
(highlighted in blue with Ca 2+  ion shown as cyan sphere) in the protease domain of rubella virus nonstructural protein p200 
(adapted from reference  (  7  )  with permission from American Society of Microbiology).       
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   Table 1 
  List of patterns used to predict    EF-hand or EF-hand-like proteins 
(adapted from ref.  6  by permission from Wiley-Liss)   

 Pattern 
number  Pattern name 

 Conservation 
positions  Motif signature 

  To predict canonical EF-hand  

 1  eloopf 

     

 Canonical EF-loop and 
both  fl anking helices 

 x-{DNQ}-x(2)-{GP}-{ENPQS}-
x(2)-{DPQR}-[DNS]-x-[DNS]-
{FLIVWY}-[DNESTG]-
[DNQGHRK]-{GP}-[LIVMC]-
[DENQSTAGC]-x(2)-[ED]-
[FLYMVIW]-x(2)-{NPS}-
{DENQ}-x(3) 

 2  eloop 

     

 Canonical EF-loop and 
the entering helix 

 x-{DNQ}-x(2)-{GP}-{ENPQS}-
x(2)-{DPQR}-[DNS]-x-[DNS]-
{FLIVWY}-[DNESTG]-
[DNQGHRK]-{GP}-[LIVMC]-
[DENQSTAGC]-x(2)-[ED] 

 3  loopf

     

 Canonical EF-loop and 
the exiting helix 

 [DNS]-x-[DNS]-{FLIVWY}-
[DNESTG]-[DNQGHRK]-
{GP}-[LIVMC]-
[DENQSTAGC]-x(2)-[ED]-
[FLYMVIW]-x(2)-{NPS}-
{DENQ}-x(3) 

 4  loop

     

 Canonical EF-loop  [DNS]-x-[DNS]-{FLIVWY}-
[DNESTG]-[DNQGHRK]-
{GP}-[LIVMC]-
[DENQSTAGC]-x(2)-[ED] 

 5  PS00018

     

 Canonical EF-loop  D-x-[DNS]-{ILVFYW}-
[DENSTG]-[DNQGHRK]-
{GP}-[LIVMC]-
[DENQSTAGC]-x(2)-[DE]-
[LIVMFYW] 

  To predict pseudo EF-hand  

 6  PC

     

 Both helices of the 
pseudo EF-motif, 
both helices and the 
loop of the paired 
canonical EF-motif 

 [LMVITNF]-[FY]-x(2)-[YHIVF]-
[SAITV]-x(5,9)-[LIVM]-x(3)-
[EDS]-[LFM]-[KRQLE]-
x(20,28)-[LQKF]-[DNG]-x-
[DNSC]-x-[DNK]-x(4)-[FY]-x-
[EKS] 

 7  Pseudo 

     

 Both helices of the 
pseudo EF-motif 

 [LMVITNF]-[FY]-x(2)-[YHIVF]-
[SAITV]-x(5,9)-[LIVM]-x(3)-
[EDS]-[LFM]-[KRQLE] 

(continued)
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 In this chapter, we describe a general approach to probe the 
Ca 2+ -binding capability of viral EF-hand proteins as outlined in 
Fig.  3 . First, putative viral calcium-binding proteins can be pre-
dicted using our developed calcium-binding site prediction algo-
rithm (  http://chemistry.gsu.edu/faculty/Yang/Calciomics.htm    ) 
or using the pattern search server available at ScanProsite (  http://
ca.expasy.org/prosite/PDOC00018    ). A total of 93 putative 
EF-hands or EF-hand-like motifs have been found in the viral 
genomes, including 80 different viruses that spread in the majority 
of virus families  (  2  ) . This protocol will further summarize our 
methods for the identi fi cation of putative calcium-binding sites in 
viral proteins, which include the construction, expression and 
puri fi cation, biophysical characterization of engineered proteins, 
Tb 3+ -LRET assay, and Ca 2+  competition assay. The experimental 
 fl owchart is shown in Fig.  3  with the predicted EF-hand Ca 2+ -
binding sites in the  Togaviridae  family (e.g., rubella virus and 
Sindbis virus) as examples (Figs.  1  and  2 ).   

 

      1.    Protein sequence search from NCBI:   http://www.ncbi.nlm.
nih.gov/protein/    .  

    2.    Pattern search for EF-hands:   http://chemistry.gsu.edu/fac-
ulty/Yang/Calciomics.htm    .     
 Input user-de fi ned patterns at ScanProsite (  http://prosite.

expasy.org/scanprosite/    ).  

  2.  Materials

  2.1.  Bioinformatic 
Resources

Table 1
(continued)

 Pattern 
number  Pattern name 

 Conservation 
positions  Motif signature 

 8  PS00303 

     

 Both helices and the 
loop of the paired 
canonical EF-motif 

 [LIVMFYW](2)-x(2)-[LK]-D-
x(3)-[DN]-x(3)-[DNSG]-[FY]-
x-[ES]-[FYVC]-x(2)-
[LIVMFS]-[LIVMF] 

  To predict EF-hand-like  

 9  Excalibur

     

 The 10-residue loop  D-x-D-x-D-G-x(2)-C-E 

 10  EF-hand-like 

     

 The loop  D-x-[DNS]-{ILVFYW}-[DEN]-
G-{GP}-x(5, 6)-[DE] 

http://chemistry.gsu.edu/faculty/Yang/Calciomics.htm
http://ca.expasy.org/prosite/PDOC00018
http://ca.expasy.org/prosite/PDOC00018
http://www.ncbi.nlm.nih.gov/protein/
http://www.ncbi.nlm.nih.gov/protein/
http://chemistry.gsu.edu/faculty/Yang/Calciomics.htm
http://chemistry.gsu.edu/faculty/Yang/Calciomics.htm
http://prosite.expasy.org/scanprosite/
http://prosite.expasy.org/scanprosite/
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  Fig. 2.    Use of the grafting approach to verify the predicted viral EF-hand calcium-binding sites. ( a ) Schematics of the graft-
ing approach. CD2.D1 is used as the host scaffold. The putative EF-hand Ca 2+ -binding site is inserted between residues 52 
and 53,  fl anked by three glycines on each side. The grafting approach allows one to conveniently monitor the metal binding 
process with  fl uorescence spectroscopy by taking advantage of the aromatic residue (W32 in CD2.D1)-sensitized Tb 3+  
luminescence resonance transfer (Tb 3+ -LRET) (adapted from ref.  2  with permission from Elsevier). ( b ) Characterization of 
the engineered protein by intrinsic Trp  fl uorescence ( left ) and circular dichroism spectroscopy ( right ).
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  Fig. 3.    Experimental approaches to validate predicted continuous Ca 2+ -binding motifs. Continuous Ca 2+ -binding sites can 
be predicted from the primary sequence by using the program CaPS (available at   http://chemistry.gsu.edu/faculty/Yang/
Calciomics.htm    ). The predicted Ca 2+ -binding sequence is subsequently grafted into a scaffold protein CD2.D1. After expres-
sion and puri fi cation of the engineered protein, one can perform Tb 3+  titration assay (Tb 3+ -LRET) to con fi rm the metal 
binding capability. Ca 2+  competition assay can be further performed based on Tb 3+ -LRET to obtain Ca 2+ -binding af fi nity. If 
metal binds to the engineered protein, mutations on the proposed ligand residues can be subsequently introduced to 
double con fi rm the binding event. If the mutagenesis results in a decrease in binding, the predicted site has a high chance 
of binding Ca 2+ . Possible Ca 2+ -induced conformational changes will be examined by expressing the protein of interest. In 
addition, the functional correlation of Ca 2+ -binding can be followed by comparing the phenotypes of WT and mutant 
viruses.       

Fig. 2. (continued) The structural integrity of the engineered protein is con fi rmed by (1) the  fl uorescence emission peaks at 
315 nm and 330 nm and (2) a negative trough at 215 nm in the CD spectrum.  Solid circle : engineered CD2.D1 with the 
insertion of EF-hand loop from rubella virus;  Open circle : wild-type CD2.D1.  C , Tb 3+  titration assay (reproduced from ref.  7  
with permission from American Society for Microbiology). ( c ) Tb 3+  titration spectra of the engineered protein. If Tb 3+  binds 
to the predicted sequence, the luminescence signal at 545 nm will increase until it reaches saturation. ( d ) Typical Tb 3+  
titration and Ca 2+  competition curves ( inset ) (reproduced from ref.  7  with permission from American Society for Microbiology). 
The dissociation constants of Tb 3+  and Ca 2+  can be calculated from by  fi tting the curves using Eqs.  2  and  3 , respectively.       

 

http://chemistry.gsu.edu/faculty/Yang/Calciomics.htm
http://chemistry.gsu.edu/faculty/Yang/Calciomics.htm
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      1.    PCR Template: pGEX-2T-CD2: 
 The DNA sequence encoding CD2.D1 (shown below) was 

inserted into the BamHI-EcoRI sites in the plasmid pGEX-
2T (GE Healthcare): 

 “AGAGACAGTGGGACCGTCTGGGGTGCCCTGGG
TCATGGCATCAACCTGAACATCCCTAACTT
TCAAATGACTGATGATATTGATGAGGTGCGAT
GGGAGAGGGGGAGCACCCTGGTTGCCGAG
T T T A A A A G G A A G A T G A A G C C T T T T T T G
A A AT C G G G A G C AT T T G A G AT C T TA G C A A A
TGGAGACTTGAAGATAAAGAATCTGACAAGAGAT
GACAGTGGCACCTATAATGTAACGGTATACA
GCACAAATGGGACACGTATCCTGAACAAGG
CACTGGACTTGAGGATTCTAGAG”.  

    2.    Primer phosphorylation:
   T4 Polynucleotide Kinase (PNK) and PNK buffer (New 

England Biolabs).  
  ATP (Sigma).     

    3.    PCR : 
   KOD hot start DNA polymerase and buffer (Novagen).  
  dNTP (Novagen).  
  MgSO 4  (Novagen).     

    4.    Ligation : 
   T4 DNA ligase and ligation buffer (New England Biolabs).  
  ATP (Sigma).     

    5.    Transformation:
   Competent cells: DH5 a  and BL21(DE3) (Invitrogen).  
  LB broth media and LB agar (EMD Chemicals).  
  Ampicillin (Inalco S.p.A, Milano, Italy).     

    6.    Molecular cloning kits:
   QIAprep spin miniprep kit and QIAquick Gel Extraction Kit 

(Qiagen).         

      1.    Protein expression:
   Isopropyl  b -D-1-thiogalactopyranoside (IPTG) stock solution: 

1 M IPTG in ddH 2 O, sterilized by passing through a 
0.2  m m syringe  fi lter.  

  UV-VIS spectrophotometer (Shimadzu).     
    2.    Protein puri fi cation and preparation:

   Sonicator.  
  Lysis buffer: 1× PBS supplemented with 5 mM DTT.  

  2.2.  Molecular Cloning 
Reagents

  2.3.  Protein Expression 
and Puri fi cation
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  GS4B beads (GE Healthcare).  
  Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad).  
  Lysate buffer: 1% sarcosyl in 1× PBS.  
  Dithiothreitol (DTT, Inalco S.p.A, Milano, Italy).  
  Thrombin (Sigma).  
  FPLC (GE Healthcare).  
  HiTrap SP column (GE Healthcare).         

     QuantaMaster™40  fl uorometer (PTI, Birmingham, NJ).  
  Jasco-810 circular dichroism spectropolarimeter (JASCO, 

Easton, MD).     

      1.    Tb 3+  LRET assay:
   PIPES buffer: 50 mM PIPES (EMD Chemicals), pH 6.8, 

10–100 mM KCl.  
  TbCl 3  (Sigma).     

    2.    Ca 2+  competition assay:
   PIPES buffer: 50 mM PIPES (EMD Chemicals), pH 6.8, 

10–100 mM KCl.  
  Ca 2+  standard solution (Thermo scienti fi c): 100 mM CaCl 2 .          

 

  The primary amino acid sequence is required to predict the 
EF-hand or EF-hand-like motifs in virus genome. Here, we use the 
nonstructural protein 1 (nsp1) of Sindbis virus (NCBI Reference 
Sequence: NP_740670.1) as an example.

    1.    Search viral proteins of interest at NCBI (  http://www.ncbi.
nlm.nih.gov/protein/    ). Here we input NP_740670.1 and 
selected the amino acid sequence for nsp1 of Sindbis virus.  

    2.    Enter the calcium-binding pattern search Web site (  http://
chemistry.gsu.edu/faculty/Yang/Calciomics.htm    ) and choose 
“CaPS (Calcium Pattern Search)” (see Note 1). Input the 
selected protein sequence of interest. The Web site will imme-
diately tell the number(s) of predicted Ca 2+ -binding sites and 
the binding pattern for each binding site. For example, one 
putative Ca 2+ -binding site was detected in nsp 1 of Sindbis 
virus with the sequence “DLDNEKMLGTRE.” Likewise, a 
putative Ca 2+ -binding site (sequence “DASPDGTGDPLD”) 
within the rubella virus nonstructural protein p200 was 
detected.      

  2.4.  Instruments for 
Biophysical 
Characterization of 
Engineered Proteins

  2.5.  LRET-Based Metal 
Binding Assay

  3.  Methods

  3.1.  Prediction of 
EF-Hand Motifs from 
Viral Genomes by 
Pattern Search

http://www.ncbi.nlm.nih.gov/protein/
http://www.ncbi.nlm.nih.gov/protein/
http://chemistry.gsu.edu/faculty/Yang/Calciomics.htm
http://chemistry.gsu.edu/faculty/Yang/Calciomics.htm
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  The putative calcium-binding sequence is inserted into the CD2 by 
PCR using procedures illustrated in Fig.  4 . To simplify the protein 
puri fi cation, pGEX-2T vector is used, which encodes a GST tag, 
which entails the use of af fi nity puri fi cation (see Note 2). This sec-
tion contains information on primer design for PCR, PCR setup, 
ligation, transformation, plasmid extraction, and sequencing. 

    1.    Primer design for PCR: 
 The design of primers is shown in Fig.  4b . The forward 

primer starts with the DNA sequence encoding putative cal-
cium-binding sites and a  fl exible linker (i.e., DNA sequences 
encoding protein residues GGG). The 3 ¢  end of the forward 
primer is paired with the antisense strand of the template DNA 
corresponding to the protein sequences after Gly53 from CD2. 
The reverse primer starts with 9 bp that encodes the  fl exible 
linker GGG, followed by sequences pairing with the sense 
strand of the template corresponding to the region of CD2 
protein before G53. The paired bases (“®” as shown in 
Fig.  4b ) should have a calculated annealing temperature (Tm) 
of 64–68°C (Tm is estimated by the equation shown in Note 
3). By this way, we can ensure that the putative Ca 2+ -binding 
site,  fl anked by three glycines on each side as linkers, is inserted 
between Ser52 and Gly53 of CD2.D1. 

 As an example, the forward primer can be designed as 
“XXX…XXX GGTGGCGGA GCATTTGAGATCTTAGCAAA
TGGA,” and the reverse primer can be designed as “ GCCGC
CGCC CGATTTCAAAAAAGGCTTCATCTTC,” where 

  3.2.  Grafting the 
Predicted Ca 2+ -Binding 
Site into Host Protein 
CD2.D1

  Fig. 4.    Instructions on inserting predicted Ca 2+ -binding sites into the host protein by one single PCR reaction. Primers are 
designed as described in text (Subheading  3.2 ) and phosphorylated. The DNA sequences encoding for the calcium-binding 
site and linkers are inserted into the template plasmid by PCR. The linear PCR products are subsequently circularized by 
DNA ligase. The  fi nal construct contains the predicted Ca 2+ -binding site with triple-glycine on each side between residues 
Ser52 and Gly53 of CD2.D1.       
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“XXX…XXX” standards for the DNA sequence encoding the 
putative Ca 2+ -binding sites and the underlined sequences 
(“ GGTGGCGGA ” in forward primer and “ GCCGCCGCC ” 
in reverse primer) encode the triple-glycine linker region of the 
engineered protein.  

    2.    Primer phosphorylation:
   (a)    Dilute the primer in ddH 2 O with a  fi nal concentration of 

100  m M.  
   (b)    Add 6  m L primer, 2  m L PNK buffer (10×), 1  m L ATP 

(10 mM), and 1  m L PNK in 10  m L ddH 2 O.  
   (c)    Incubate at 37°C for 30 min and then incubate at 65°C 

for 15 min to inactivate PNK activity.      
    3.    PCR:

   (a)    PCR mixture includes 100–200 ng pGEX-2T-CD2 plas-
mid, 1  m L primer prepared in Subheading  3.2 , step 2, 
5  m L KOD buffer, 5  m L dNTP (2 mM), 3  m L MgSO 4  
(25 mM), and 1  m L KOD enzyme in 33  m L H 2 O. PCR 
was performed by following the manufacturer’s 
instructions.  

   (b)    Add 2  m L of DpnI restriction enzyme to the ampli fi ed 
PCR reaction and then incubate at 37°C for 1–2 h to 
digest the parental plasmid (see Note 4).  

   (c)    Add all the PCR products in the sample well of 0.8% aga-
rose gel and then run the gel at 80–120 V for 30 min. 
Recover the band at ~5.3 kbp in a total volume of 30  m L 
with Qiaquick gel extraction kit.      

    4.    Ligation and transformation:
   (a)    Mix 30  m L recovered DNA in Subheading  3.2 , step 3, 

with 1  m L T-4 ligase, 5  m L ligase buffer, 1  m L ATP 
(100 mM stock), and 13  m L ddH 2 O. The reaction mixture 
is incubated at 16°C for 2 h.  

   (b)    Transformation of DH5 a  is carried out according to the 
manufacturer’s instructions.      

    5.    Verifying the cloning products:
   (a)    The next day after transformation, check if the plate has 

colonies. If it does, pick out single colonies to 10 mL LB 
medium supplemented with 100  m g/mL ampicillin 
(LB-amp medium).  

   (b)    Shake the culture overnight at 200 rpm at 37°C.  
   (c)    Harvest the bacteria and extract the plasmid using QIAprep 

spin miniprep kit.  
   (d)    Sequence the extracted plasmid to con fi rm that it contains 

correctly inserted sequence.          
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      1.    Protein expression:
   (a)    Transform the correct plasmid encoding the engineered 

protein into BL21(DE3) competent cells for protein 
expression. Positive colonies were selected on ampicillin-
resistant LB agar plates.  

   (b)    Inoculate a single colony into 10 mL LB-amp medium 
and shake the culture overnight with 200–250 rpm at 
37°C.  

   (c)    Transfer the overnight culture to 1 L fresh LB-amp 
medium and allow the culture to grow until the OD 600  
reaches 0.6–0.8.  

   (d)    Induce protein expression with 0.3 mM IPTG and allow 
the bacteria to grow for another 3–4 h at 200 rpm, 37°C.  

   (e)    Harvest cells by centrifugation at 5,000 ×  g  for 20 min and 
collect the cell pellets in a 50-mL falcon tube.  

   (f)    Store the cell pellets at −80°C for future use (see Note 5).      
    2.    Protein puri fi cation and preparation:

   (a)    Thaw the cell pellets.  
   (b)    Add at least 25 mL (per liter culture) of lysis buffer and 

thoroughly resuspend cell pellets with Vortexer.  
   (c)    Sonicate the bacteria suspension for 20 s, six times. Wait 

for 2–5 min between each cycle to cool down the tip.  
   (d)    Centrifuge the sonicated solution at 35,000 ×  g  for 30 min, 

and then collect the clari fi ed supernatant.  
   (e)    While the solution is centrifuging, add 4 mL GS4B beads 

to a gravity- fl ow column. Wash the GS4B beads with ~4 
column volumes of 1× PBS (pH 7.30). Take 20  m L aliquot 
of the equilibrated column beads for SDS-PAGE (beads 
before binding; Note 6).  

   (f)    Filter the clari fi ed supernatant through a 0.45  m M syringe 
 fi lter. Apply the supernatant to the equilibrated GS4B col-
umn. Take 20  m L aliquot of this supernatant for SDS-
PAGE analysis (supernatant).  

   (g)    Collect the  fl ow-through solution and rebind it to the col-
umn once. Take a 20  m L aliquot of the  fl ow-through for 
SDS-PAGE analysis ( fl ow-through).  

   (h)    Wash the column with at least 10 column volumes of 1× 
PBS. Take 20  m L aliquot of the beads for SDS-PAGE 
(beads after binding; Note 7).  

   (i)    On column cleavage of GST fusion proteins: Cap column 
bottom, and add 2.5–3 mL of 1× PBS and 20–30  m L (20–
30 units) of thrombin. Cap the column top and leave the 
column at 4°C overnight with gentle agitation.  

  3.3.  Protein Expression 
and Puri fi cation
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   (j)    Open the column top and bottom; collect the  fl ow-
through. Wash columns with ~10 mL of 1× PBS to rinse 
off residual cleaved products, pool together all the  fl ow-
through, and concentrate to ~1 mL (see Note 8).  

   (k)    Filter the  fl ow-through by passing through a 0.45  m m 
syringe  fi lter. Inject 1 mL cleaved product to FPLC using 
the Superdex 75 column pre-equilibrated with 10 mM 
Tris-HCl    at pH 7.4.  

   (l)    Collect the proper peak fractions (corresponding to a size 
of ~11 kDa). Take 20  m L sample from each peak for SDS-
PAGE analysis.  

   (m)    Determine the concentration of puri fi ed proteins by mea-
suring absorbance at 280 nm (  e   280 nm  = 11,700 M −1  cm −1 ). 
The puri fi ed protein can be kept at −20°C for up to 
1 month.          

      1.    Intrinsic Trp  fl uorescence measurement: 
 Fluorescence emission spectra are recorded using a 1-cm-path-
length cell at ambient temperature using a QuantaMaster™40 
 fl uorometer.
   (a)    Prepare 800  m L of protein sample with a  fi nal concentra-

tion of 2–5  m M in a quartz  fl uorescence cuvette in a buffer 
consisting of 10 mM Tris-HCl at pH 7.4.  

   (b)    Turn on the  fl uorometer and set the excitation at 280 nm, 
and the emission spectrum is collected from 300 nm to 
400 nm. The integration time was set as 1 s.  

   (c)    Adjust the excitation and emission slit width until  fl uo-
rescence signal reaches within the linear range of 10 5 –10 6 .  

   (d)    The emission peaks are expected at 315 nm and 330 nm 
for a well-folded engineered protein (Fig.  2b ).      

    2.    Secondary structure analysis by circular dichroism spectroscopy: 
 The circular dichroism spectrum of an engineered protein 

is acquired with a Jasco-810 spectropolarimeter at ambient 
temperature using a quartz cell of 1-mm path length. All spec-
tra are obtained as the average of at least eight scans with a scan 
rate of 50 nm/min.
   (a)    Prepare 300  m L of the engineered protein sample with a 

 fi nal concentration of 10–20  m M in 10 mM Tris-HCl at 
pH 7.4. Transfer ~250  m L to a 1-mm-path-length quartz 
cuvette.  

   (b)    CD spectrum is recorded in the far-UV (190–260 nm) 
range. Adjust the protein concentration until the CD sig-
nals are between −10 and −20 mdeg.  

   (c)    The CD signals from the buffer are also recorded and used 
for background subtraction.  

  3.4.  Structural 
Analyses on 
Engineered Proteins
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   (d)    Compare the spectrum of CD2.D1 and the engineered 
protein. The secondary structure of CD2 is characteristic 
of  b  sheet with a major negative trough at 215 nm. For the 
engineered protein, the majority of secondary structure is 
still  b  sheet, along with ~10% contribution of random coils 
from inserted EF-hand Ca 2+ -binding motif (Fig.  2b ).          

      1.    LRET assay: 
 LRET experiments are carried out with a QuantaMaster™40 
 fl uorometer with the slit width for excitation and emission set 
at 6–12 nm. A glass  fi lter is used to avoid secondary Raleigh 
scattering.
   (a)    Turn on the  fl uorometer and log in the FELIX software.  
   (b)    Set the excitation wavelength at 280 nm, and emission 

wavelength between 500 nm and 600 nm.  
   (c)    Rinse the quartz  fl uorescence cuvette thoroughly with 

ddH 2 O and air-dry the cuvette completely (see Note 9).  
   (d)    Prepare 2  m M of protein in 1,000  m L PIPES buffer. Add 

800  m L into the cuvette (de fi ned as Sample 1).  
   (e)    Add 800  m L PIPES buffer without the protein in another 

cuvette (de fi ned as Sample 2), which will be used as Tb 3+  
background signal during titration.  

   (f)    Scan Sample 1 in  fl uorometer using the Emission mode. 
Adjust the slit width for both excitation and emission to 
make sure that the initial  fl uorescence signal is about 
1/100 of the maximal intensity of the instrument (see 
Note 10).  

   (g)    Titrate increasing amounts of TbCl 3  into Sample 1 until 
the luminescence signal is saturated. For each titration 
point, make sure to mix the solution well and wait for at 
least 10 min. For the grafted EF-hand Ca 2+ -binding loop 
from rubella virus, the luminescence signal reaches satura-
tion when the total Tb 3+  concentration is over 300  m M 
(see Note 11). A typical titration spectra and curve are 
shown in Fig.  2c, d .  

   (h)    Repeat the same titration procedure (steps f, g) for Sample 
2, which is used for background subtraction.  

   (i)    Export the  fl uorescence spectra for data analysis.  
   (j)    Calculate the luminescence intensity (I LRET ) using Eq.  1 :

     = −LRET sample1 sample2I I I    (1)  

where I sample1  is the intensity of the sample 1 at each 
 titration point and I sample2  is the intensity of buffer at each 
titration point.  

  3.5.  LRET-Based Metal 
Binding Assay
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   (k)    Plot the total Tb 3+  concentration as X-axis and I LERT  at 
 different Tb 3+  concentration as Y-axis.  

   (l)    Fit the titration curve by assuming a 1:1 binding process 
with Eq.  2 :

     + + − + + −
=

2
T T d T T d T T

T

([P] [M] ) ([P] [M] ) 4[P] [M]
,

2[P]
K K

f    (2)  

where f is the fractional change of luminescence intensity, 
 K  d  is the dissociation constant for Tb 3+ , and [P] T  and [M] T  
are the total concentrations of the protein and Tb 3+ , 
respectively.      

    2.    Ca 2+  competition assay:
   (a)    Add 40  m M Tb 3+ , 1–2  m M protein in PIPES buffer with a 

total volume of 800  m L (see Note 12).  
   (b)    Before adding CaCl 2 , scan the emission spectrum with the 

excitation wavelength at 280 nm. The emission spectrum 
is recorded between 500 nm and 600 nm.  

   (c)    Titrate increasing amounts of Ca 2+  to the Tb 3+ –protein 
mixture in the cuvette until the luminescence signal stops 
decreasing. Each time after adding Ca 2+ , turn the cuvette 
up and down, and then wait for at least 15 min before the 
next addition (see Note 13).  

   (d)    Plot the total Ca 2+  concentration as X-axis and lumines-
cence intensity at each Ca 2+  titration point as Y-axis 
(Fig.  2d ). The dissociation constant of Ca 2+  for the engi-
neered protein can be calculated by Eq.  3 :

     d,Tb
d,Ca app

d,Tb Tb

,
[M ]

K
K K

K
= ×

+
   (3)  

where  K  d,Ca  and  K  d,Tb  are the dissociation constants of 
Ca 2+  and Tb 3+ , respectively.  K  app  is the apparent dissocia-
tion constant obtained by  fi tting the competition curve 
using Eq.  2 .           

 

     1.    ScanProsite (  http://prosite.expasy.org/scanprosite/    ) can also 
be freely accessed to perform user-de fi ned pattern search. Users 
are advised to use either our optimized patterns (Table  1 )  (  6  )  
or PS00018.  

    2.    The engineered protein was expressed as GST fusion protein, 
which makes the protein expression more ef fi cient by  enhancing 

  4.  Notes

http://prosite.expasy.org/scanprosite/
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protein solubility and improving protein folding. However, 
GST Tag may in fl uence the subsequent LRET measurements. 
GST tags have to be removed by enzymatic cleavage with 
thrombin.  

    3.    Tm = 64.9°C + 41°C × (number of G’s and C’s in the primer—
16.4)/N, where N is the length of the primer.  

    4.    This step aims to digest parental methylated plasmid pGEX-
2T-CD2 with DpnI. If a high frequency of template DNA is 
observed in sequenced colonies, one is advised to either pro-
long the incubation time or increase the amount of DpnI.  

    5.    Snap-freeze the cell pellets with liquid nitrogen and store at 
−80°C for long-term use. It is strongly suggested to proceed 
to puri fi cation steps in the same day to minimize degradation 
and/or unfolding of engineered proteins.  

    6.    To monitor the protein expression and puri fi cation process, 
one is advised to collect samples at each step and analyze them 
with SDS-PAGE. For example, we always keep nine samples 
for SDS-PAGE analysis: cells before induction, cells after induc-
tion (1.5 and 3 h), cell pellets after sonication, supernatant 
before binding, beads before binding, beads after binding, 
 fl ow-through, and eluent.  

    7.    To ensure that the GST fusion proteins bind to the beads, one 
can take 20  m L of beads and mix it with 100  m L of 1× Bio-Rad 
Protein Assay solution. If the solution turns blue, the beads 
should have bound proteins.  

    8.    To monitor the cleavage and elution ef fi ciency, we usually keep 
appropriate samples (before cleavage, after cleavage (1 and 
16 h), eluent, and beads after cleavage) for SDS-PAGE.  

    9.    The quartz cuvette is stored in 2% HNO 3  solution to remove 
residual Tb 3+  bound to the wall. Make sure that the cuvette is 
completely immersed into the storage solution.  

    10.    It is hard to adjust the excitation and emission slit width with-
out knowing the saturated  fl uorescence signal. Based on expe-
rience, the  fl uorescence may increase less than 100-fold of the 
initial intensity after Tb 3+  signal is saturated. The safest way is 
to do a pilot experiment to  fi nd out the optimal excitation and 
emission slit widths.  

    11.    It is important to ensure that pH is maintained at ~6.8. Tb 3+  
tends to precipitate if the pH is over 7.0. The precipitation of 
Tb 3+  will cause signi fi cant shift of background signal and 
obscure the explanation of titration data.  

    12.    For the Ca 2+  competition assay, the ratio of Tb 3+  over protein 
has to be optimized for each protein. As a rule of thumb, the 
ideal Tb 3+  concentration should be at a level of reaching ~80% 
of the maximal signal in the Tb 3+  titration curve.  
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    13.    The 15-min interval between each titration point is essential 
for reaching full equilibrium between metals and protein. Due 
to competitive binding of Ca 2+  to the protein, Tb 3+  will be 
competed out of the binding pocket. As a result, one is expected 
to observe the gradual decrease of luminescence signal until it 
reaches saturation.          
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    Chapter 4   

 New Aspects of Calmodulin–Calmodulin 
Binding Domains Recognition       

     Emilie   Audran   ,    Rania   Dagher   ,    Sophie   Gioria   , 
   Marie-Claude   Kilhoffer   , and    Jacques   Haiech         

  Abstract 

 Understanding the role of calmodulin (CaM) in calcium signal transduction implies to describe the 
 calcium-dependent molecular mechanism of interaction of CaM with the various CaM-binding domains 
(CBD). In order to ful fi ll this aim, we have developed a new strategy and the afferent techniques to quan-
tify the interaction of CaM with any CBD as a function of calcium concentration. Excel software has been 
used to deconvolute the experimental data and to obtain the macroscopic constants characterizing the 
system. We are illustrating our approach on six different CaM/CBD. This strategy may be used to analyze 
the interaction between any calcium-binding protein and its targets.  

  Key words:   Calcium ,  CaM ,  CaM-binding domain ,  Calcium-dependent interaction ,  Anisotropy , 
 EF-hand  

    

 Calcium is a universal messenger  [  1  ]  found in all the reigns from 
archae to    mammals. Calcium signal has been described and ana-
lyzed in numerous reports and by thousands of teams all around 
the world. Each “club of calcium a fi cionados” has built a speci fi c 
jargon. Therefore, the same word may recover several meanings or 
a same concept may be described by many locutions. Following the 
pioneering work of Michael Berridge, we have tried to revisit the 
calcium semantics in order to lay a calcium Esperanto  [  2,   3  ]  .  

  1.  Introduction
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 Calcium signal may be divided into several steps:

    1.    A coding mechanism.  
    2.    A decoding mechanism.  
    3.    A transduction step leading to a cellular event.     

 The  fi rst step implies information coding which occurs through 
the shaping of a calcium signal, meaning a transitory and spatially 
localized calcium concentration modulation. Calcium concen-
tration homeostasis is due to an exquisite equilibrium between 
calcium in fl ow and out fl ow. Calcium in fl ow is modulated through 
calcium channels whereas calcium out fl ows by means of calcium 
pumps and exchangers.   The second step, the decoding mecha-
nism, implies a set of calcium sensors (calcium-binding proteins) 
that are capable to detect the characteristics of the calcium 
signal, namely, the calcium signature. The third step occurs 
when a calcium-binding protein interacts with target proteins, 
the  fi rst step in the transduction of the signal which leads to the 
cellular event. 

 Calmodulin (CaM) is the stereotypic member of the calcium 
sensors family. The protein possesses four calcium-binding sites 
that are strongly coupled  [  4  ] . 

  In 1975, Brostrom et al.  [  5  ]  reported that this protein was an acti-
vator of brain adenylate cyclase. Results obtained thereafter, in the 
late seventies, indicated that CaM undergoes a very large confor-
mational change after binding of two Ca² +  ions, under conditions 
where there is an apparent positive cooperativity between the  fi rst 
two sites occupied by calcium. Subsequently other targets have 
been identi fi ed such as the carrier Ca² + -ATPase  [  6,   7  ] , the kinase 
myosin light chain (MLCK)  [  8  ] , phosphorylase kinase  [  9  ] , and    
calcineurin  [  10  ] . Bovine brain CaM was the  fi rst to be sequenced 
by Watterson and colleagues  [  11  ] . Finally, the  fi rst crystallization 
of CaM was obtained in 1980  [  12,   13  ] . 

 In an effort to integrate the multiple regulatory activities of 
CaM  [  4  ]  the concept of calcisome, a supramolecular complex car-
rying a cellular function regulated by calcium, was proposed in 
1980  [  3  ] . 

 CaM can interact at the cellular level with more than 300 vari-
able target sequences to regulate biological functions in response 
to calcium stimulation  [  14  ] . The interaction of CaM and its targets 
can be achieved in a Ca 2+ -dependent or -independent way. Previous 
work  [  15–  17  ]  concerning the mechanism of target enzyme activa-
tion stressed the importance of the structural integrity of CaM for 
optimal activation. This observation can be correlated with the 
remarkable conservation of CaM during evolution. Today, more 

  1.1.  CaM Regulation 
of CaM Target Proteins 
and Domains
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than 20 structures of CaM bound to different targets have been 
resolved. These include:

    1.    Two structures for the apo form.  
    2.    Two structures with partial calcium occupancy.  
    3.    16 structures for the holo form.     

 These structures are used to compare the relationships between 
the different binding modes and target activation. Figure  1  pres-
ents the structures of the complexes between CaM and CaM-
binding domains (CBD) that are studied in this chapter.  

 The interaction of CaM with a CBD cannot be described only 
on a structural basis and needs to be coupled with calcium binding 
to the protein (Fig.  2 ). We have therefore developed a strategy 
to decipher the calcium dependency of the interaction between 
a CBD and CaM.  

 The CBD is a peptide of about 20 amino acids tagged with 
a  fl uorescent molecule. To follow the binding of the  fl uorescent 
CBD, we are using  fl uorescence anisotropy (see next section for 
a primer on anisotropy). 

  Fig. 1.    NMR structure resolutions of CaM ( blue ) in complex with peptides representing the CaM-binding domain of CaM-
binding proteins ( pink and green ). ( a ): CaM in its apo form (PDB entry 1CFD). ( b ): CaM loaded with calcium (PDB entry 
3CLN). CaM in complex within: ( c) : alphaII-spectrin CaM-binding domain (PDB entry 2FOT), ( d ): CaM-dependent kinase I 
CaM-binding domain (PDB entry 2L7L), ( e ): CAP-23/NAP-22 CaM-binding domain (PDB entry 1L7Z), ( f ): a dimer of peptides 
from the Glutamate Decarboxylase CaM-binding domain (PDB entry 1NWD).       
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 CBD binding to CaM is followed at different free calcium 
concentrations. Free calcium concentration is maintained in the 
experimental buffer by using EGTA calcium buffers (see 
Subheadings  2  and  3 ). 

 The macroscopic constants  K   1  ,  K   2  ,  K   3  , and  K   4   describing the 
calcium binding to CaM are determined using microcalorimetry 
calcium titration in the experimental medium  [  18  ] . 

 For a given free calcium concentration, we are titrating CaM 
with the  fl uorescent CBD using anisotropy. Such titration allows 

  Fig. 2.    Macroscopic representation of the interaction of CaM with calcium and a CaM-binding domain; the CaM-binding 
domain presents a  fl uorescent tag.       

  Fig. 3.    Schematic representation of an experiment using anisotropy to follow the binding of 
a CaM-binding domain to CaM.       
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determining a macroscopic binding association constant (Kapp). 
This association constant is a function of free calcium. By following 
its variation, we are able to determine the other constants charac-
terizing the system presented in Fig.  2  (namely,  G   1  ,  G   2  ,  G   3  ,  G   4  ,  A , 
 B ,  C ,  D , and  E ) and described by the following equation:

     
2 3 4

1 1 2 1 2 3 1 2 3 4
2 3 4

1 1 2 1 2 3 1 2 3 4

1 K x K K x K K K x K K K K x
Kapp ,

A(1 G x G G x G G G x G G G G x )
+ + + +

=
+ + + +

   

where x is the free calcium concentration.  

  The  fl uorescence polarization technique is a very useful tool for 
equilibrium binding studies when the free and bound species 
involved in the equilibrium have different rotational rates. 

 Fluorescent molecules absorb light in a given direction and 
emit it in another direction. When a population of  fl uorescent mol-
ecules is excited with polarized light (characterized by parallel and 
perpendicular components), molecules oriented in a direction close 
to the light orientation absorb in a preferential manner. If an 
excited molecule rotates during its excited state, the direction of 
the emitted light will be deviated: light is depolarized and the 
polarization degree, or anisotropy, is low. As a consequence, the 
rapid rotation of small  fl uorescent molecules in solution results in 
a loss of light polarization and the polarization degree depends on 
the extent to which the molecules rotate between excitation and 
emission. If such molecules bind to larger molecules, their rotation 
is slowed down and the polarization degree is thus increased, i.e., 
the polarization or anisotropy is high (Fig.  3 )  [  18  ] .    

 

 Prepare all aqueous solutions using ultrapure water (Milli-Q appa-
ratus, Millipore) and analytical grade reagents in decalci fi ed glass-
ware or tubes; use water stored in decalci fi ed glassware to prepare 
solutions. Prepare and store all reagents at room temperature 
(unless indicated otherwise). 

  For a 50 ml tube, add 5 ml EGTA 10 mM, pH 8, mix by inverting 
the tube  fi ve times, and wash the tube with water; repeat this step 
two times.  

  All chemicals were obtained from commercial suppliers and used 
without further puri fi cation. DMSO, KCl, Tris, MOPS, and EGTA 
were purchased from Sigma; Trichloroacetic acid was purchased 
from Fluka Biochemika. K 2 EGTA and CaEGTA 10 mM solutions 
were purchased from Invitrogen (calcium calibration buffer kit).  

  1.2.  Fluorescence 
Anisotropy to Analyze 
the Interaction

  2.  Materials

  2.1.  Decalci fi cation

  2.2.  Chemicals
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  Assays are carried out with human CaM purchased from ProtEra 
(Sesto Fiorentino, Italy); CaM is received at 1.4 mg/ml in 20 mM 
Tris–HCl, pH 8.0, 150 mM NaCl, 2 mM CaCl2. Synthetic pep-
tides labeled at their N-terminus with carboxytetramethylrhod-
amine were purchased from Schafer-N (Copenhagen, Denmark) 
(sequences in Table  1 ); stock solutions are prepared at 10 mM in 
DMSO and stored at −20°C.   

 
 MOPS buffer: 30 mM MOPS, 100 mM KCl, pH 7.2:

    1.    Weigh 3.14 g MOPS and 3.73 g KCl in a glass beaker, add 
450 ml water, and mix.  

    2.    Adjust pH to 7.2 with NaOH 1 N solution and make up to 
500 ml with water.  

    3.    Filter in a glass bottle and store at +4°C.     

 Tris solution, 1 M:

    1.    Weigh 6.06 g Tris in a 50 ml tube and add 50 ml water. Mix 
and store at room temperature.     

 Trichloroacetic acid solution, 1 g/ml:

    1.    Weigh 0.3 g in a l ml polypropylene tube and add 300  m l 
water.     

 EGTA 10 mM solution:

    1.    Weigh 1.9 g EGTA in a glass beaker, add 450 ml water, and 
mix.  

  2.3.  Proteins and 
Peptides

  2.4.  Analysis Buffers

   Table 1 
  List of sequences of synthetic peptides. All peptides were labeled at their 
N-terminus with carboxytetramethylrhodamine. Peptides were purchased from 
Schafer-N (Copenhagen, Denmark)   

 Peptide  Sequence 

 alphaII-spectrin  SPWKSARLMVHTVATFNSI 

 CaM-dependent protein kinase I  IKKNFAKSKWKQAFNATAVVRHMRK 

 Neuromodulin  TKIQASFRGHITRKKLKGE 

 CAP-23/NAP-22 (neuronal axonal membrane protein, 
brain acid soluble protein) 

 GGKLSKKKKGYNVNDEKAKE 

 Glutamate decarboxylase (GAD)  HKKTDSEVQLEMITAWKKFVEEKKKK 

 Ca² + -CaM-dependent kinase kinase alpha  VKLIPSWTTVILVKSMLRKRSFGNPF 
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    2.    Adjust pH to 8.0 with NaOH 1 N solution and make up to 
500 ml with water.  

    3.    Filter in a glass bottle and store at +4°C.       

 

 Carry out all procedures at room temperature unless otherwise 
speci fi ed. CaM dilutions are calculated to evaluate the binding of 
six peptides to CaM at different free Ca² +  concentrations. 

      1.    Transfer 50 ml of MOPS buffer in a 50 ml tube and check pH 
(pH 7.2).  

    2.    Transfer 19 ml of K 2 EGTA 10 mM and 22 ml of CaEGTA 
10 mM in a 50 ml tube. Equilibrate the solution to room tem-
perature and check pH (pH 7.2).    

  Calcium calibration 
      To obtain the series of solutions at given free Ca 2+  concen-

trations, calcium calibration solutions are mixed in varying propor-
tions. The free Ca 2+  concentrations are determined from  

             2 EGTA

2

CaEGTA
[Ca ] ,

K EGTAdK+ =    where     EGTA
dK   is the dissociation 

constant of EGTA for Ca 2+  in the experimental medium.  
         Prepare 4 ml of each calcium buffer:  
    3.    Label eight 15 ml tubes with calcium concentrations: 0, 0.017, 

0.038, 0.1, 0.6, 1.35, 5, 10  m M.  
    4.    Perform serial dilutions by adding CaEGTA 10 mM solution 

to previous calcium buffer as described in Table  2  (see Note 7).       

  3.  Methods

  3.1.  Buffers (see Note 4)

   Table 2 
  Calcium buffer preparation by serial dilutions. Starting from tube 1, buffer in tube  n  
is prepared by mixing the indicated volume of the 10 mM CaEGTA solution with the 
indicated volume of buffer taken from the tube  n  − 1. Tube 0 corresponds to the 
K 2 EGTA solution. In each tube, the  fi nal volume will be at least 4 ml   

 Tube number ( n )  1  2  3  4  5  6  7  8 

 Calcium ( m M)  0  0.017  0 .038  0.1  0.6  1.35  5  10 

 Buffer volume ( m l) 
from tube  n  − 1 

 14,584  10,584  7,760  4,725  2,300  2,900  1,800  2,000 

 10 mM CaEGTA 
volume ( m l) 

 0  1,176  970  1,575  4,600  2,900  4,200  2,000 
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    In K 2 EGTA and CaEGTA buffers: 

   1.    Thaw one CaM solution tube (1 ml).  
    2.    Add 30  m l of trichloroacetic acid solution, spin down for 2 min 

in a lab top centrifuge at 10,000 rpm (6,700 ́   g ), and eliminate    
the supernatant with a pipette. Add 30  m l Tris 1 M and 970  m l 
water to the precipitate and dissolve by pipetting up and down. 
Repeat this step two times.  

    3.    Separate the pellet in two parts: pipet 500  m l in one 1 ml tube 
and 500  m l in another 1 ml tube.  

    4.    Add 15  m l of trichloroacetic acid solution in each tube, spin 
down for 2 min in a lab top centrifuge at 10,000 rpm, and 
eliminate the supernatant with a pipette.  

    5.    Wash the two pellets by adding slowly 100  m l water, make it 
pass on the entire surface, and remove it. Repeat this step two 
times.  

    6.    Resuspend one of the pellets in 100  m l K 2 EGTA 10 mM solu-
tion and the other one in 100  m l CaEGTA 10 mM solution.    

  Dilution in K 2 EGTA and CaEGTA buffers: 

   7.    CaM spectroscopic measurement in K 2 EGTA and CaEGTA 
solutions: Record steady-state absorption spectra on a 
Nanodrop spectrophotometer (Thermo Scienti fi c) to deter-
mine the protein concentration. Carry out measurement at 
280 nm using a molecular extinction coef fi cient of 
2,560 M −1  cm −1  for CaM. Correct spectra for background 
before determining the concentration of the solution.  

    8.    Transfer the appropriate volume of each CaM solution to 2 ml 
tubes to prepare 1,600  m l of CaM at 20  m M in CaEGTA and 
1,350  m l of CaM at 20  m M in K 2 EGTA.  

    9.    Transfer and mix CaM exceeding solutions in a 1.5 ml tube 
and add 12  m l of 0.1 M CaCl 2  solution. Store the resulting 
saturated CaM solution at −20°C for further use (see Note 5).    

  CaM in calcium buffers: 

     Prepare 320  m l of each solution. CaM 20  m M in calcium buffers 
are prepared by cascade dilutions with the “CaM 20  m M/K 2 EGTA 
10 mM” and “CaM 20  m M/CaEGTA 10 mM” solutions.  

    10.    Label eight 500  m l tubes with calcium concentrations (0, 
0.017, 0.038, 0.1, 0.6, 1.35, 5, 10  m M).  

    11.    Perform serial dilutions by adding the “CaM 20  m M/CaEGTA 
10 mM” solution to the previous “CaM 20  m M/calcium buf-
fer” solution as indicated in Table  3 .     

  3.2.  CaM Preparations
(see Note 1)   
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  CaM serial dilutions in calcium buffers: 

     Prepare a 96-well plate (Greiner 650201) as follows and 
according to the “CaM/calcium buffers” plate plan (Fig.  4 ):   

    12.    Add 140  m l calcium buffers in columns 2–11, one calcium buf-
fer in each row.  

    13.    Add 280  m l CaM 20  m M in calcium buffer in column 12, one 
“CaM 20  m M/calcium buffer” solution per row.  

    14.    Perform serial dilution from column 12 to column 2: Transfer 
140  m l solution to the next one as described in Table  4 .   

    15.    Eliminate 140  m l solution from column 2 ( fi nal volume 140  m l).     

 In each well, the  fi nal volume is 140  m l (see Note 6).  

   Table 3 
  CaM preparation in calcium buffers. Starting from tube 1, solution in tube  n  is 
prepared by mixing the indicated volume of “CaM 20  m M/CaEGTA 10 mM” solution 
with the indicated volume of “CaM 20  m M/calcium buffer” solution prepared taken 
from tube  n  − 1. Tube 0 corresponds to the CaM 20  m M/K 2 EGTA 10 mM solution. In 
each tube, the  fi nal volume is at least 320  m l   

 Tube number ( n )  1  2  3  4  5  6  7  8 

 Calcium ( m M)  0  0.017  0.038  0.1  0.6  1.35  5  10 

 Solution from tube  n  − 1 ( m l)  1,175  855  624  378  184  232  144  160 

 CaM 20  m M/10 mM CaEGTA ( m l)  0  95  78  126  368  232  336  160 

  Fig. 4.    “CaM/calcium buffers” plate plan. Column 1 is empty, columns 2–12 contain CaM at different concentrations in 
different calcium buffers;  fi nal volume is 140  m l per well.       
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      1.    Peptide spectroscopic measurements: Record steady-state 
absorption spectra on a Nanodrop spectrophotometer (Thermo 
Scienti fi c) to determine each peptide concentration. Carry out 
measures at 565 nm using molecular extinction coef fi cients of 
103,000 M −1  cm −1  and correct spectra for background before 
determining the solution concentrations.  

    2.    Dilute each peptide in DMSO to 1 × 10 −4  M using 1  m l peptide 
stock solution.  

    3.    From the 1 × 10 −4  M solution, dilute each peptide in MOPS 
buffer to 2 × 10 −5  M by adding 5  m l of the previous dilution in 
20  m l MOPS buffer ( fi nal volume 25  m l).  

    4.    Dilute each peptide to 2 × 10 −7  M solution in the eight previ-
ously prepared calibrated calcium buffers (K 2 EGTA/CaEGTA 
solutions): Add 2.4  m l of the 2 × 10 −5  M peptide solution to 
237.6  m l of each of the calcium buffers ( fi nal volume: 240  m l 
per calcium buffer).  

    5.    In a 96-well plate (Greiner 650201), add 240  m l MOPS buffer 
in column 1 and 205  m l peptide in calcium buffer solutions 
according to the plate plan (Fig.  5 ).       

  For each peptide, two plates are prepared as duplicates.

    1.    In 12 costar ½ well plates (Corning Costar 3686, Acton, MA), 
named as assay plates, distribute robotically (BiomeK 2000, 
Beckman Coulter) the prepared peptide solutions as follows 
and according to the  fi nal plate plan (Fig.  6 ): 
   (a)    15  m l from column 1 of the “peptide/calcium buffer” 

plate to column 1 of each assay plates  

  3.3.  Peptide 
Preparation (See 
Note 1)

  3.4.  CaM/Peptide 
Binding in Calcium 
Buffers and Reading

  Fig. 5.    “Peptides/calcium buffers” plate plan. Column 1 contains 240  m l MOPS buffer and columns 2–7 contain 205  m l of 
one peptide at 2 × 10 −7  M in different calcium buffers.       
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  Fig. 6.    “Assay plate” plan. Peptide  fl uorescence anisotropy will be evaluated as a function of CaM concentration in different 
calcium buffers;  fi nal volume is 15  m l per well. Plates are made in duplicate for each peptide.       

   (b)    7.5  m l from column 2 of the “peptide/calcium buffer” 
plate to columns 2 to 12 of 2 assay plates  

   (c)    7.5  m l from column 3 of the “peptide/calcium buffer” 
plate to columns 2 to 12 of 2 assay plates  

   (d)    7.5  m l from column 4 of the “peptide/calcium buffer” 
plate to columns 2 to 12 of 2 assay plates  

   (e)    7.5  m l from column 5 of the “peptide/calcium buffer” 
plate to columns 2 to 12 of 2 assay plates      

    2.    Distribute robotically (Biomek FX, Beckman Coulter) the 7.5  m l 
of the prepared CaM solutions in each assay plate according to 
the same plate plan as for the “CaM/calcium buffers” plate.  

    3.    Mix brie fl y the plate and incubate for 5 min at room tempera-
ture (see Note 3).  

    4.    Place the plate in a Victor 3 apparatus (Perkin–Elmer Life and 
Analytical Sciences, Boston, MA) at 25°C and measure polar-
ization degrees (FP) with an excitation wavelength set at 
544 nm (bandwidth 15 nm) and an emission wavelength set at 
600 nm (bandwidth 10 nm). For each plate, FP-measurements 
are performed with control wells containing the unbound 
 fl uorescent peptide (CaM, 0  m M) (see Notes 8 and 9).      

  The polarization degree is de fi ned by the equation FP = (I //  − I ⊥ )/
(I //  + I ⊥ ), where FP is the  fl uorescence polarization degree and I //  
and I ⊥  are the  fl uorescence intensities of the vertically (//) and hori-
zontally (⊥) polarized emissions, when the sample is excited with 

  3.5.  Data Analysis
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vertically polarized light. For each plate, background correction is 
performed by subtracting blank parallel and perpendicular compo-
nents (means of eight wells) from the respective intensities. Total 
 fl uorescence of each well is calculated by FT = I //  + 2 I ⊥  and mean of 
duplicate plates is calculated for both FP and FT. 

 Fluorescence polarization measurements are often expressed in 
anisotropy because these values are additive. Anisotropy values (A) 

are obtained from polarization (FP) as follows:     
2

A
3

FP
FP

=
-

   

 The equilibrium dissociation constant (K d ) of the peptide bind-
ing to CaM, in each calcium buffer solution, is calculated by  fi tting 
the sigmoid dose-dependent curve as described in Dagher et al. 
 [  19  ]  .  This dose–response curve is corrected by the Q factor 
expressed as the median of FT value variation depending on CaM 
concentration in each calcium buffer: Q = median ((FT bound peptide /
FT unbound peptide  in calcium buffer i) (i = 1 − 8) ) (Fig.  7 ). Data are adjusted 
with the Microsoft Excel Solver tool (excel folder could be obtained 
upon request from the authors).  

 CaM interaction with  fl uorescent peptides is studied as a func-
tion of calcium bound to the protein. Data are analyzed according 
to the Adair-Klotz scheme (Fig.  2 ) to allow  fi tting of all binding 
curves. This model allows the determination of A, B, C, D, and E 
values representing the peptide association constants to the differ-
ent CaM complexes, respectively, CaM, CaCaM, Ca 2 CaM, Ca 3 CaM, 
and Ca 4 CaM (deduced from Kapp expression, see calculation details 
in ref.  19  ) : This experiment allows the distribution of CaM-binding 
peptides into four groups depending on the CaM-Ca  n   ( n  = 1, 2, 3, 
or 4) recognized by the    peptides (Fig.  8  and Table  5 ).   

  Fig. 7.    Peptide Matrix for Alpha II spectrin CaM-binding domain. FP values are expressed 
as a function of [CaM] in each calcium buffer.       

 



70 E. Audran et al.

  Fig. 8.    Apparent dissociation constants of CAP-23/NAP-22 (neuronal axonal membrane protein, brain acid soluble protein), 
Neuromodulin, Glutamate Decarboxylase (GAD), CaM-dependent protein kinase I, Alpha II spectrin, and calcium CaM-
dependent kinase kinase alpha titrated on CaM as a function of calcium concentration. Assays were conducted using calcium 
calibration buffers ranging from 0 to 10 mM. Fluorescent peptides were used at 10  m M  fi nal concentration and CaM  fi nal 
concentrations ranged from 0 to 10  m M. The equilibrium dissociation constants (Kapp) of peptides for CaM in each calcium 
buffer solution were determined and Kapp values were represented as a function of the free calcium concentrations.       

   Table 5 
  Dissociation constants relative to the interaction of CaM with CAP-23/NAP-22 
 (neuronal axonal membrane protein, brain acid soluble protein), Neuromodulin, 
Glutamate Decarboxylase (GAD), CaM-dependent protein kinase I, Alpha II spectrin, 
and calcium CaM-dependent kinase kinase alpha at different Ca² +  saturation 
degrees. The association constants (A, B, C, D, and E) were determined from peptide/
CaM-binding curves at different calcium concentrations; A −1 , B −1 , C −1 , D −1 , and E −1  are 
the peptide dissociation constants for CaM, CaCaM, Ca 2 CaM, Ca 3 CaM, and Ca 4 CaM, 
respectively. Fluorescent peptides were used at 10  m M  fi nal concentration and CaM 
 fi nal concentrations ranged from 0 to 10  m M; titrations were performed at  fi xed 
calcium concentrations. Data were  fi tted according to the Adair-Klotz scheme (Fig.  2   )   

 CaM-binding protein  A −1  ( m M)  B −1  ( m M)  C −1  ( m M)  D −1  ( m M)  E −1  ( m M)  Ca² +  number 

 CAP-23/NAP-22  1.92E+02  1.92E+02  1.92E+02  2.07E-01  2.07E-01  3 

 Neuromodulin  6.99E+01  6.99E+01  6.99E+01  1.78E-02  1.78E-02  3 

 GAD  6.86E+02  5.35E-02  5.35E-02  5.35E-02  5.35E-02  1 

 CaM-dependent 
protein kinase I 

 3.82E+00  2.50E-02  2.50E-02  2.50E-02  2.50E-02  1 

 Alpha II-spectrin  4.94E+01  4.94E+01  6.78E-04  6.78E-04  6.78E-04  2 

 Ca² + -CaM-dependent 
kinase kinase alpha 

 3.20E+00  3.20E+00  2.13E-05  2.13E-05  2.13E-05  2 
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 In our experimental conditions, different CBD bind to different 
calcium–CaM complexes and recognize CaM bound to 1, 2, or 3 
calcium ions. Moreover, it is interesting to notice that the CaM-
dependent kinases exhibit CBD able to bind the apoCaM in the 
 m molar range (the dissociation constant of the apoform of CaM for 
CaM-dependent protein kinase I and for CaM-dependent kinase 
kinase alpha is equal to 3.82  m M and 3.2  m M, respectively). The 
results suggest that CaM and those kinases may form a complex in 
the cell even at resting calcium concentration.   

 

     1.    CaM solution may be stored at −20°C in the presence of calcium. 
When decalci fi ed, CaM must be used readily (the same day).  

    2.    The  fl uorescent peptide solutions have to be kept away from 
light (keep tubes wrapped in aluminum foil).  

    3.    The plates have to be covered with aluminum foil to avoid 
light.  

    4.    Calcium buffers are extremely sensitive to pH. It is important 
to accurately measure the pH of the solutions.  

    5.    For CaM preparation, polyethylene low binding tubes are used 
(Tref fl ab réf 96.8180.9.02).  

    6.    When working in the absence of calcium buffers, decalci fi ed 
CaM solution needs to be handled with materials (tubes, tips) 
previously treated to remove calcium. This constraint is relieved 
when using calcium buffers.  

    7.    The different buffers may be used within 1 month.  
    8.    The plates may be kept for at least 1 day. The readings are 

stable for at least 24 h.  
    9.    Check for air bubbles before plate readings. When present, air 

bubbles are removed by centrifuging the plate for 1 min at 
1,000 rpm.          
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    Chapter 5   

 Puri fi cation and Characterization of the Human 
Cysteine-Rich S100A3 Protein and Its Pseudo 
Citrullinated Forms Expressed in Insect Cells       

     Kenji   Kizawa      ,    Masaki   Unno   ,    Hidenari   Takahara   , and    Claus   W.   Heizmann      

  Abstract 

 High quantity and quality of recombinant Ca 2+ -binding proteins are required to study their molecular 
interactions, self-assembly, posttranslational modi fi cations, and biological activities to elucidate Ca 2+ -
dependent cellular signaling pathways. S100A3 is a unique member of the S100 protein family with the 
highest cysteine content (10%). This protein, derived from human hair follicles and cuticles, is character-
ized by an N-terminal acetyl group and irreversible posttranslational citrullination by peptidylarginine 
deiminase causing its homotetramer assembly. Insect cells, capable of introducing eukaryotic N-terminus 
and disul fi de bonds, are an appropriate host in which to express this cysteine-rich protein. Four out of ten 
cysteines in the recombinant S100A3 form two intramolecular disul fi de bridges that modulate its Ca 2+ -
af fi nity. Three free thiol groups located at the C-terminus are predicted to form the high-af fi nity Zn 2+ -
binding site. Citrullination of speci fi c arginine residues in native S100A3 can be mimicked by site-directed 
mutagenic substitution of Arg/Ala. This chapter details our procedures used for the puri fi cation and char-
acterization of the human S100A3 protein and its pseudo citrullinated forms expressed in insect cells.  

  Key words:   Baculovirus ,  Disul fi de bridge ,  Insect cell ,  Peptidylarginine deiminase ,  S100A3 ,  Calcium-
binding ,  Zinc-binding ,  EF-hand    

 

 The S100 protein family, with more than 20 members, constitutes 
the largest subgroup of the EF-hand-type Ca 2+ -binding proteins 
 (  1,   2  ) . S100 proteins are small acidic proteins with two distinct 
EF-hand-type motifs. S100 proteins are expressed at high levels in 
various human tissues, such as S100A1 in the heart  (  3,   4  ) , S100A3 
in hair follicles  (  5  ) , and S100B in the brain  (  6,   7  ) . The  fi rst isolated 

  1.  Introduction
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S100 proteins were puri fi ed from bovine brain and named S100 on 
the basis of its solubility in 100% ammonium sulfate solution  (  6  ) . 
Over the last few decades, several S100 genes belonging to this 
protein family (21 members in human) have been discovered and 
each of fi cial nomenclature has been updated  (  1,   8  ) . To elucidate 
their metal-binding properties, tissue distribution, and biological 
functions, most human recombinant proteins have been produced 
in  Escherichia coli  and used for molecular, functional, and struc-
tural analyses and for production of speci fi c antibodies. 

 S100A3 carries the highest cysteine content among all S100 
protein family members. For preparation of recombinant S100A3 
protein, we used a baculovirus-mediated, non-tagged expression 
strategy because of its many advantages over other expression sys-
tems. Insect cells are capable of introducing eukaryotic modi fi cations 
and ef fi ciently generating disul fi de bonds in recombinant proteins 
 (  9  ) . Four out of ten cysteines in S100A3 form two intramolecular 
disul fi de bridges, which inversely modulate Ca 2+ -af fi nity  (  10  ) . 
Three more free thiol groups are located at the C-terminal region 
and form the high-af fi nity (Cys) 3 His-type Zn 2+ -binding site. As 
reported for other S100 proteins  (  11  ) , the N-terminal methionine 
of S100A3 derived from human hair cuticles is replaced by an acetyl 
group  (  12  ) . This type of N-terminal modi fi cation is conferred by 
the recombinant S100A3 protein in insect cells. A variety of 
puri fi cation strategies have been applied to recombinant S100 pro-
teins. To facilitate protein puri fi cation, various types of puri fi cation 
tags (e.g., 6× His) and fused proteins (e.g., glutathione S-transferase, 
maltose-binding protein) are available  (  13  ) . Critical studies on 
molecular structure and function have usually been performed 
after removal of these puri fi cation tags  (  14  ) . Several surplus linker 
peptides remaining in the small S100 moiety may affect their 
assembly into larger structures, as well as their target binding and 
biological activities. However, using a puri fi cation procedure pre-
viously optimized with the endogenous products, it is relatively 
easy to isolate recombinant S100 proteins lacking puri fi cation tags 
 (  10,   15  ) . 

 Endogenous S100 proteins, associated with speci fi c cellular 
signaling and extracellular functions, have various posttranslational 
modi fi cations, such as glutathionylation of S100A1  (  16  ) , citrulli-
nation of S100A3  (  5  ) , sumoylation of S100A4  (  17  ) , nitrosylation 
of S100A8  (  18  ) , carboxymethylation of S100A8/A9  (  19  ) , phos-
phorylation of S100A8/S100A9  (  20  )  and S100A11  (  21  ) , and 
transamidation of S100A11  (  22  ) . These modi fi cations are essential 
for target recognition (e.g., association of phosphorylated S100A11 
with nucleolin)  (  21  )  or eliciting cytokine-like activities (e.g., chon-
drocyte activation by transamidated S100A11 via RAGE receptor) 
 (  22  ) , but are dif fi cult to reproduce in host cells. Therefore, muta-
genic substitutions of Ser/Glu and Lys/Arg + Gln/Asn in recom-
binant S100 proteins are employed to simulate phosphorylation 
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 (  21  )  and to lose the capacity of transamidation  (  22  ) , respectively. 
During hair cuticular differentiation, 1–3 out of 4 arginine residues 
in S100A3 are converted to citrullines by peptidylarginine deimi-
nases. This naturally occurring and irreversible modi fi cation can be 
simulated by mutagenic amino acid substitutions. Substitution of 
Arg–51 in S100A3 with Ala can result in assembly of a homote-
tramer as well as the native form  (  5  ) . In this chapter, we document 
protocols for the production of recombinant human S100A3 
protein and its pseudo citrullinated forms in insect cells, as well as 
describe the puri fi cation procedures of non-tagged proteins 
preserving two disul fi de bridges.  

 

      1.    Full-length human S100A3 cDNA was previously cloned into 
the pMal–c2 expression vector ( (  14  ) ; see Note 1).  

    2.    Advantage 2 PCR enzyme kit (Clontech).  
    3.    QIAEX II (Qiagen).  
    4.    DNA ligation kit ver. 2.1 (Takara).  
    5.    QuickLyze Miniprep kit (Qiagen).  
    6.    QuikChange II site-directed mutagenesis kit (Agilent 

Technologies).      

      1.     Spodoptera frugiperda -derived cell line: IPLB–Sf21 cells 
(included in the BacPAK baculovirus expression system).  

    2.    Complete Grace’s medium: Combine 500 mL of Grace’s 
medium (Invitrogen), 56 mL of fetal bovine serum (Cellculture 
Bioscience), 0.56 mL of gentamicin solution (50 mg/mL; 
Sigma), and 5.6 mL of amphotericin B solution (250  μ g/mL; 
Sigma; see Note 2).  

    3.    Cell culture  fl ask (225 cm 2 ; Corning; Becton-Dickinson; see 
Note 3).      

      1.    BacPAK baculovirus expression system (Clontech).  
    2.    BacPAK baculovirus rapid titer kit (Clontech).  
    3.    BacPAK Grace’s Basic Medium (Clontech).  
    4.    SeaPlaque agarose (Cambrex).      

      1.    Q-Sepharose Fast Flow (GE-Healthcare).  
    2.    Macro-Prep t-Butyl-HIC Support (Bio-Rad).  
    3.    Specra/Por Dialysis Membrane MWCO: 3500 (Specrumlabs.

com).  

  2.  Materials

  2.1.  Molecular Biology

  2.2.  Insect Cell Culture

  2.3.  Recombinant 
Virus Production ( See  
 Note 4 )

  2.4.  Recombinant 
Protein Puri fi cation
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    4.    Centrifugal  fi lter unit: Ultracel-3 K (Millipore).  
    5.    HiLoad 16/60 Superdex 30 pg (16 mm × 60 mm; 

GE-Healthcare).      

      1.    Nu-PAGE 4–12% Bis–Tris gel (1.0 mm × 12 wells; Invitrogen).  
    2.    Nu-PAGE LDS sample buffer (4×; Invitrogen).  
    3.    MES SDS Running buffer (20×; Invitrogen).  
    4.    PVDF membrane  fi lter paper sandwich (Invitrogen).  
    5.    Molecular makers, Mark 12 (Invitrogen), for protein staining.  
    6.    Pre-stained marker, SeeBlue Plus2 (Invitrogen), for Western 

blot analyses.  
    7.    Bovine serum albumin (BSA) Cohn fraction V, pH 7.0 (Wako 

Pure Chemical Industry).  
    8.    A polyclonal rabbit anti-S100A3 antibody was previously pro-

duced by immunizing a multiple antigen peptide with the 
C-terminal sequence: LYCHEYF KDCPSEPPCSQ ( (  23  ) ; see 
Note 5).  

    9.    AlexaFluor 488-labeled goat anti-rabbit IgG (Molecular 
Probes).       

 

       1.    Combine 40  μ L distilled water, 5  μ L 10× PCR buffer 
(Advantage 2 PCR enzyme system), 1  μ L S100A3 cDNA tem-
plate (10 ng/ μ L), 1  μ L (10  μ M) each of forward and reverse 
primers designed as described in Note 6, 1  μ L dNTP mix 
(10 mM), and 1  μ L polymerase mix.  

    2.    Create a program for a thermal cycle with the following param-
eters: 95°C, 1 min; 95°C, 15 s × 30 cycles; and 68°C, 3 min.  

    3.    Combine 1  μ L (100 ng) of the resultant PCR product or the 
pBacPAK9 transfer vector (included in BacPAK system) with 
2  μ L of 10× reaction buffer ( fi nal concentration 10 mM Tris–
HCl buffer (pH 7.5) containing 7 mM each of MgCl 2  and 
2-mercaptethanol), 50 mM NaCl, 0.01% BSA, 16  μ L of dis-
tilled water, and 1  μ L (10 U) of EcoR I. Incubate reaction 
mixture at 37°C for 1 h and then precipitate DNA with 70% 
ethanol.  

    4.    Dissolve the precipitated DNA in 16  μ L of distilled water and 
add 2  μ L of 10× reaction buffer ( fi nal concentrations: 10 mM 
Tris–HCl (pH 7.5), 7 mM MgCl 2 , 7 mM 2-mercaptethanol, 
150 mM NaCl, 0.01% BSA, and 0.01% Triton X-100) and 
1  μ L (10 U) of Not I. Incubate at 37°C for 1 h.  

  2.5.  Nu-PAGE and 
Western Blot Analyses

  3.  Methods

  3.1.  Construction of an 
S100A3 Recombinant 
Transfer Vector

  3.1.1.  S100A3 cDNA 
Ampli fi cation
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    5.    Electrophorese the reaction mixtures using a 1.5% agarose gel 
for S100A3 cDNA and a 1% agarose gel for the pBacPAK9 
vector.  

    6.    Cut out from the gels the bands corresponding to S100A3 
cDNA and lineated pBacPAK9 vector.      

      1.    Transfer gel slices containing S100A3 cDNA or lineated vector 
to a 1.5-mL tube.  

    2.    Add QX1 buffer (300  μ L/100 mg gel) and 10  μ L QIAEX II 
suspension.  

    3.    Melt the gel at 50°C for 10 min, and then spin at 10,000 ×  g  
for 1 min.  

    4.    Remove the supernatant and wash the pellet with 0.5 mL QX1 
and twice with 0.5 mL buffer PE.  

    5.    Elute S100A3 cDNA or lineated vector with 10  μ L of 10 mM 
Tris–HCl buffer (pH 8.5) at 50°C for 5 min.  

    6.    Centrifuge at 10,000 ×  g  for 30 s and place the supernatants on 
ice.      

      1.    Combine 15 ng of S100A3 cDNA, 50 ng of the lineated pBac-
PAK9 vector, and an equivalent volume of T4 DNA ligase 
solution (Solution I from the DNA ligation kit ver. 2.1). 
Incubate at 16°C for 30 min.  

    2.    Gently thaw competent cells (e.g., XL1-Blue cells) on ice, and 
transfer 50  μ L to a prechilled 14-mL polypropylene round-
bottom tube (BD Falcon).  

    3.    Add 1  μ L of the pBacPAK-S100A3 plasmid, swirl the reaction 
tube gently to mix, and incubate on ice for 30 min.  

    4.    Heat shock for 45 s at 42°C and then place the reactions on ice 
for 2 min.  

    5.    Add 0.5 mL SOC medium preheated to 42°C and incubate at 
37°C for 1 h with shaking at approximately 180 rpm.  

    6.    Plate 100  μ L of the transformation culture onto agar plates 
containing ampicillin and incubate at 37°C for 16 h.  

    7.    Select single colonies and grow overnight at 37°C in 1.5 mL 
LB medium containing ampicillin.  

    8.    Isolate plasmid (pBacPAK-S100A3) using a DNA preparation 
kit (e.g., QuickLyze Miniprep kit).       

      1.    Site-directed mutagenesis using QuikChange II kit: Design 
the mutagenic primer sets using the QuikChange primer design 
program (available at   https://www.genomics.agilent.com    ). 
Copy and paste the cDNA sequence conventionally starting 
from the initiating ATG codon (see Note 8).  

  3.1.2.  Puri fi cation of cDNA 
and Lineated Vector

  3.1.3.  Construction of the 
Transfer Vector

  3.2.  Mutagenic Pseudo 
Citrullination 
Introduction into the 
Transfer Vector ( See  
 Note 7 )

https://www.genomics.agilent.com
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    2.    Mix 39.5  μ /L of distilled water, 5  μ L of 10× reaction buffer, 
1  μ L of the transfer vector (10 ng/ μ L), 1.25  μ L each of for-
ward and reverse primers (100 ng/ μ L), and 1  μ L of  PfuUltra  
HF DNA polymerase (2.5 U/ μ L).  

    3.    Cycle with the following thermal parameters: 95°C, 30 s; 16 
cycles: 95°C, 30 s; 55°C, 1 min; and 68°C, 6 min (see Note 9).  

    4.    After cooling, add 1  μ L of  Dpn  I restriction enzyme (10 U/ μ L) 
and incubate at 37°C for 1 h.  

    5.    Perform XL1-Blue competent cell transformation, colony iso-
lation, and plasmid puri fi cation according to steps 2–8 in 
Subheading  3.1.3 .      

       1.    Seed 1 × 10 6  Sf21 cells per well in a 6-well plate and incubate at 
27°C for 1–2 h.  

    2.    Wash the cells with 2 mL of Grace’s basic medium twice.  
    3.    Mix 43  μ L of sterile H 2 O, 2.5  μ L of the constructed vector 

(100 ng/ μ L), and 2.5  μ L of Bsu36 I digested BacPak6 virus 
DNA (Clontech) in a 1.5-mL sterile Eppendorf tube.  

    4.    Add 2  μ L of Bacfectin to the mixture and incubate at room 
temperature for 15 min to allow complexes to form with 
DNA.  

    5.    Exchange the medium with 1.5 mL Grace’s basic medium, and 
then add the Bacfection–DNA mixture dropwise while gently 
swirling the dish.  

    6.    Incubate at 27°C for 5 h, and then add 1.5 mL of complete 
medium to each well.  

    7.    After 72-h incubation, transfer the cotransfection supernatant 
to a sterile tube.      

      1.    Seed 1 × 10 6  Sf21 cells per well in a 6-well plate and incubate at 
27°C for 4 h.  

    2.    Inspect the dishes to ensure that the cells have attached to 
form an even monolayer of about 70–80% con fl uency.  

    3.    Aspirate the medium and infect the cells with 100  μ L of serial 
dilutions of the virus inoculum (1/10, 1/100, and 1/1,000 of 
the cotransfection supernatant) for 1 h at 27°C.  

    4.    During the incubation of step 3, autoclave 12 mL of 2% 
SeaPlaque agarose in H 2 O and cool to 37°C.  

    5.    Combine the melted agarose with an equivalent volume of 
complete medium pre-warmed at 37°C ( fi nal concentration: 
1% agarose).  

    6.    Aspirate the virus inoculum, and gently overlay 1.5 mL of the 
1% agarose in each well.  

  3.3.  Generation of 
S100A3 and Mutated 
Recombinant 
Baculovirus

  3.3.1.  Homologous 
Recombination in Insect 
Cells

  3.3.2.  Recombinant Virus 
Isolation and Passage
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    7.    Once the agarose coagulates, overlay 1.5 mL of the complete 
medium in each well.  

    8.    After 4–5 days of incubation at 27°C, add 1 mL of the 0.33% 
neutral red (5 mg/16.5 mL PBS,  fi ltered).  

    9.    After 2–3 h of incubation at 27°C, aspirate the stain, and leave 
the dish inverted in the dark overnight at room temperature.  

    10.    Ensure that the cells are unstained by microscopy. Encircle 
well-isolated viral plaques with a pen on the outside bottom of 
the dish.  

    11.    Pick the single plaques of recombinant virus by pushing on the 
blue tip and sucking a plug of agarose.  

    12.    Transfer the agarose plug into the 0.5 mL of complete medium 
in a sterile tube, and leave the viruses to diffuse overnight at 
4°C.  

    13.    Seed 5 × 10 5  Sf21 cells per well of a 6-well dish, and incubate at 
27°C for 1–6 h.  

    14.    Remove the medium, gently add 100  μ L of a plaque-pick, and 
incubate at 27°C for 1 h.  

    15.    Add 2 mL of complete medium to each well and incubate for 
3–4 days at 27°C.  

    16.    Store the supernatant at 4°C until use for recombinant virus 
ampli fi cation in Subheading  3.3.4 .      

      1.    Suspend the cells in 1 mL of PBS in the 6-well plate and trans-
fer to a 1.5 mL Eppendorf tube.  

    2.    Pellet the cells by centrifugation at 1,000 ×  g  for 1 min. After 
washing with PBS, resuspend the cells in 0.1 M Tris–HCl (pH 
7.6) containing 1 mM EDTA and 0.1 M dithiothreitol 
(DTT).  

    3.    Sonicate cells on ice using a hand-held sonicator (UR-20P, 
Tomy-Seiko), and centrifuge at 10,000 ×  g  for 15 min.  

    4.    Mix 6.5  μ L of the supernatant, 1  μ L of 0.5 M DTT, and 2.5  μ L 
of Nu-PAGE sample buffer and heat at 70°C for 10 min.  

    5.    After  fl ushing the tube, load the samples together with a pre-
stained molecular marker (SeeBlue Plus2, 1.5  μ L) onto a 
Nu-PAGE gel.  

    6.    Electrophorese at 200 V for 35 min.  
    7.    Transfer the separated proteins onto a PVDF membrane at 

30 V for 1 h.  
    8.    Immerse the membrane in 1  μ g/mL rabbit anti-human 

S100A3 antibody  (  19  )  and 1% BSA in PBS at room tempera-
ture for 1 h.  

  3.3.3.  Evaluation of 
S100A3 Expression by 
Western Blot Analyses
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    9.    After washing with PBST (5 min × 3 times), immerse the mem-
brane in 2.5  μ g/mL AlexaFlour 488-labeled goat anti-rabbit 
IgG and 1% BSA in PBS at room temperature for 1 h.  

    10.    After washing with PBST (5 min × 3 times), detect  fl uorescent 
signals using the Typhoon system. Select cells expressing the 
target protein.  

    11.    Split the passage 1 virus derived from the selected cells into 
aliquots (~75  μ L), and store the vials at −70°C. Normally, virus 
titer should have risen to ~2 × 10 7  infectious unit (IFU)/mL at 
this stage ( see  Subheading  3.3.5 ).      

      1.    Culture Sf21 cells in a 225-cm 2   fl ask to 50–70% con fl uency 
(i.e., ~1.5 × 10 7  cells).  

    2.    After removal of the medium, add ~7.5 mL of the fresh medium 
and ~75  μ L of the passage 1 virus stock (~1.5 × 10 6  IFU, 
MOI = ~0.1).  

    3.    After inoculation of the cells with the virus with gentle swirling 
of the  fl ask and incubating the cells at 27°C for 1 h, add an 
additional 22.5 mL medium and continue further cultivation 
for 4–6 days at 27°C until the cells are well infected.  

    4.    Centrifuge the culture medium, and store a part of the super-
natant required for the current working stock for protein 
expression (in Subheading  3.4 ) at 4°C. Use this virus stock 
within 6 months.  

    5.    Split the remaining passage 2 virus into aliquots (>1.5 × 10 6  
IFU/vial) and store at −70°C. When the current working stock 
depletes, thaw an aliquot and use for generation of a new work-
ing stock (Steps 1–4 above).      

      1.    Virus assay using the rapid titer kit: Seed 160  μ L of Sf21 cell 
suspension (4 × 10 5  cells/mL) to one row of a 96-well microtiter 
plate (6.5 × 10 4  cells/well). Incubate the plate at 27°C for 1 h.  

    2.    Dilute the virus stock with medium (Serial dilutions 10 −3 , 10 −4 , 
and 10 −5 ).  

    3.    Aspirate the medium, and add 25  μ L of the viral dilutions to 
the wells (one well with medium only as a negative control, 
three wells for 10 −3 , and four wells each for 10 −4  and 10 −5 ). 
Incubate the plate at 27°C for 1 h.  

    4.    Aspirate the inoculums, and overlay 50  μ L of methyl cellulose 
in each well. Incubate the plate at 27°C for 2 days.  

    5.    Add 150  μ L of 4% paraformaldehyde in PBS and incubate for 
10 min at room temperature.  

    6.    Shake out reagent and tap the plate lightly on paper towel and 
wash with 200  μ L PBST (5 min × 3 times).  

  3.3.4.  Recombinant Virus 
Ampli fi cation

  3.3.5.  Virus Titration 
( See   Note 10 )
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    7.    Add 50  μ L goat serum and incubate for 5 min at room tem-
perature (blocking).  

    8.    Shake out reagent and tap the plate on a paper towel. Then, 
add 25  μ L of diluted mouse gp64 antibody and incubate at 
37°C for 25 min.  

    9.    Repeat step 6.  
    10.    Add 50  μ L of diluted goat anti-mouse antibody–HRP conju-

gate and incubate at 37°C for 25 min.  
    11.    Repeat step 6.  
    12.    Add 50  μ L of blue peroxidase substrate and incubate at room 

temperature. Foci of infection become visible within 10 min.  
    13.    After 3 h, observe the cells using light microscopy and count 

the number of stained foci per well (at the dilution, this should 
yield 5–25 foci). Determine the virus titer using the following 
equation: 

   Virus titer (IFU/mL) = average no. of foci per well × dilution 
factor × 40 

   (e.g., 25 foci × 10 5  × 40 = 1 × 10 8  IFU/mL).       

      1.    Culture Sf21 cells in a 225-cm 2   fl ask to 80% con fl uency (i.e., 
2 × 10 7  cells).  

    2.    Remove the medium and add the current working virus stock 
(3 × 10 8  IFU/6 mL medium, MOI = 10).  

    3.    Swirl the  fl ask gently and incubate at 27°C for 1 h.  
    4.    Add an additional 19 mL of medium and continue further cul-

tivation for 2 days at 27°C.  
    5.    Harvest the infected cells and wash × 2 times with PBS in a 

50-mL centrifuge tube. Then resuspend the cells in 5 mL of 
0.1 M Tris–HCl (pH 7.6) containing 50 mM DTT, 1 mM 
EDTA, and 1 mM PMSF.  

    6.    Sonicate cells using a Bioruptor (e.g., UCD 200TM; 200 W 
30 s × 15 times) on ice.  

    7.    Combine cell lysates collected from ten  fl asks. Collect the 
supernatant after centrifugation at 14,000 ×  g  for 30 min.      

       1.    Dilute the cell-lysate supernatant (60–90 mg protein) with an 
equal volume of distilled water to reduce ionic strength.  

    2.    Apply the diluted sample onto a Q-Sepharose column (2 mL; 
GE-Healthcare, Uppsala, Sweden) pre-equilibrated with 
20 mM Tris–HCl buffer (pH 7.6) containing 1 mM EDTA 
and 10 mM DTT (buffer A).  

    3.    Wash the column with 10 mL of buffer A.  

  3.4.  S100A3 
Recombinant Protein 
Production

  3.5.  Puri fi cation of the 
Recombinant Human 
S100A3 Protein

  3.5.1.  Anion Exchange 
Chromatography
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    4.    Elute the absorbed proteins containing S100A3 with a linear 
NaCl gradient (0–0.4 M) in buffer A (Fig.  1a ).   

    5.    Apply aliquots of fractions and a molecular maker (Mark 12) 
on a Nu-PAGE gel according to steps 4–6 in Subheading  3.3.3 . 
Check the purity by protein staining (e.g., silver stain). Collect 
the fractions containing mainly S100A3.      
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  Fig. 1.    Puri fi cation of recombinant S100A3 and R51A mutant proteins expressed in insect 
cells. ( a ) Anion exchange chromatograms. Shown are plotted elution pro fi les of wild-type 
S100A3 and R51A from a Q-Sepharose column (2 mL) and numbering the fractions 
aligned with a NaCl linear gradient only. Note that all mutant proteins used in this study 
eluted the same number of fractions depending on the charged residue substitution (i.e., 
R51A eluted with higher ionic strength than others).  Bars  show collected peaks. ( b ) A gel 
 fi ltration chromatogram of WT-S100A3. Fractions after passage through a Macro-prep 
butyl resin column were loaded onto a Superdex-75 column (16 × 60 mm) with  fl ow rate 
1.0 mL/min. All S100A3 mutants eluted with comparable retention times. ( c ) Homogeneity 
of WT-S100A3 during puri fi cation. Shown are silver-stained Nu-PAGE gels loaded with 
aliquots of the crude and puri fi ed materials (50 ng protein was applied to each lane).       
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      1.    Add (NH 4 ) 2 SO 4  to the pooled Q-Sepharose fractions to a  fi nal 
concentration of 1.5 M.  

    2.    After centrifugation at 14,000 ×  g  for 30 min, pass the resultant 
supernatant through a Butyl-IHC column (1 mL; Bio-Rad) 
pre-equilibrated with 1.5 M (NH 4 ) 2 SO 4  containing buffer A. 
Elute the supernatant remaining in the column with 2 mL of 
the pre-equilibrated buffer.  

    3.    Dialyze the thru pass fractions using Specra/Por (MW 3,500 
cutoff) against 1 L of 20 mM Tris–HCl buffer (pH 7.6) con-
taining 1 mM EDTA and 10 mM DTT at 4°C for 24 h. 
Exchange the buffer once.  

    4.    Condense the dialyzed fraction to a volume <5 mL (maximum 
loading volume of the column used in the next step) by using 
a centrifugal  fi lter unit (e.g., Ultracel-3K).      

      1.    Pre-equilibrate a HiLoad 16/60 Superdex-75 pg column 
(16 × 60 mm, GE-Healthcare) with 50 mM Tris–HCl (pH 7.6) 
containing 150 mM KCl, 10 mM DTT, and 1–10  μ M EDTA 
at 4°C (see Note 11).  

    2.    After  fi ltration, load the sample (<5 mL) onto the column.  
    3.    Flow the pre-equilibrated buffer at 1.0 mL/min and collect 

fractions corresponding to the main peak (Fig.  1b ).  
    4.    Condense the collected fractions using an Ultracel-3K.  
    5.    Measure absorbance at 280 nm using the  fi ltrated ef fl uent as 

background (A 280,bg ) (absorbance of DTT) and the condensed 
S100A3 (A 280 ) using a spectrophotometer (see Note 12). 
Determine the S100A3 concentration (C S100A3 ) using the 
molecular weight (MW S100A3  = 11,625 g M −1 ) and molar 
coef fi cient (  ε   = 14,500 M −1  cm −1 ) according to the following 
equation (see Note 13): 

   C S100A3  (mg/ml) = (A 280  − A 280,bg )/1.25.  
    6.    Check the purity as described in step 5 of Subheading  3.5.1  

(Fig.  1c ).        

 

     1.    Most full-length cDNAs of human and mouse S100 proteins 
are commercially available at   http://www.genecopoeia.com/    .  

    2.    In insect cell cultivation at 27°C, we frequently encountered 
fungal contaminations rather than bacteria. Cellular prolifera-
tion and protein production in insect cells are not affected by 
Amphotericin B.  

  3.5.2.  Hydrophobic Column 
Chromatography

  3.5.3.  Size Exclusion 
Chromatography

  4.  Notes

http://www.genecopoeia.com/
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    3.    Herein, we describe monolayer cultures of the insect cells pre-
ferred for consistent recombinant protein expression. Adhesion 
of Sf21 cells changes slightly depending on the culture  fl ask. 
Sf21 cells more tightly adhere to Becton-Dickinson  fl asks than 
to Corning products. Sf21 cells can be maintained for 
~3 months (20–30 passages) by selecting an adequate  fl ask for 
the type of cell under study.  

    4.    Herein, we present an ef fi cient method of producing recombi-
nant virus by homologous recombination in insect cells  (  24  ) . 
This method requires screening plaques to ensure the absence 
of contamination with wild-type virus (Subheading  3.3 ). The 
plaque isolation process can be omitted by using site-speci fi c 
transposition (e.g., Bac-to-Bac, Invitrogen) or an engineered 
baculovirus containing a lethal mutation (e.g.,  fl ashBAC, 
Oxford expression system; BacMagic, Novagen). Investigators 
should select an expression system which can be adapted to 
their needs.  

    5.    A number of antibodies immunized against synthetic peptide 
antigens and recombinant S100 proteins are commercially 
available, but verifying cross-reactivity with other S100 mem-
bers is required.  

    6.    Design the upstream primer sequence as follows: 
    5’-CGGAATTCATGGCCAGGCCTCTGGAGCAGG-3’   .
   The boxed sequence indicates the  EcoR  I site and the under-

lined sequence starts with the start codon of S100A3. Design 
the downstream primer as follows:

    ATAAGAATGCGGCCGCGGCAAGTCCAGATTG-3’   . The 
boxed sequence indicates the  Not  I site and the underlined 
sequence is derived from the 3 ¢ -noncoding region of S100A3.  

    7.    In vitro modi fi cation of S100A3 by peptidylarginine deiminase 
yields multiple forms of this protein. Mutagenic substitution of 
Arg/Ala is an advantageous recombinant way to study biologi-
cal function and structural analysis of pseudo citrullinated 
proteins.  

    8.    To replace amino acids located in the N-terminal region, input 
an upstream sequence with 3 × n nucleotides (to avoid a frame-
shift) of the transfer vector (pBacPAK9) followed by the 
inserted cDNA sequence until the primer design program.   The 
upstream primer,

    5’-GGGAATTCATGGCCGCGCCTCTGGAGCAGG-3’   ,
   and downstream primer, 
   5’-CCTGCTCCAGAGGCGCGGCCATGAATTCCC-3’   ,
   are computed for substitution of Arg-3 to Ala-3 in S100A3. 

The boxed sequences are derived from the transfer vector and 
the mutation sites are underlined.  
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    9.    Use a thermal parameter of 68°C per cycle, which is deter-
mined by computing 1 min/kb of plasmid length. In this case, 
a 5.5-kb pBacPAK9 plasmid plus a 0.4-kb S100A3 cDNA 
requires 6 min.  

    10.    If routine repeats of virus ampli fi cation constantly give high 
titers of virus stock solution (>10 8  IFU/mL), the virus titration 
step may be omitted and, instead, proceed directly to protein 
production. Herein, we present an antibody-based assay  (  25  ) . 
Original plaque assays or real-time PCR-based assays (BacPAK 
qPCR titration kit, Clontech)  (  26  )  are also available.  

    11.    A minimum supplementation of EDTA that prevents binding 
of trace amounts of metal ions to S100A3 is encouraged. Note 
that an excess of the chelate added to the pre-equilibrated buf-
fer affects the results of either metal-binding experiments or 
Ca 2+ -dependent assays.  

    12.    A cuvette of 1 cm width is not suitable for the absorbance mea-
surement of protein solution at high concentrations. Use of a 
thinner cuvette or a non-cuvette-type photo-spectrometer 
(e.g., NanoDrop 1000; Thermo Fisher Scienti fi c Inc.), which 
can measure small volumes without sample dilution, is 
encouraged.  

    13.    In our experience, approximately 7 mg of wild-type S100A3 
protein was obtained from 2 × 10 8  Sf21 cells. All mutant pro-
teins examined, except for SS2-disrupted mutants, were 
puri fi ed in the same manner and yielded similar amounts 
(5–8 mg). C81A + C99A and R51A + C81A + C99A had lower 
yields (~3 mg)  (  10  ) .          
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    Chapter 6   

 X-ray Structural Analysis of S100 Proteins       

     Günter   Fritz        

  Abstract 

 X-ray crystallography is a potent and meanwhile fast technique to obtain detailed structural information of 
S100 proteins in their apo or metal ion-loaded state. S100 proteins crystallize in the absence or presence 
of Ca 2+  and Zn 2+  and the obtained crystals often diffract to high resolution yielding information on the 
ion-binding sites, conformation, and target interaction sites of the proteins. Here, I describe a general 
scheme to isolate and crystallize S100 proteins and the analysis of protein crystals using a modern synchro-
tron source.  

  Key words:   S100 protein ,  Calcium ,  Zinc ,  Crystallization ,  X-ray ,  EF-hand    

 

 The S100 protein family comprises more than 20 different  members 
in human  (  1,   2  ) . The S100 proteins are small 10–12 kDa Ca 2+ - and 
Zn 2+ -binding proteins sharing the EF-hand Ca 2+ -binding motif  (  3  ) . 
The S100 proteins display diverse expression patterns. Some S100 
proteins are found almost ubiquitously in the organism whereas oth-
ers show distinct expression in certain tissues, cell types, cell com-
partments, or at certain phases of the cell cycle  (  1  ) . Most S100 
proteins interact Ca 2+  dependently with their target proteins control-
ling enzymatic activity, DNA binding, or other protein–protein 
interactions  (  4  ) . Most S100 proteins constitute dimers, but a num-
ber of higher oligomers with particular different functions have been 
described in the recent years. Structural biology tries to elucidate the 
molecular requirements for target protein speci fi city of the S100 
proteins and the conformational transitions triggered by Ca 2+  or 
Zn 2+  binding. Due to their small size, S100 protein dimers are well 

  1.  Introduction
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suited for structural analysis by multidimensional nuclear magnetic 
resonance (NMR) spectroscopy. However, larger assemblies or pro-
tein–target complexes are still a major challenge in applying this 
technique; in contrast X-ray crystallography exhibits no limitations 
for the size of the molecule to be determined. Moreover, the tech-
nological advances in the area of X-ray crystallography are enormous 
and automated software pipelines make it easy, even for an inexperi-
enced user, to determine a three-dimensional structure. In this arti-
cle, a generalized procedure for heterologous expression and isolation 
of S100 proteins, crystallization in the apo or metal ion-bound state, 
and some general guidelines to determine the structure by X-ray 
crystallography are described.  

 

 All buffer and crystallization solutions should be prepared using 
double-distilled water or MilliQ-treated water with electric resis-
tance of 18 M Ω . 

      1.    Phosphate-buffered DYT medium with glucose: 16 g tryptone 
(Applichem), 10 g yeast extract (Applichem), 4 g NaCl, 4 g 
Na 2 HPO 4  is dissolved in 1 L deionized water and autoclaved 
for 20 min at 121 °C at 1 atm.  

    2.    20% (w/v) glucose stock solution is sterilized by  fi ltration 
through a 0.2  μ m  fi lter    (cellulose acetate, Millipore). Let the 
medium cool down after autoclaving and add glucose to a  fi nal 
concentration of 0.2% from the stock solution. Add appropri-
ate antibiotics.  

    3.    100 mg/ml ampicillin stock solution (keep aliquots frozen at 
−20 °C).  

    4.    DYT agar plates: Agar (Applichem) 16 g/L is added to the 
DYT medium prior to autoclaving. A magnetic stirrer is placed 
in the vessel allowing mixing of the solution after autoclaving. 
Let medium cool down to 60 °C and add glucose and antibiot-
ics as described    above (items 2 and 3). Mix gently with the 
magnetic stirrer and prepare plates.      

      1.    Calcium buffer: 50 mM Tris–Cl, pH 7.6 containing 2 mM 
CaCl 2  and  fi ltered through a 0.2  μ m  fi lter.  

    2.    EDTA buffer: 50 mM Tris–Cl, pH 7.6 containing 4 mM 
EDTA and  fi ltered through a 0.2  μ m  fi lter.  

    3.    SEC buffer: 50 mM Tris–Cl, pH 7.6, 150 mM NaCl,  fi ltered 
through a 0.2  μ m  fi lter.  

    4.    Complete protease inhibitor (Roche).      

  2.  Materials

  2.1.  Expression 
Medium

  2.2.  Buffers for 
Puri fi cation of S100 
Proteins Applying 
HIC and SEC 
Chromatography
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      1.    Pre-buffer: 10 mM Tris–Cl, pH 7.4.  
    2.    Crystallization buffers ready to use from commercial suppliers 

are applied. Suppliers are Qiagen, Hampton Research, Jena 
Bioscience, and Molecular Dimensions.  

    3.    Stock solutions for optimization of crystallization: 1.0 M solu-
tions of the appropriate buffer are prepared at different pH 
values. Typically 50 ml of each buffer with a certain pH value 
are sterilized by  fi ltration through a 0.2  μ m  fi lter and stored at 
4 °C.  

    4.    Stock solutions of PEG: Small PEGs like PEG400 to PEG800 
are used directly without further dilution to prepare crystalli-
zation solutions. Stock solutions of larger PEGs are prepared 
as 50% (w/v) solutions in water and  fi ltered through a 0.2  μ m 
 fi lter. PEG solutions used for crystallization are stored in the 
dark at 4 °C or −20 °C to prevent peroxide formation in the 
PEG by UV light.      

      1.    Hydrophobic interaction chromatography (HIC) matrix is 
Phenyl-Sepharose (GE-Healthcare).  

    2.    Size exclusion chromatography (SEC) matrix is Superdex 75 
(GE-Healthcare).  

    3.    Columns for fast buffer exchange: NAP5 column 
(GE-Healthcare).      

      1.    Initial screening: 96-well crystallization plates. Supplier are 
Qiagen, Hampton Research, Jena Bioscience, Molecular 
Dimensions, and Greiner.  

    2.    Fine screening: 24-well plates sitting drop devices for hanging 
Suppliers are Qiagen, Hampton Research, Jena Bioscience, 
and Molecular Dimensions.      

  Ready-to-use screens are available from different suppliers like 
SIGMA, Qiagen, Hampton Research, Jena Bioscience, or Molecular 
Dimensions.  

      1.    Nylon loops of different size mounted on a magnetic base 
ready to use at standard goniometer heads. Supplier is Hampton 
Research.  

    2.    LithoLoops and micro meshes (MiTeGen). Suppliers are 
Molecular Dimensions and Jena Bioscience.  

    3.    Glycerol (80%).  
    4.    Ethylene glycol   .  
    5.    Glucose.       

  2.3.  Buffers for 
Crystallization

  2.4.  Chromatography 
Columns

  2.5.  Crystallization 
Plates

  2.6.  Crystallization 
Screening Solutions

  2.7.  Equipment for 
Freezing Crystals and 
Analysis of Crystals
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  Most S100 proteins can be expressed heterologously in  E. coli  and 
puri fi ed at high yields without the help of any af fi nity tags. The 
cDNA of the S100 proteins is usually cloned into vectors (e.g., 
pGEMEX) under the control of a T7 promoter that allows high 
yield expression of the S100 protein upon induction of T7 poly-
merase in  E. coli  (DE3) strains by addition of IPTG to the culture 
medium. In the following expression based on a pGEMEX 
(Promega) vector carrying  β -lactamase for ampicillin resistance is 
described.

    1.    Plate  E. coli  strain carrying a plasmid for S100 protein expres-
sion on DYT agar plate with 100  μ g/ml ampicillin. Incubate 
overnight at 37 °C.  

    2.    Inoculate 20 ml DYT supplemented with 0.2% glucose and 
100  μ g/ml ampicillin with a single colony from the agar plate 
and incubate culture on a shaker overnight at 37 °C.  

    3.    Spin down  E .coli  cells from overnight culture at 4,000 ×  g  for 
5 min, discard supernatant to remove extracellular  β -lactama-
ses, and resuspend cells in 10 ml fresh medium.  

    4.    Inoculate 1 L expression culture medium with the resuspended 
cells. Incubate under vigorous shaking at 37 °C. Take small 
samples of the culture every 40 min and measure OD 600 nm .  

    5.    When OD 600 nm  of the culture reaches 0.6 add 1 mM IPTG and 
further incubate for 5 h.  

    6.    Harvest cells by centrifugation at 5,000 ×  g  for 20 min.  
    7.    Freeze cell pellets and store until further use at −80 °C.      

  Upon Ca 2+ -binding S100 proteins undergo a conformational 
change exposing a large hydrophobic surface to the solvent. This 
conformational change is fully reversible when Ca 2+  is removed 
from the protein, e.g., by EDTA treatment. This Ca 2+ -switch can 
be utilized for Ca 2+ -dependent interaction of the S100 proteins 
with the hydrophobic matrix Phenyl-Sepharose. All chromatogra-
phy steps should be performed at 4 °C.

    1.    Cell are thawed on ice and resuspended in 2 volumes per wet 
weight in ice-cold 50 mM Tris–Cl, pH 7.6.  

    2.    Add 0.5 mM MgCl 2  and a small amount of DNAse I 
(SIGMA).  

    3.    Cells are ruptured by one passage through a French pressure 
cell (Stansted) or a micro fl uidizer (Micro fl uidics).  

    4.    Crude extract is centrifuged for 1 h at 100,000 ×  g  at 4 °C.  

  3.  Methods

  3.1.  Expression 
of S100 Proteins

  3.2.  Puri fi cation 
of S100 Proteins
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    5.    Supernatant is diluted  fi vefold with ice-cold calcium buffer 
containing 1 mM PMSF, pH 7.6.  

    6.    The diluted supernatant is applied to Phenyl-Sepharose col-
umn (26 mm × 50 mm) equilibrated in calcium buffer.  

    7.    Wash column with calcium buffer until the absorption at 
280 nm reaches baseline level again.  

    8.    Elute S100 protein with EDTA buffer from Phenyl-Sepharose 
column. 

   Prior to size exclusion chromatography the protein solution 
has to be concentrated to a volume corresponding to approx. 
2% of the volume of the SEC column. Columns can be pur-
chased ready to use at different sizes (GE-Healthcare) or cus-
tom made by an experienced user.  

    9.    Concentrate S100 protein by ultra fi ltration until the volume 
reaches ca. 25 of the volume of the SEC column.  

    10.    Filter concentrated protein through a 0.2  μ m  fi lter and apply 
to SEC column equilibrated in SEC    buffer.  

    11.    Collect fractions containing S100 protein and combine frac-
tions with pure protein.  

    12.    Concentrate protein by ultra fi ltration to ca 20 mg/ml and add 
5% (v/v) glycerol. Prepare aliquots of 500  μ l, shock freeze 
protein in liquid nitrogen, and store aliquots until further use 
at −80 °C.      

  Different ready-to-use crystallization screens are available com-
mercially from different companies (SIGMA, QIAGEN, Hampton 
Research, Molecular Dimensions, Jena Bioscience). Most solutions 
from the different suppliers overlap largely in the content of differ-
ent crystallization solutions, so a few crystallization screens from 
one supplier are usually suf fi cient to cover a broad range of poten-
tial crystallization conditions. Crystallization of proteins is based 
on a controlled salting out of the protein out of the solution. This 
is achieved by lowering slowly the solubility of the protein by addi-
tion of organic molecules like polyethylene glycol or kosmotropic 
salts (e.g., sulfate, tartrate, or phosphate) which are known to 
change the hydration sphere of the proteins.  

  In order to avoid the interference of buffer components of the 
S100 protein stock with the components of the crystallization 
solutions a buffer exchange right before the crystallization experi-
ment is recommended.

    1.    Thaw concentrated aliquot of S100 protein on ice. Optimal is 
a concentration of 20–30 mg/ml to reach a  fi nal concentration 
of 10–15 mg/ml in the next step.  

  3.3.  Crystallization of 
S100 Proteins

  3.4.  Prior 
Crystallization 
Treatment of the S100 
Protein
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    2.    Equilibrate NAP5 column (GE-Healthcare) with 4 column 
volumes of 10 mM Tris–Cl, pH 7.6.  

    3.    Apply 500  μ l of protein solution to the column and let the 
solution enter the column.  

    4.    Elute S100 protein by addition of 1.0 ml of 10 mM Tris–Cl, 
pH 7.6. Thereby the protein is diluted twofold. Keep protein 
solution on ice.  

    5.    Check concentration of protein prior to crystallization trials.  
    6.    When trying to crystallize an S100 protein in the Ca 2+ -loaded 

state typically 10–20 mM CaCl 2  is added to the protein solu-
tion after buffer change.      

  Initial screening for crystallization conditions is nowadays often 
performed using a nanodrop pipetting robot (e.g., Phoenix, 
Rigaku) that can handle drop sizes between 50 nl and 500 nl. An 
initial drop volume of 200 nl is a good compromise between reduc-
ing the protein amount needed and getting large enough crystals if 
the trial is successful. If no robot is available in the laboratory such 
a service is offered, e.g., at the EMBL (  http://www.embl-ham-
burg.de/facilities/htpx/    ) and at other Synchrotron Centers like 
Paul-Scherer Institute Swiss Light Source (  http://www.psi.ch/
sls/pxiii/crystallization-facility    ). A 96-well crystallization plate 
offers a reservoir well for the crystallization buffer and a small well 
for the protein drop that is mixed with equal volume of the crystal-
lization buffer. The volume of the reservoir is large (typically 
50–100  μ l) compared to the drop (0.2  μ l). After placing the solu-
tions the wells are sealed with a transparent tape. The plates are 
incubated at constant temperature, most often at 20 °C. Typically 
protein crystals show up after a minimum period of a few days or 
later after 6–8 weeks. In vapor diffusion crystallization, the protein 
drop is mixed with an equal volume of a crystallization buffer and 
the mixture is equilibrated against a reservoir of the crystallization 
buffer. The vapor pressure in the protein/crystallization buffer 
mixture is higher than in the reservoir which leads to a slow trans-
fer of water from the drop to the reservoir. That way the protein 
concentration in the drop increases slowly until the maximum sol-
ubility is reached. At this point the protein forms crystals or 
precipitates. 
 The results of such initial screening are monitored these days by 
automatic documentation systems (e.g., CrystalTrak, Rigaku) pro-
viding high-resolution and -magni fi cation images. The images are 
often accessible via a software toolkit (e.g., CrystalTrak, Rigaku) 
through the Internet. 

 Note on the selection of crystallization screens: When crystal-
lization trials for Ca 2+ -loaded S100 proteins are set up, one might 
avoid crystallization buffers containing high concentrations of sul-
fate, phosphate, or tartrate. The solubility of Ca 2+  with each of 

  3.5.  Setting Up 
Crystallization Trials

http://www.embl-hamburg.de/facilities/htpx/
http://www.embl-hamburg.de/facilities/htpx/
http://www.psi.ch/sls/pxiii/crystallization-facility
http://www.psi.ch/sls/pxiii/crystallization-facility
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these salts is very low leading to the formation of salt crystals which 
cannot be distinguished from protein crystals on the images. 

 Once a crystallization condition is recognized the experiment 
is usually repeated at a larger volume and the conditions a further 
varied by changing the concentration of the ions or organic mole-
cules or the ph of the original crystallization buffer.  

  Crystals obtained are tested and analyzed in an X-ray beam. 
Typically protein crystals have sizes ranging between ca. 
50  μ m × 100  μ m × 100  μ m and 200  μ m × 200  μ m × 400  μ m. For 
the manipulation of the small and very often fragile protein crys-
tals a stereomicroscope is required. Crystals are mounted onto 
loops and are  fl ash frozen in the cold nitrogen stream or by plung-
ing into liquid nitrogen. Freezing of crystals is necessary if they 
are analyzed at high-energy X-ray beams of modern synchrotron 
sources. Upon exposure to the X-ray beam the protein crystals 
suffer from radiation damage, i.e., the crystal is destroyed by the 
exposure to X-rays. This process is largely slowed down if the crys-
tal is frozen and kept at 100 K in a dry stream of cold nitrogen 
gas. When freezing the crystals in the crystallization solution one 
has to avoid the formation of water ice which leads to irreversible 
damage of the protein crystal and moreover water ice gives rise to 
an intensive diffraction pattern that overlays the diffraction pat-
tern of the protein crystal. Therefore reagents like glycerol, ethyl-
ene glycol, or sugars which suppress water ice formation are added. 
The resulting frozen solutions form a glass that is translucent for 
the X-ray beam.  

  The diffraction pattern of the crystals is recorded during rotation 
of the crystal relative to the X-ray beam in order to collect all pos-
sible diffracted X-rays. For reconstruction of the electron density 
of the protein, that gives rise to the diffraction, one needs the 
information on the amplitude and the phase of the scattered X-rays. 
During recording of the X-ray waves the phase information is lost 
and has to be assessed by further methods. The intensity of the 
single spots is integrated using semiautomatic software suites yield-
ing a summary of all spot intensities in a so-called dataset. Software 
suites for spot integration are HKL2000 (  http://www.hkl-xray.
com/    ), XDS  (  5  ) , mos fl m  (  6  ) , d*TREK  (  7  ) , and automatic pipe-
lines like xia2 or autoPROC  (  8  ) .  

  Phase information is obtained by two methods in X-ray crystallog-
raphy: (1) analysis of heavy atom derivatives where an anomalous 
scatterer is introduced or (2) molecular replacement. For well dif-
fracting crystals also the anomalous signal of the endogenous sul-
fur from methionine and cysteine residues can be exploited  (  9  ) . In 
crystals of S100 proteins in complex with Ca 2+   (  9  )  or Zn 2+  these 
atoms can serve as well as heavy atom to determine    phases. For 

  3.6.  Crystal Mounting 
and Freezing

  3.7.  Crystal Analysis

  3.8.  Retrieving Phase 
Information

http://www.hkl-xray.com/
http://www.hkl-xray.com/
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S100 protein, structure determination by molecular replacement is 
the method of  fi rst    choice. In molecular replacement, a model of 
the real structure is used, to obtain  fi rst-phase information that is 
then further re fi ned to obtain the real structure. Molecular replace-
ment is very fast and successful if appropriate models are available. 
S100 proteins have a conserved basic architecture consisting of 
two EF-hands connected by a short  fl exible linker (Fig.  1 ). 
Structures of many S100 proteins in the apo state  (  10–  13  )  or in 
the Ca 2+ - and/or Zn 2+ -loaded state  (  14–  17  )  are available (Fig.  1 ) 
and can be used directly or after some modi fi cations in molecular 
replacement trials. Molecular replacement calculations are easily 
performed in the CCP4 package with automatic pipelines like 
MrBUMP  (  18  )  or with the software suite PHASER  (  19  ) . 
Re fi nement of structures is carried out with Refmac5  (  20,   21  ) , 
CNS  (  22,   23  ) , or Phenix  (  24  )  and manual rebuilding is performed 
using the software Coot  (  25  ) .    

 

     1.    Expression yields for some S100 proteins can be increased 
using growing  E. coli  at lower temperature, e.g., at 30 °C and 
at the same time increasing the time for expression.  

    2.    Some S100 proteins like S100A8 form inclusion bodies during 
expression. S100 proteins can be easily refolded by denatur-
ation of the inclusion bodies in 6 M Gu-HCl and subsequent 
dialysis against 50 mM Tris–Cl, pH 7.6.  

  4.  Notes

  Fig. 1.    Structure of S100 protein in the Ca2+-free state and Ca2+-loaded state. ( a ) Most S100 proteins consist of two 
subunits ( blue  and  red , respectively) forming a homodimer. Each subunit comprises an S100-speci fi c N-terminal EF-hand 
(EF1), a classical C-terminal EF-hand (EF2), and a linker region. The N-terminal EF-hand EF-1 ( dark colors ) is speci fi c for 
the S100 proteins and can bind a Na +  ( green spheres ) in the Ca 2+ -free state. ( b ) Each EF-hand can bind one Ca 2+  ( yellow 
spheres ) whereby Ca 2+  binding induces a large conformational change: helix III is moving by about 90° opening the protein 
structure and exposing a large hydrophobic pocket in each subunit where target proteins are bound ( yellow circles ).       
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    3.    Several S100 proteins like S100A2, S100A3, or S100A4 have 
highly reactive cysteine residues at the surface which oxidize 
readily and form disul fi de bonds. Addition of DTT to the 
puri fi cation buffers at a concentration of 1 mM usually pre-
vents disul fi de bond formation.  

    4.    Protein concentration of pure S100 proteins can be assessed 
easily by their speci fi c molecular extinction coef fi cients calcu-
lated from the amino acid sequence (  http://web.expasy.org/
protparam    ).  

    5.    Oxidized DTT has an absorption band with a maximum at 
280 nm that overlaps with the protein absorption. Therefore 
protein concentration determination as described in Note 4 
should be performed before    DTT is added.  

    6.    Several S100 proteins like S100B form non-covalent multim-
ers. For crystallization trials a monodisperse protein prepara-
tion is required. Different multimers can be separated in the 
 fi nal size exclusion puri fi cation step  (  26  ) .  

    7.    S100 proteins are highly soluble and can be concentrated to 
50 mg/ml and more. Small aliquots can be easily frozen in 
PCR tubes.  

    8.    Denaturation of protein during freezing is often prevented by 
addition of 10% glycerol to the solution. Always  fl ash freeze 
protein stock aliquots in liquid nitrogen bath and store then at 
−80 °C.  

    9.    Crystallization of S100 proteins with reactive cysteine residues 
might require the addition of 10 mM DTT for crystallization 
trials. Always prepare fresh DTT stock solutions and apply 
DTT directly prior to crystallization trials.  

    10.    For crystallization of S100 proteins with Ca 2+  bound to the 
EF-hands, CaCl 2  is added prior to crystallization to the protein 
after buffer exchange to a  fi nal concentration of 10–20 mM.  

    11.    If Ca 2+  is present avoid crystallization buffers with sulfate, 
phosphate, or tartrate. The solubility of Ca 2+  with each of these 
salts is very low leading to the formation of salt crystals which 
cannot be distinguished at a  fi rst glance from protein crystals.  

    12.    The dimeric architecture of many S100 proteins is often 
re fl ected in crystal packing. The symmetry axis is often a part 
of the crystal symmetry or gives rise to a pseudo symmetry.          
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    Chapter 7   

 Puri fi cation and Stable Isotope Labeling of the Calcium- and 
Integrin-Binding Protein 1 for Structural and Functional 
NMR    Studies       

     Hao   Huang    and    Hans   J.   Vogel         

  Abstract 

 The Calcium- and Integrin-Binding protein 1 (CIB1) has been identi fi ed as an important regulatory 
Ca 2+ -binding protein that is involved in various cellular functions. Nuclear Magnetic Resonance (NMR) 
spectroscopy provides a powerful approach to study the structure, dynamics, and interactions of CIB1 
and related proteins. Multidimensional NMR spectroscopy combined with various selective isotope label-
ing strategies has proven to be successful in the structure determination of CIB1. Moreover, the same 
approach allowed the detection of conformational changes when the protein binds different metal ions, 
and it facilitated the study of the interaction of CIB1 with the cytoplasmic domain of the human integrin 
 α IIb subunit. In this protocol, we describe the puri fi cation and isotope labeling strategies for productive 
NMR studies of CIB1. The same isotope labeling strategies can be implemented to study numerous 
related regulatory calcium-binding proteins.  

  Key words:   CIB1 ,  Calcium- and integrin-binding protein ,  Methyl labeling ,  Deuteration ,  NMR spec-
troscopy ,  Isotope labeling    

 

 The Calcium- and Integrin-Binding protein 1 (CIB1) is a member 
of the regulatory Ca 2+ -binding helix-loop-helix or EF-hand pro-
tein family  (  1  ) . CIB1 (sometimes also known as calmyrin or KIP) 
was originally discovered in an attempt to look for speci fi c binding 
partners of the cytoplasmic domain of the human platelet integrin 
 α IIb subunit by using yeast two-hybrid analysis  (  2  ) . CIB1 is now 
known to be a ubiquitous protein with 191 residues (22 kDa) and 
it has several functions in cell signaling  (  3,   4  ) . To date CIB1 has 

  1.  Introduction
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been reported to interact with a number of protein targets, includ-
ing the platelet integrin  α IIb subunit  (  2  ) , sphingosine kinase 1  (  5  ) , 
p21-activated kinase  (  6  ) , apoptosis signal-regulating kinase  (  7  ) , 
polo-like protein kinases  (  8  ) , DNA-dependent protein kinase  (  9  ) , 
oncoprotein LMO3  (  10  ) , calcineurin B subunit of the protein 
phosphatase calcineurin  (  11  ) , and possibly presenilin-2  (  12,   13  ) . 

 CIB1 is a protein with a molecular weight (MW) of 22 kDa. In 
our work, the aim was to solve the structure of CIB1 and to study 
its interactions with its binding partners by solution-state Nuclear 
Magnetic Resonance (NMR) methods. The unique advantages of 
using solution-state NMR over other high-resolution structural 
methods are that it can provide structural as well as dynamics infor-
mation, and that it can be easily used to study protein/protein or 
protein/ligand interactions. The latter is typically done by record-
ing several Heteronuclear Single-Quantum Coherence (HSQC) 
spectra during titration experiments. When one wants to perform 
solution NMR studies of proteins, biosynthetic  15 N- and/or 
 13 C-stable isotope labeling is normally required to create multinu-
clear multidimensional NMR spectra with good resolution. 
Incorporation of isotope labels is normally achieved biosyntheti-
cally through expression of the protein in bacteria, which are grown 
in a de fi ned medium containing the desired carbon and/or nitro-
gen sources. However, the typical  13 C-, 15 N-labeling approach is 
limited to proteins that are smaller than 20 kDa. Fortunately, many 
regulatory calcium-binding proteins (CBPs), such as the ubiqui-
tous calmodulin,  fi t within this size limit, and indeed many of the 
structures of EF-hand protein that are deposited in the Protein 
Data Bank (PDB) were determined by NMR spectroscopy rather 
than by X-ray crystallography methods. However, CIB1 and several 
related proteins are larger than 20 kDa. For these relatively large-
sized CBPs, solution NMR studies will normally also require 
deuteration of the protein to improve the NMR relaxation proper-
ties and to obtain high-quality spectra  (  14  ) . Upon deuteration, 
that is also achieved during biosynthesis, all the carbon-bound 
protons in the protein will be replaced by deuterons from the D 2 O 
medium. The quality of the NMR spectra is usually signi fi cantly 
improved by deuteration and indeed the backbone sequential reso-
nance assignment could be  fi nished for nearly 90% of all the resi-
dues of Ca 2+ -CIB1  (  15  ) . However, deuteration also removes the 
most abundant NMR probe, the protons, which prevents the sub-
sequent structure determination from using the classical proton–
proton Nuclear Overhauser Effect (NOE) approach. Fortunately, 
a strategy of using speci fi c metabolic precursors to selectively label 
the methyl groups of Ile, Leu, and Val (I/L/V) residues in pro-
teins has been developed by Kay and coworkers  (  16  ) . This approach 
has been used in the structure determination of several high-
molecular-weight proteins  (  17,   18  )  including CIB1  (  19  ) . Apart 
from structure determination, the I/L/V methyl group-labeled 
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and otherwise deuterated CIB1 protein has also been used in 
studies of its interactions with the cytoplasmic domain of the 
human integrin  α IIb subunit. Moreover the solvent exposure of 
the methyl group bearing amino acid side chains in its hydro-
phobic pocket could be studied at residue-speci fi c resolution using 
the nitroxide spin label TEMPOL  (  19,   20  ) . Speci fi cally, during 
biosynthesis of the protein in  Escherichia coli   α -ketobutyrate is 
required for Ile methyl group labeling and  α -ketoisovalerate is a 
precursor that gives rise to Leu and Val methyl group labeling  (  16  )  
(Fig.  1a, b ). For medium- to large-sized CBPs and their protein 
complexes, this NMR/methyl group labeling approach can help us 
understand their roles in the calcium signaling pathways from both 
a structural and a dynamic perspective.  

 In this protocol, we describe the puri fi cation and stable isotope 
labeling strategies that have been used in the structural investiga-
tion of CIB1 using solution-state NMR. Moreover, we also describe 
the methodologies required to study the interactions of this pro-
tein with other proteins. The application of these experimental 
strategies also provides a path to study the structure/function rela-
tionships of the entire neuronal calcium sensor (NCS) family of 
CBPs, which are of a similar size (190–200 residues) to CIB1. 
These proteins are usually expressed in the central nervous system, 
where they have unique and important functions  (  21  ) .  

 

  A synthetic CIB1 gene, with codons optimized for protein expres-
sion in  E. coli , was cloned into the pET19b vector (Novagen). The 
entire construct contains an N-terminal His-tag followed by an 
enterokinase cleavage site and the complete CIB1 gene. For many 

  2.  Materials

  2.1.  Bacterial Strain 
and Expression Vector

  Fig. 1.    Methyl group isotope labeling reagents used in this study.       
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proteins, the His-tag can be proteolytically removed after 
puri fi cation; however this is not the case for CIB1, because we 
found that the cleavage reduced the protein’s solubility. The 
uncleaved His-tag increases the overall molecular weight of the 
expressed protein to ~24 kDa. The CIB1 plasmid was transformed 
into the  E. coli  strain ER2566 (New England Biolabs) for protein 
expression.  

      1.    M9/H 2 O medium (1 L): 12 g Na 2 HPO 4 , 3 g KH 2 PO 4 , 0.5 g 
NaCl, 1 mM MgSO 4 , 100  μ M CaCl 2 , 100 mg ampicillin, 
10 mg FeCl 2 , 6 mg MnCl 2 , 1 mg thiamine, 3 g unlabeled glu-
cose or  13 C 6 -glucose, 1 g NH 4 Cl or  15 N-NH 4 Cl, 10 mL of 
100× vitamin mix (Sigma), and distilled H 2 O. The phosphate 
buffer in 1 L H 2 O (pH ~7.4–7.6) can be autoclaved ( see   Note 
1 ). Additional ingredients can be sterilized by  fi ltering through 
0.22  μ m pore size  fi lters, and then added into 1 L of the auto-
claved medium. Isopropyl  β - d -1-thiogalactopyranoside (IPTG) 
is needed at a later stage for protein induction.  

    2.    M9/D 2 O medium (1 L): Use the same chemicals and  fi ltration 
devices as used for the regular M9/H 2 O medium, except 
use 99% D 2 O to replace H 2 O. Sterilization of the growth 
medium was achieved by  fi ltering the  fi nal mixture through 
a 0.22  μ m pore size  fi ltration device.  

    3.    Laboratory incubator for bacterial growth at 37°C.  
    4.    Methyl group labeling reagents: 70 mg  α -ketobutyrate 

( 13 C 4 ;3,3-D 2 ) (Fig.  1c ), 120 mg  α -ketoisovalerate (1,2,3,4- 13 -
C 4 ;3,4,4,4-D 4 ) (Fig.  1d ), 70 mg  α -ketobutyrate (methyl- 13 -
C;3,3-D 2 ) (Fig.  1e ), and 120 mg  α -ketoisovalerate 
(3-methyl- 13 C;3,4,4,4-D 4 ) (Fig.  1f ) for 1 L medium; all of the 
above can be obtained from Cambridge Isotope Laboratories 
(CIL) or other suppliers of stable isotope-enriched material.  

    5.    100 mM phenylmethylsulfonyl  fl uoride (PMSF) in ethanol.  
    6.    Laboratory large-capacity refrigerated centrifuge.  
    7.    Ni-Sepharose 6 Fast Flow resin (Amersham Biosciences).  
    8.    6–8 kDa cut-off dialysis membrane (Spectrum Laboratories).  
    9.    Resuspension buffer for puri fi cation: 50 mM HEPES buffer, 

500 mM NaCl, pH 7.5.  
    10.    Wash buffer for puri fi cation: 50 mM HEPES buffer, 500 mM 

NaCl, pH 7.5, 80 mM imidazole.  
    11.    Elution buffer for puri fi cation: 50 mM HEPES buffer, 500 mM 

NaCl, pH 7.5, 300 mM imidazole.  
    12.    UV/Visible-spectrophotometer, and both plastic and quartz 

cuvettes.  
    13.    A commercially obtained synthetic peptide representing the 

cytoplasmic domain of the human integrin  α IIb subunit (here-
after referred to as  α IIb-p).       

  2.2.  Protein 
Expression, Labeling, 
and Puri fi cation
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      1.    Prepare 10 mL overnight culture of CIB1 in LB broth.  
    2.    Transfer the 10 mL overnight culture into a 3 L  fl ask which 

contains 1 L M9 H 2 O medium, and grow at 37°C with shak-
ing until OD 600  = 0.8, which typically takes 4–5 h. The OD 600  
absorbance can be measured using a UV/Visible spectropho-
tometer and disposable plastic cuvettes.  

    3.    Add IPTG for a  fi nal concentration of 100 mg/L, and con-
tinue to grow at 37°C for 4 h ( see   Note 2 ).  

    4.    Harvest the cells by centrifugation at 8,000 ×  g  and 4°C, and 
then freeze the cell pellet at −20°C for future puri fi cation.      

      1.    Prepare a 10 mL LB broth overnight culture of CIB1 and 
grow at 37°C.  

    2.    Spin down the cells and resuspend a fraction of the cells in 
50 mL M9/H 2 O medium (containing unlabeled NH 4 Cl and 
glucose) to achieve a starting OD 600  of approximately 0.1, and 
continue to grow at 37°C until OD 600  = 0.6–0.8.  

    3.    Spin down the cells, resuspend all into 200 mL M9/D 2 O 
medium ( see  Subheading 3.4 for choices of NH 4 Cl and 
glucose with different isotopic labelings), and grow at 37°C 
until OD 600  = 0.6–0.8.  

    4.    Add 800 mL M9/D 2 O medium into the 200 mL  E. coli  cul-
ture to have in total 1,000 mL medium, and continue to grow 
at 37°C.  

    5.    If methyl group stable isotope labeling is not performed, con-
tinue to grow until OD = 0.5–0.6, add 100 mg IPTG for 1 L 
medium, and continue protein expression at 37°C until a  fi nal 
OD = 1.0–1.2 is reached, which might take 6–10 h ( see   Notes 
3  and  4 ).  

    6.    If methyl group stable isotope labeling is performed, continue 
growth until OD 600  = 0.3–0.4, and then add the methyl label-
ing precursors; after growth for another hour, add IPTG to 
achieve a  fi nal concentration of 100 mg/L. Protein expression 
can proceed for 6–8 h at 37°C and the  fi nal OD600 will be 
around 1.0–1.2 ( see   Notes 3  and  4 ).      

  We used a one-step puri fi cation procedure and obtained high-
purity CIB1 with a typical yield of 20–30 mg per 1 L of minimal 
medium, as assessed by Sodium Dodecyl Sulfate-PolyAcrylamide 
Gel Electrophoresis (SDS-PAGE) (Fig.  2 ). 

  3.  Methods

  3.1.  Expression of CIB1 
in 1 L Regular M9/H 2 O 
Medium

  3.2.  Expression of CIB1 
in 1 L M9/D2O Medium 
(This Procedure Was 
Adapted from 
Tugarinov et al. 2006)

  3.3.  Puri fi cation 
of CIB1 Using a 
Ni-Column    
( See   Note 5 )
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    1.    Resuspend cell pellets in 50 mL resuspension buffer. Add 
50  μ L of 100 mM PMSF to inhibit proteases ( see   Note 6 ).  

    2.    Use a French press to break  E. coli  cells at 1,000 PSI for mul-
tiple times.  

    3.    Centrifuge the cell lysate at 30,000 ×  g  for 30–40 min.  
    4.    During centrifugation, use the 100 mM NiSO 4  solution to 

charge the Ni-column which was  fi lled with the Ni Sepharose 
Fast Flow resin.  

    5.    Pre-equilibrate the Ni-column with 2–4 column volumes of 
resuspension buffer and wash off any free Ni 2+  ions.  

    6.    Load the supernatant of cell lysate after high-speed centrifuga-
tion onto the equilibrated Ni-column using a laboratory peri-
staltic pump.  

    7.    Wash the column with 5 column volumes of wash buffer ( see  
 Note 7 ).  

    8.    Elute CIB1 with the elution buffer; collect the fractions (frac-
tion volume 1–1.5 mL) with positive A280 absorbance (using 
the elution buffer to blank the UV spectrophotometer). A 
UV/visible spectrophotometer and quartz cuvettes can be 
used to read the absorbance.  

    9.    Dialyze CIB1 using a 6–8 kDa cutoff dialysis membrane in 4 L 
H 2 O containing 4 g NH 4 HCO 3  to maintain pH; change the 
dialysis buffer four to six times. Once the dialysis is  fi nished, the 
protein sample can be lyophilized or concentrated using a 3 kDa 

  Fig. 2.    SDS-PAGE for the puri fi cation of CIB1 using a Ni-column: 1. Supernatant after 
French press and centrifugation. 2. Pellet after French press and centrifugation. 3. Flow 
through during loading of the supernatant onto the Ni column. 4. Collection during wash-
ing with 0 mM imidazole. 5. Collection during washing with 40 mM imidazole. 6. Collection 
during washing with 80 mM imidazole. 7. Elution with 300 mM imidazole. 8. Protein 
molecular weight markers.       
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molecular cut-off  fi lter (Millipore) and then  fl ash frozen using 
liquid nitrogen followed by storage at −80°C ( see  Note 8).  

    10.    Apart from the above protocol, Fast Protein Liquid 
Chromatography (FPLC) can also be successfully employed.      

      1.    Uniform  15 N-labeling or  15 N, 13 C-labeling of CIB1:  15 N-labeling 
of a protein is usually the  fi rst step in protein NMR studies to 
check the overall folding of the protein and the quality of the 
NMR spectra by recording a  1 H, 15 N-HSQC spectrum. 
Normally for proteins with an MW < 20 kDa,  15 N-, 13 C-labeled 
protein can be used to complete the NMR backbone sequen-
tial assignment (this approach was not successful for CIB1, 
vide infra). For  15 N-labeling,  15 NH 4 Cl and unlabeled glucose 
can be used to prepare the M9/H 2 O medium and the previous 
procedure of using the M9/H 2 O medium can be followed. 
For  15 N, 13 C-labeling,  15 NH 4 Cl and  13 C 6 -glucose should be 
used to prepare the M9/H 2 O medium. If it turns out that the 
protein under study requires deuteration to achieve the proper 
NMR spectral quality, the protein deuteration procedures 
described below need to be used (as was the case for CIB1).  

    2.    Backbone sequential resonance assignment: Uniformly  2 H-, 
 13 C-, and  15 N-labeled CIB1 was used for the backbone assign-
ment of calcium-bound CIB1 (Ca 2+ -CIB1).  13 C-glucose,  15 N-
NH 4 Cl, and 99% D 2 O were used in the preparation of M9/
D 2 O medium (see  Note 9 ). Overall ~87% deuteration level was 
achieved, which facilitated the backbone assignment of CIB1 
using a suite of three-dimensional (3-D) NMR experiments 
(see Note 10). A typical  1 H, 15 N-HSQC spectrum of CIB1 is 
shown in Fig.  3 , with all the backbone assignments indicated.   

    3.    Backbone dynamics:  2 H, 15 N-CIB1 can be used for measure-
ment of the backbone dynamics on picosecond–nanosecond 
timescale, e.g., backbone heteronuclear { 1 H} 15 N NOE dynam-
ics, T1, T2, etc. The same sample can also be used to study 
microsecond motions through NMR relaxation dispersion 
experiments. This labeling usually gives improved signal/noise 
spectra over  15 N-labeled CIB1 which is not deuterated. For the 
preparation of the M9/D 2 O medium, unlabeled glucose, 
 15 N-NH 4 Cl, and 99% D 2 O are needed (see Note 11).  

    4.    Methyl side chain assignment: Uniformly  2 H, 13 C- and Ile/
Leu/Val methyl  1 H-labeled CIB1 was used to obtain the 
methyl group assignments. Unlabeled NH 4 Cl ( see   Note 12 ), 
 13 C 6 -glucose, 99% D 2 O, as well as the methyl labeling precur-
sors  α -ketobutyrate ( 13 C 4 ;3,3-D 2 ) (Fig.  1c ) and  α -ketoisovaler-
ate (1,2,3,4- 13 C 4 ;3,4,4,4-D 4 ) (Fig.  1d ) were used to prepare 
this sample. The above-mentioned procedure of using M9/
D 2 O medium for methyl group labeling was employed (Fig.  4 ) 
( see   Notes 13  and  14 ).   

  3.4.  Labeling 
Strategies for Different 
NMR Experiments
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    5.    Stereospeci fi c assignment of the methyl groups of Leu and Val: 
10%  13 C-labeled CIB1 was used for the stereospeci fi c assign-
ment of the methyl groups of the Leu and Val residues in CIB1. 
Unlabeled NH 4 Cl, 10%  13 C-glucose/90% unlabeled glucose, 
and M9/H 2 O medium were used to prepare this sample. If in 
total 3 g glucose is used during expression, the ratio would be 
0.3 g  13 C 6 -glucose and 2.7 g unlabeled glucose ( see  Note 15).  

    6.    Acquisition of NOEs: Uniformly  2 H, 15 N- and I/L/V methyl 
( 1 H, 13 C)-labeled CIB1 were used to acquire NOEs using  13 C-
edited and  15 N-edited NOESY spectra. D 2 O,  15 NH 4 Cl, unla-
beled glucose, as well as the methyl labeling precursors 
 α -ketobutyrate (methyl- 13 C;3,3-D 2 ) (Fig.  1e ) and  α -ketois-
ovalerate (3-methyl- 13 C;3,4,4,4-D 4 ) (Fig.  1f ) were used to 
prepare this sample. Since this sample is isotopically labeled on 
both the backbone NH and on the methyl groups of I/L/V, 
methyl–methyl NOEs, methyl–NH NOEs, and NH–NH 
NOEs can be acquired using both  15 N-edited and  13 C-edited 
NOESY experiments.  

    7.    Methyl group cross-saturation experiments for studies of pro-
tein/protein interactions: Uniformly  2 H- and I/L/V methyl 
( 1 H, 13 C)-labeled CIB1 were used for this study. 99.9% D 2 O 

  Fig. 3.     1 H, 15 N HSQC spectra of Ca 2+ -CIB1 ( a ) and Ca 2+ -CIB1 in the complex with  α IIb-p ( b ). The backbone assignment of 
the peaks is indicated by their residue number. The Chemical Shift Perturbation (CSP) can be extracted from these two sets 
of backbone assignment to characterize the interaction between Ca 2+ -CIB1 and  α IIb. (This research was originally pub-
lished in the Journal of Biological Chemistry. Yamniuk AP, Ishida H, Vogel HJ.  J. Biol. Chem.  2006; 281:26455–64 © the 
American Society for Biochemistry and Molecular Biology).       
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and D 7 -glucose as well as the methyl labeling precursors 
 α -ketobutyrate (methyl- 13 C;3,3-D 2 ) (Fig.  1e ) and  α -ketois-
ovalerate (3-methyl- 13 C;3,4,4,4-D 4 ) (Fig.  1f ) were used to 
prepare this sample. The use of 99.9% D 2 O and D 7 -glucose is 
required here to remove the maximum number of protons 
from the protein.      

  Fig. 4.     1 H, 13 C-HSQC spectra of the methyl groups of Ca 2+ -CIB1 ( a ) and Ca 2+ -CIB1 in the complex with  α IIb-p ( b ). The 
stereospeci fi c assignments are indicated in the  fi gure with the residue number. The methyl-group CSP can be extracted 
from these two sets of backbone assignments to characterize the interaction between Ca 2+ -CIB1 and  α IIb-p. (This research 
was originally published in the Journal of Biological Chemistry. Huang H, Ishida H, Yamniuk AP, Vogel HJ.  J. Biol. Chem.  
2011; 286:17181–92 © the American Society for Biochemistry and Molecular Biology).       
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      1.    Obtain a  1 H, 15 N-HSQC spectrum for  2 H, 15 N-labeled CIB1; 
the sample contains 0.3–0.5 mM  2 H, 15 N-labeled CIB1 pro-
tein, 50 mM HEPES buffer in H 2 O at pH 7.5, 1 mM DTT, 
and 100 mM NaCl.  

    2.    Gradually titrate in aliquots of  α IIb-p from a concentrated 
stock solution of the peptide and record HSQC spectra at 
7–10 points during a titration experiment (up to 1.2 equiva-
lents if they form a 1:1 complex).  

    3.    Analyze the chemical shift changes of the NH peaks, which 
requires two sets of backbone assignment for the CIB1 alone 
(Fig.  3a ) and CIB1 in complex with  α IIb-p (Fig.  3b ) ( see  
 Note 16 ).      

      1.    Obtain a  1 H, 13 C-HSQC or HMQC spectrum (also called 
methyl-TROSY spectroscopy  (  22  ) ) for uniformly  2 H- and 
I/L/V methyl ( 1 H,  13 C)-labeled CIB1; the sample contains 
0.3–0.5 mM uniformly  2 H- and I/L/V methyl ( 1 H,  13 C)-labeled 
CIB1 protein, 50 mM HEPES buffer in D 2 O at pD 7.5, 1 mM 
DTT, and 100 mM NaCl.  

    2.    Gradually titrate in  α IIb-p and record HSQC/HMQC spectra 
at 7–10 points during a titration experiment (up to 1.2 equiva-
lents if they form a 1:1 complex).  

    3.    Analyze the chemical shift changes of the methyl peaks (for an 
example  see  Fig.  5a ), which requires two sets of methyl-
group assignments: one for the Ca 2+ -CIB1 alone (Fig.  4a ) 
and one for Ca 2+ -CIB1 in complex with  α IIb-p (Fig.  4b ) ( see  
 Note 16 ).       

      1.    Run a 1-D  1 H-NMR spectrum for  2 H- and I/L/V methyl 
( 1 H, 13 C)-labeled CIB1 (99.9% D 2 O and D 7 -glucose used for 
labeling) to check the deuteration level; the sample contains 
0.3–0.5 mM uniformly  2 H- and I/L/V methyl ( 1 H, 13 C)-la-
beled CIB1 protein, 50 mM D 18 -HEPES buffer in 99.9% D 2 O 
at pD 7.5, 1 mM D 10 -DTT, and 100 mM NaCl.  

    2.    Obtain a 1-D proton NMR spectrum for  2 H- and I/L/V 
methyl ( 1 H, 13 C)-labeled CIB1 using the pulse sequence with 
selective pre-saturation on the aliphatic, H α  and H β  spectral 
regions (3.5–8.5 ppm, centered at 6.0 ppm). A typical starting 
irradiation time will be between 1 and 2 s but researchers 
should adjust this carefully for a relatively strong irradiation 
while the signal of the methyl groups of CIB1 should be rela-
tively unaffected.  

    3.    Run a 2-D HSQC/HMQC spectrum on the  2 H- and I/L/V 
methyl ( 1 H, 13 C)-labeled CIB1 sample with pre-saturation using 
the parameters obtained from  step 2  above. This is a control 

  3.5.  Protein Interaction 
Studies with CIB1 and 
 a IIb-p by Backbone 
NH Chemical Shift 
Perturbation

  3.6.  Protein Interaction 
Studies with CIB1 and 
 a IIb-p by Methyl 
Group CSP  (  22,   23  ) 

  3.7.  Protein Interaction 
Studies with CIB1 and 
 a IIb-p by Methyl 
Group Cross-
Saturation
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experiment to determine the effect of pre-saturation on CIB1 
when the protonated binding partner is not present.  

    4.    Add the synthetic  α IIb-p (protonated protein partner) into the 
above NMR sample for saturation and obtain two sets of 2-D 
experiment as described above for this new complex sample of 
CIB1/ α IIb-p for saturation time 0 s and 1–2 s (e.g., 1.5 s), 
respectively.  

    5.    Analyze the intensity change of the  2 H- and I/L/V methyl 
( 1 H, 13 C)-labeled CIB1 in complex with  α IIb-p both with and 
without the pre-saturation using the formula  Signal Loss  = 1 − 
( I  (Tsat=1.5 )/ I  (Tsat=0) ). Typical results are shown in Fig.  5b .       

  Fig. 5.    The use of isotope-labeled methyl groups in the NMR studies of CIB1 with  α IIb-p. ( a ) Chemical shift perturbation 
studies using methyl groups (this  fi gure was originally published in the Journal of Biological Chemistry. Huang H, Ishida H, 
Yamniuk AP, Vogel HJ.  J. Biol. Chem.  2011; 286:17181–92 © the American Society for Biochemistry and Molecular Biology). 
( b ) Cross-saturation studies using methyl groups (this  fi gure was originally published in the Journal of American Chemical 
Society. Huang H and Vogel HJ.  J. Am. Chem.  Soc. 2012;134: 3864–72 © American Chemical Society) ( 23 ). Consistent 
results were obtained for these two experiments and the data show that the amino acid side chains in CIB1 that interact 
with  α IIb-p reside mainly in the C-lobe of the protein.       
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     1.    The pH of the medium or buffer can be adjusted using small 
aliquots of 1 M NaOH or 1 M HCl stock solutions and a pH 
meter equipped with a calibrated glass electrode.  

    2.    Another commonly used protein expression protocol in  E. coli  
is to lower the temperature to 16–18°C for overnight induc-
tion once IPTG is added. The elongated induction period at 
lower temperature will sometimes help the protein fold prop-
erly in vivo.  

    3.    Low-temperature induction is not recommended during pro-
tein deuteration because the growth of  E. coli  in D 2 O is usually 
already quite slow compared to the growth in LB broth or 
M9/H 2 O media.  

    4.    There are quick ways of conducting protein deuteration if 
methyl labeling is not required. For example, a big cell pellet 
obtained from LB medium can be directly resuspended into 
1 L of M9/D 2 O medium to achieve a starting OD 600  = 0.05–
0.1. However, if methyl group isotope labeling is required, 
strictly following the outlined deuteration protocol step by 
step or Tugarinov and Kay’s protocol  (  16  )  is strongly 
recommended.  

    5.    Purifying proteins in the cold room (4°C) is often a standard 
procedure to minimize potential protein breakdown through 
co-purifying proteolytic enzymes. However, in our studies, the 
CIB1 proteins with different isotope labelings were all puri fi ed 
at room temperature. We have not experienced any problems 
in purifying CIB1 at room temperature using the quick one-
step Ni-column puri fi cation.  

    6.    A protease inhibitor cocktail tablet (Sigma-Aldrich) can also be 
used to prevent nonspeci fi c protein cleavage.  

    7.    For wash buffer, typically 60–80 mM imidazole can be used.   
    8.    For deuterated proteins, an unfolding/refolding process using 

denaturants sometimes needs to be performed to facilitate 
the D/H backward by hydrogen exchange of the nitrogen-
bound deuterons. However, this step is not required for 
deuterated CIB1, for which 88% of the resonances in the back-
bone could be assigned without using an unfolding/refolding 
process  (  15  ) .  

    9.    If one uses  13 C 6 ,D 7 -glucose, a higher percentage (~95%) deu-
teration can be achieved, but the cost will be much higher than 

  4.  Notes
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using  13 C 6 -glucose. Therefore,  13 C 6 -glucose is recommended if 
expense is an issue.  

    10.    The 3-D NMR experiments used for the assignment of CIB1 
were Transverse relaxation optimized spectroscopy (TROSY) 
versions of HNCACB, HN(CA)CO, HN(CO)CACB, and 
HNCO  (  15  ) .  

    11.    Uniformly  15 N-labeled CIB1 can also be used for backbone 
heteronuclear { 1 H} 15 N NOE dynamics.  15 NH 4 Cl, unlabeled 
glucose, and M9/H 2 O medium could be used to prepare 
the M9/H 2 O medium. It should be noted that the 
 2 H, 13 C, 15 N-labeled CIB1 sample cannot be used for the 
NMR dynamics measurements, because the  13 C-labeled 
backbone carbons would affect the relaxation of the back-
bone  15 N atoms.  

    12.    When preparing samples for methyl group NMR studies, it is 
usually a good idea to label backbone amide nitrogens with 
 15 NH 4 Cl as well even though  15 N-labeling is not required in 
every case. With  15 N-labeling of the backbone, the quality 
and correct folding of the protein sample can always be 
quickly assessed by running a  1 H, 15 N-HSQC or TROSY-
HSQC spectrum.  

    13.    A recently published 3D multiple-quantum (MQ) (H)
CCmHm-TOCSY experiment was employed to assign the 
methyl groups of CIB1  (  24  ) . This methyl assignment approach 
relies on the chemical shifts of C α  and C β , which have been 
obtained previously from the protein backbone assignment 
work  (  15,   25,   26  ) .  

    14.    In addition to the widely performed I/L/V methyl labeling, 
the methyl groups in the side chains of Met  (  27,   28  )  or Ala 
 (  29  )  can also be isotopically labeled and used for NMR studies. 
Apart from the speci fi c methyl group labeling, a strategy of 
simply using the protein expressed with  13 C 6 -glucose in D 2 O 
medium in combination with advanced NMR techniques can 
also be used to assign the methyl groups for most methyl-
group containing residues (Thr, Ala, Ile, Leu, Val) in large pro-
teins  (  30  ) .  

    15.    Constant time (CT)-HSQC can be used to stereospeci fi cally 
assign the methyl groups of Leu and Val in CIB1.  

    16.    When binding of the peptide to the protein is tight (Kd  £  1  μ M), 
one usually obtains two separate sets of peaks (slow exchange) 
in NMR spectra for the two interconverting states of the pro-
tein. When the binding is weaker and fast exchange NMR 
conditions prevail, one can simply follow the shift of the 
assigned peaks in the spectra, and only the original assignment 
is needed.          
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    Chapter 8   

 Analysis of Calcium-Induced Conformational Changes 
in Calcium-Binding Allergens and Quantitative 
Determination of Their IgE Binding Properties       

     Nuria   Parody   ,    Miguel   Ángel   Fuertes   ,    Carlos   Alonso   , 
and    Yago   Pico   de   Coaña         

  Abstract 

 The polcalcin family is one of the most epidemiologically relevant families of calcium-binding allergens. 
Polcalcins are potent plant allergens that contain one or several EF-hand motifs and their allergenicity is 
primarily associated with the Ca 2+ -bound form of the protein. Conformation, stability, as well as IgE 
recognition of calcium-binding allergens greatly depend on the presence of protein-bound calcium ions. 

 We describe a protocol that uses three techniques (SDS-PAGE, circular dichroism spectroscopy, and 
ELISA) to describe the effects that calcium has on the structural changes in an allergen and its IgE binding 
properties.  

  Key words:   Allergen ,  Polcalcin ,  Calcium ,  EF-hand ,  IgE binding    

 

 Calcium-binding allergens include a wide variety of proteins that 
have been isolated from pollen, parasites, and  fi sh  (  1  )  .  These aller-
gens are highly cross-reactive and include proteins that have a wide 
variety of structural, functional, and calcium-binding properties. 

 One of the most epidemiologically relevant families of calcium-
binding allergens is the polcalcin family, which includes pollen 
allergens from grasses, trees, and weeds. All these allergens bind 
calcium through interactions with EF-hand motifs. The polcalcin 
family contains at least 35 pollen allergens having two, three, or 

  1.  Introduction
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four EF-hand motifs  (  1  ) . These motifs consist of two perpendicularly 
placed  α -helices and one interhelical loop forming a single 
calcium-binding site  (  2  ) . Calcium binding to EF-hand motifs has 
shown to alter the secondary and tertiary structure of the proteins 
because there is a change in the orientation of the two amphipathic 
 α -helices  fl anking the binding motif  (  3  ) . These conformational 
changes might affect the allergen’s stability as well as its IgE binding 
properties  (  4–  7  ) . A detailed knowledge of these molecular 
changes may be highly signi fi cant for the molecular design of 
hypoallergenic variants that can be used in allergen-speci fi c 
immunotherapy. 

 This chapter contains a detailed protocol of three methods 
used to analyze the effect of calcium on the structural and IgE 
binding properties of a given allergen. Here, we focused on the 
analysis of the Cup a 4 protein, an allergen from the Arizona 
Cypress that was recently described in our laboratory  (  8  ) . The 
polcalcin family Cup a 4 protein contains 4 EF-hand motifs and is 
highly cross-reactive with other calcium-binding allergens (unpub-
lished results). The calcium binding to the Cup a 4 protein was 
proven by its different migration rate on SDS-PAGE in the pres-
ence and absence of calcium. A more detailed secondary structure 
analysis was carried out through circular dichroism spectroscopy. 
Finally, the IgE binding capability of the allergen in the presence or 
absence of calcium is quantitatively measured by an ELISA assay.  

 

 All solutions are prepared using deionized water and analytical 
grade reagents. Procedures are carried out at room temperature 
unless indicated otherwise. Basic chemicals were purchased from 
Sigma Aldrich unless indicated otherwise. 

      1.    Normal dialysis buffer: 25 mM phosphate buffer pH 7.4.  
    2.    High calcium dialysis buffer: 25 mM phosphate buffer pH 

7.4 + 250  μ M CaCl 2 .  
    3.    Calcium-free dialysis buffer: 25 mM phosphate buffer pH 

7.4 + 250  μ M EGTA (see Note 1).  
    4.    Regenerated cellulose dialysis membranes with the appropriate 

molecular weight cut-off (Spectrum Europe B.V., Breda, The 
Netherlands).  

    5.    Standard dialysis membrane closures (Spectrum Europe B.V.).  
    6.    Dialysis reservoir, magnetic stirrer.      

  2.  Materials

  2.1.  Dialysis
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      1.    Stacking gel buffer: Tris–HCl 0.5 M, pH 6.8. Weigh 6.1 g 
Tris, dissolve in 75 ml water, and adjust pH with HCl. Add 
water up to 100 ml. Store at room temperature.  

    2.    Resolving gel Buffer: Tris–HCl 1.5 M, pH 8.8. Weigh 18.1 g 
Tris, dissolve in 75 ml water, and adjust pH with HCl. Add 
water up to100 ml. Store at room temperature.  

    3.    Acrylamide/bisacrylamide solution (30%) was purchased from 
Biorad Laboratories.  

    4.    Ammonium persulfate was used as a 10% solution in water. 
Prepare a fresh 1 ml solution and store at 4°C for up to 1 month 
(see Note 2).  

    5.     N , N , N¢ , N  ¢ -tetramethyl-ethylenediamine (TEMED).  
    6.    10% SDS solution in deionized water (see Note 3).  
    7.    5× Electrophoresis running buffer: 0.125 M Tris–HCl, 0.96 M 

glycine, 0.5% SDS. Weigh 15.12 g Tris, 72.06 g glycine and 
dissolve in 800 ml water. Add 5 ml SDS 10% and complete to 
1 L with water. Store at room temperature.  

    8.    2× sample loading buffer: 0.125 M Tris–HCl pH 6.8, 4% SDS, 
10%  β -mercaptoethanol, 0.04% bromophenol blue, 20% glyc-
erol. In a 15 ml Falcon tube add 2.5 ml Tris–HCl 0.5 M pH 
6.8, 4 ml SDS 10%, 0.3 ml EDTA 0.5 M pH8, 1 ml  β -mercap-
toethanol (98%), 2.29 ml glycerol (87%), and 0.4 mg 
Bromophenol blue. Complete with water up to 10 ml. Freeze 
at −20°C in 1 ml aliquots (see Note 4).  

    9.    SDS-PAGE was performed using the Mini-PROTEAN Tetra 
Electrophoresis System (Biorad).  

    10.    Broad range molecular weight markers (Biorad).  
    11.    Staining solution: 45% methanol, 7.5% acetic acid, 0.25% 

Coomassie brilliant blue (CBB) R250. Dissolve 2.5 g CBB in 
450 ml methanol, add 75 ml glacial acetic acid, and complete 
with water up to 1 L.  

    12.    Destaining solution I: 45% methanol, 7.5% acetic acid. In a 
graduated cylinder, add 450 ml methanol, 75 ml glacial acetic 
acid and complete with water up to 1 L.  

    13.    Destaining solution II: 5% methanol, 7.5% acetic acid. In a 
graduated cylinder, add 50 ml methanol, 75 ml glacial acetic 
acid and complete with water up to 1 L.      

      1.    Far-UV capable spectropolarimeter  fi tted with a thermostated 
cell holder and interfaced with a computer (see Note 5).  

    2.    Spectrosil precision 0.1 cm cells.      

      1.    96 well  fl at bottom Nunc MaxiSorp™ plates (Nalge Nunc 
International, Rochester, NY, USA).  

  2.2.  SDS-PAGE 
Electrophoresis

  2.3.  Circular Dichroism 
Spectroscopy

  2.4.  ELISA Assay
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    2.    Phosphate-Buffered Saline (PBS) pH 7.4: 137 mM NaCl, 
2.7 mM KCl, 10 mM Na 2 HPO 4  × 2H 2 O, 2 mM KH 2 PO 4 .  

    3.    Coating solutions: PBS + 250  μ M calcium (add 1.25 ml of 
100 mM CaCl 2  to 50 ml 10× PBS, complete with water to 
500 ml), PBS + 250  μ M EGTA (add 250  μ l EGTA 0.5 M pH8 
to 50 ml 10× PBS, complete with water to 500 ml).  

    4.    Washing solutions: PBS + 0.5% Tween, PBS + 250  μ M 
calcium + 0.5% Tween, PBS + 250  μ M EGTA + 0.5% Tween.  

    5.    Blocking solutions: PBS + 0.5% Tween + 5% Bovine Serum 
Albumin (BSA), PBS + 250  μ M calcium + 0.5% Tween + 5% 
BSA, PBS + 250  μ M EGTA + 0.5% Tween + 5% BSA.  

    6.    Antibody diluting solutions: PBS + 1% Tween + 10% BSA, 
PBS + 500  μ M calcium + 1% Tween + 10% BSA, PBS + 500  μ M 
EGTA + 1% Tween + 10% BSA (see Note 6).  

    7.    HRP conjugated anti-IgE antibody (Southern Biotech, AB, 
USA).  

    8.    Substrate solution: Add four Dako OPD tablet (Dako Denmark 
A/S, Copenhagen) to 12 ml water, allow to dissolve in the 
dark, then add 12  μ l H 2 O 2  per added tablet (see Note 7).  

    9.    1 M H 2 SO 4  solution: Prepare by adding 53.3 ml of 95–97% 
H 2 SO 4  to 946.7 ml prechilled deionized water (see Note 8).       

 

  For all assays a puri fi ed allergen is needed. The allergen can origi-
nate from natural or recombinant sources and can be puri fi ed using 
several techniques (described in refs.  8–  10  ) . The protein of interest 
will be analyzed under three conditions: normal calcium, high 
calcium, and calcium-free. We have de fi ned normal calcium as the 
status in which solutions are prepared for day-to-day use in the lab. 
High calcium conditions imply the presence of 250  μ M CaCl 2  and 
in calcium-free buffers, EGTA is added to a  fi nal concentration 
of 250  μ M.

    1.    Soak an appropriate length of dialysis tubing in deionized water 
for 20–30 min (see Note 9).  

    2.    Clamp one end of the dialysis tube with a standard closure. Fill 
the tubing with water and check for leaks (see Note 10). Load 
the sample into the tube and leave space for a small bubble and 
clamp the other end. Check for leaks.  

    3.    Immerse the clamped tube that contains the sample in a dialysis 
reservoir containing 2 L of the appropriate dialysis buffer 
(normal calcium, high calcium, or no calcium), check that the 

  3.  Methods

  3.1.  Sample 
Preparation
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clamped tube has slightly positive buoyancy, and add a magnetic 
stir bar. Place on a magnetic stirrer and set to low speed (see 
Note 11) in a cold room at 4°C.  

    4.    Change dialysis buffer after 2 and 5 h and then leave overnight. 
Perform one  fi nal buffer change the next day and dialyze for an 
additional 2 h.  

    5.    Carefully open one of the clamps, quantitate, and aliquot the 
dialyzed sample (see Note 12).      

      1.    Clean glass plates with a mild detergent and rinse with ethanol. 
Dry with a laboratory wipe. Set up glass plates in gel casting 
chamber.  

    2.    12% Resolving gel preparation: In a 15 ml polystyrene tube, 
mix 2.5 ml resolving buffer, 3.3 ml water, and 4 ml 30% acryl-
amide/bisacrylamide solution. Add 100  μ l 10% SDS and mix 
gently by inversion. Add 50  μ l APS 10% solution and 5  μ l 
TEMED, and immediately add 4 ml to gel casting chamber. 
Overlay with 1 ml water. When gels have polymerized and 
immediately before stacking gel preparation, invert the casting 
chamber to pour out the overlaying water and gently dry with 
Whatman ®  paper.  

    3.    Stacking gel preparation: Mix 1.24 ml stacking buffer with 
3 ml water and 0.65 ml 30% acrylamide/bisacrylamide solu-
tion. Add 50  μ l SDS 10% and mix gently by inversion. Add 
25  μ l APS 10% and 5  μ l TEMED and pour immediately into 
gel casting chamber containing polymerized resolving gel. 
Insert a 10-well comb.  

    4.    Sample preparation: To 1–2  μ g dialyzed protein, add an equal 
volume of 2× sample loading buffer. Heat samples at 95°C for 
5 min, transfer immediately to ice, and brie fl y spin in a 
microfuge to collect condensate.  

    5.    Load samples in gel and add molecular weight marker. Run at 
50 V for 5 min and then raise voltage to 200 V. The electro-
phoresis is  fi nished when the dye front reaches the bottom of 
the gel.  

    6.    Open the gel plates with the use of a plastic spatula and care-
fully transfer the gel into an appropriately sized container. Add 
staining solution, cover the container with aluminum foil, and 
stain for 20–30 min in an orbital shaker.  

    7.    Discard staining solution, add destaining solution I, and incu-
bate in an orbital shaker for 2–3 h, replacing the destaining 
solution after the  fi rst hour. Replace destaining solution I with 
destaining solution II and keep overnight at 4°C.  

    8.    Analyze results: If the protein of interest binds calcium, different 
migration patterns may be observed (Fig.  1 ).       

  3.2.  SDS-PAGE
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      1.    Prepare 25  μ M dilutions of each of the protein samples: 
Normal, calcium-free (250  μ M EGTA), and high calcium 
(250  μ M CaCl 2 ) (see Note 13).  

    2.    Switch on the CD spectrometer (see Note 5) and allow time for 
the electronics and lamp to stabilize (approximately 30 min).  

    3.    Load the cell with protein sample and collect a CD spectrum 
using the following parameters: 25°C, 190–250 nm range at 
a rate of 50 nm/min, a bandwidth of 1.0 nm, and a response 
time of 2 s.  

    4.    Collect three spectra per sample and calculate the mean 
spectrum.  

    5.    Repeat steps 3 and 4 with the buffer used for each protein 
sample.  

    6.    Subtract the buffer spectrum from the protein sample 
spectrum.  

    7.    Normally, the spectrum ellipticity,   θ     λ   , is obtained in millide-
grees; therefore it is necessary to convert the results to 
molecular ellipticity, [ θ ]  λ  , using the following formula:

     
λ

λ

θ
θ =[ ]

100.
C.l

   

where  C  is the molar concentration in mol/l and  l  is the cell 
length in cm.  

  3.3.  Circular Dichroism 
Spectroscopy

  Fig. 1.    SDS-PAGE analysis of Cup a 4 in the presence/absence of calcium. Lane 1. 250  μ M 
EGTA. Lane 2. Normal calcium. Lane 3. 250  μ M CaCl 2 . 1  μ g protein was loaded in each 
well. M: Broad range molecular weight markers (Biorad).       
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    8.    Plot-normal, no-calcium, and high-calcium spectra (Fig.  2  and 
Note 14).       

  All steps are carried out at room temperature unless stated 
otherwise.

    1.    Antigen coating: The allergen of interest is prepared at a  fi nal 
concentration of 7  μ g/ml in one of the following solutions: 
PBS, PBS + 250  μ M calcium, or PBS + 250  μ M EGTA. Add 
100  μ l per well to a 96-well microplate (see Note 15). The 
number of wells depends on the number of sera to be ana-
lyzed, taking into account that each analysis will be performed 
in duplicate. Cover and incubate overnight at 4°C on a  fl at 
surface.  

    2.    Empty each plate by inversion and dry by blotting on a paper 
towel. Wash three times by adding 200  μ l of the selected 
washing solution and incubating for 5 min on a plate shaker at 
200 rpm (see Note 16). Use the washing solution that corre-
sponds to the calcium content selected for each assay (normal, 
no calcium, or high calcium).  

    3.    Block for 2 h in 200  μ l of the corresponding blocking solution 
(normal, no calcium, or high calcium). Remove blocking solu-
tions by inversion and dry by blotting on a paper towel.  

    4.    Prepare serum dilutions: Dilute each serum 1:1 in each of the 
antibody diluting solutions (normal, no calcium, or high 
calcium). Add 100  μ l of each diluted serum and incubate for 
2 h on a plate shaker at 200 rpm.  

    5.    Empty each plate by inversion and dry by blotting on a paper 
towel. Wash three times as explained in step 2.  

  3.4.  Quantitative 
Analysis of IgE 
Binding Properties

  Fig. 2.    Far UV CD spectra of 20  μ M Cup a 4 in the presence/absence of calcium.       
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    6.    Add 100  μ l of secondary antibody solution. This solution is 
prepared by diluting the anti-IgE antibody 1:800 in the 
corresponding blocking solution (normal, no calcium, or high 
calcium). Incubate for 1 h on a plate shaker at 200 rpm.  

    7.    Empty each plate by inversion and dry by blotting on a paper 
towel. Wash three times as explained in step 2.  

    8.    Add 100  μ l substrate solution to each well and incubate for 
20–30 min in the dark (see Note 17).  

    9.    Stop reaction by adding 50  μ l of 1 M H 2 SO 4  per well (see 
Note 18).  

    10.    Read 450 nm absorbance in a 96-well micro plate reader.  
    11.    Analyze results: Calculate the mean and standard deviation of 

absorbance values obtained for the  fi ve negative control serum 
samples in each of the calcium conditions. The  fi nal absorbance 
value for each sample is calculated by the following formula:    

      =  + −n negAbs Abs (Abs 2SD),    

where Abs n  is the normalized absorbance value, Abs is the O.D. 
value for each sample, Abs neg  is the mean absorbance calculated for 
the  fi ve negative control sera, and SD is the standard deviation 
calculated for the  fi ve negative control sera. The Abs n  calculated by 
this method are considered reactive against the tested allergen 
when they are positive. Plot the Abs n  values (Fig.  3 ).    

  Fig. 3.    IgE binding activity of sera from three allergic patients to Cup a 4 in the three calcium conditions: high, normal, and 
no calcium. Patients were selected in the context of the EU CRAFT Cyprall project QLK-CT-2002-71661, serum was 
obtained after written consent. All patients were positive by skin prick test to  C. arizonica  extract prepared in native 
conditions.       
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     1.    The best way to prepare these buffers is using 0.1 M phosphate 
buffer pH 7.4  (  11  ) : Add 250 ml to three graduated cylinders. 
Complete the  fi rst one to 1 L with water to obtain normal 
dialysis buffer. Add 2.5 ml 100 mM CaCl 2  to the second one 
and complete to 1 L with water (high-calcium dialysis buffer). 
Add 500  μ l EGTA 0.5 M, pH8 and complete to 1 L with water 
to obtain calcium-free dialysis buffer.  

    2.    Prepare 10 ml of a 10% solution by adding 1 g ammonium 
persulfate to 10 ml water, and store aliquots at −20° C. Once 
thawed, APS solution can be stored at +4°C for 1 month.  

    3.    An easy way to prepare 10% SDS without frothing is by weigh-
ing 50 g of SDS and adding it on top of a beaker containing 
350 ml water. The next day, the SDS will be dissolved and can 
be completed to 500 ml with water. Always wear a mask while 
weighing SDS.  

    4.    This buffer can be prepared at 4× when the protein concentra-
tion of the sample is low. This allows loading of larger sample 
volumes.  

    5.    We use a JASCO J-600 spectropolarimeter (Jasco Europe 
SLR, Cremella, Italy) and a NESLAB RTE-100 water bath 
(ThermoElectron Measurement Systems, Karlsruhe, Germany).  

    6.    Since the sera will be diluted 1:1, the detergent and blocking 
agent concentrations in these solutions are doubled.  

    7.    12 ml is enough for one 96-well plate, and scale up or down, 
accordingly. This solution must be used within 60 min and 
should be kept in the dark. The original Dako instructions 
suggest adding a much lower quantity of H 2 O 2  (5  μ l). We  fi nd, 
however, that it is better to use 12  μ l in order to avoid the 
reduction of activity that takes place after long-term storage of 
H 2 O 2 . This solution is toxic to aquatic organisms, and should 
be disposed according to local regulations.  

    8.    Wear gloves and protect your eyes with safety goggles while 
preparing this solution. Dilution of concentrated acid should 
always be done in a fume hood. To avoid strong exothermic 
reactions, add concentrated acid to water slowly; never add 
water to a concentrated acid.  

    9.    We use the Dialysis Tubing Calculator at the Spectrum 
Laboratories Web site:   http://www.spectrumlabs.com/dialysis/
dtCalc.html    . Always use gloves to handle the dialysis mem-
brane because the membrane is susceptible to cellulolytic 
microorganisms.  

  4.  Notes

http://www.spectrumlabs.com/dialysis/dtCalc.html
http://www.spectrumlabs.com/dialysis/dtCalc.html
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    10.    Always perform all dialysis sample handling procedures over a 
beaker in case the membrane slips. Use a paper towel to check 
for leaks: gently set the clamp with the tube on a paper towel 
and observe if moisture appears.  

    11.    It is very important to check the dialysis frequently during the 
 fi rst hour to make sure that the membrane is not moving too 
quickly or touching the magnetic stirrer in the bottom of the 
dialysis reservoir.  

    12.    If the protein is going to be used only for ELISA or SDS-
PAGE analysis, quantitation by colorimetric methods (i.e., 
Bradford, BCA, or Lowry) is precise enough. However, if CD 
analysis is going to be performed, a more precise quantitation 
method based on A280 with an empirically determined extinc-
tion coef fi cient  (  12  )  is recommended.  

    13.    Take into account that the protein samples were dialyzed 
against buffers that contained 500  μ M EGTA and CaCl 2 . 
Dilute with the appropriate buffer in each case. We recom-
mend a  fi rst dilution step with 25 mM pH 7.4 phosphate 
buffer to correctly adjust calcium and EGTA concentrations. 
Samples can then be diluted to the  fi nal concentration with the 
appropriate buffer.  

    14.    Further analysis of the secondary structure data can be per-
formed using the dichroweb server  (  13  )  and analyzed as has 
been previously described  (  14  )  .   

    15.    The number of wells used depends on the number of sera to be 
analyzed. For each serum, three conditions will be tested 
(250  μ M EGTA, residual calcium, and 250  μ M calcium) and 
duplicates should be performed; count at least six wells per 
sample. For practical reasons each calcium condition is per-
formed on a separate plate, include at least  fi ve nonreactive 
negative control sera as well as two no serum control wells in 
each plate.  

    16.    We have found that washing in a 23 × 16 × 8 cm plastic food 
container (wash bowl) yields the lowest background and highest 
reproducibility results: Fill a wash bowl with 200 ml washing 
buffer and place the ELISA plate inside. Push it down so that all 
the wells are covered by the washing buffer, move the wash bowl 
sideways three or four times, then invert the plate in a sink, and 
blot dry with a paper towel. Perform this step three times and 
use a different wash bowl for each calcium condition.  

    17.    The developing reaction can be carried out on the bench top, 
while the plates are covered with Styrofoam boxes. Check 
every 5 min until suf fi cient color is observed.  

    18.    When working with a large number of samples, it is recom-
mended to pipet the sulfuric acid in the same order as the 
developing solution was pipeted.          
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    Chapter 9   

 Longistatin, an EF-Hand Ca 2+ -Binding Protein from Vector 
Tick: Identi fi cation, Puri fi cation, and Characterization       

       Anisuzzaman      ,    M.   Khyrul   Islam   ,    M.   Abdul   Alim   , and    Naotoshi   Tsuji         

  Abstract 

 EF-hand Ca 2+ -binding motif, a structural component of the EF-hand protein, functions as a calcium sensor 
and/or buffer in the cytosol of the cell. However, in a few exceptional cases, the EF-hand proteins are 
secreted from cells and play crucial roles extracellularly. We have identi fi ed longistatin, an EF-hand Ca 2+ -
binding protein, from the salivary glands of the tick,  Haemaphysalis longicornis . Longistatin possesses an 
N-terminal sequence of unknown structure and two EF-hand motifs in the C-terminus, which conserve a 
calmodulin-like canonical structure. Longistatin shows distinct changes in its migration during electropho-
resis through SDS-PAGE gel containing calcium or ethylenediaminetetraacetic acid (EDTA). Both recom-
binant and endogenous forms of longistatin can be stained with rutheninum red, demonstrating that 
longistatin is a Ca 2+ -binding protein.  

  Key words:   Ticks ,   Haemaphysalis longicornis  ,  Longistatin ,  EF-hand motif ,  Ca 2+ -binding protein    

 

 The EF-hand motif was  fi rst discovered by R.H. Kretsinger over 
three decades ago by the structural analysis of parvalbumin, a Ca 2+ -
binding protein  fi rst isolated from carp muscle  (  1  ) . EF-hand motif 
is also known as helix-loop-helix motif. The calcium-incorporating 
loop region of a canonical EF-hand consists of 12 residues that 
usually starts with an aspartic acid and essentially ends with a 
glutamic acid  (  1–  3  ) . However, in unconventional EF-hands, the 
number of amino acids in the loop region may vary from 11 to 14 
residues. For example, the N-terminal EF-hand of S100 proteins 
has a 14-residue loop  (  4–  7  )  and osteonectin has an EF-hand with 
a 13-residue loop  (  2,   8  ) . Some EF-hand proteins such as calpain, 

  1.  Introduction
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grancalcin, and ALG-2 contain a Ca 2+ -binding loop consisting of 
11 residues  (  9–  12  ) . Despite the enormous diversity in the compo-
sition of the Ca 2+ -binding loop region, the af fi nity for Ca 2+ , 
although differing in degree, is still preserved, and they bind Ca 2+ . 
As an exception, the ten-residue loop of EF-hand of KChIP1, the 
Kv4K + channel interacting protein, and the 20-residue loop of 
EF-hand1 of CIB1, a protein related to the neuronal Ca 2+  sensor, 
cannot bind calcium  (  2  ) . In the canonical EF-hand motifs, residues 
1, 3, 5, 7, 9, and 12 of the Ca 2+ -binding loop chelate the Ca 2+  and 
are denoted as X, Y, Z, −Y, −X, and −Z, respectively  (  1,   3  ) . Although 
EF-hand motif    usually occurs in pairs, alpha and beta parvalbumins 
have three EF-hands; grancalcin, calpain, and ALG-2 have  fi ve 
EF-hands  (  2  ) ; and, more exceptionally, a few Ca 2+ -binding pro-
teins have one EF-hand  (  13,   14  ) . The unpaired EF-hand motif of 
parvalbumins cannot bind Ca 2+  but plays critical roles in stabilizing 
the functional pair  (  2,   4  ) . The penta-EF-hand proteins usually exist 
as homodimers through interaction between the  fi fth EF-hands; 
thus, the Ca 2+ -binding capability of the  fi fth EF-hand motif is 
preserved  (  9,   11,   12  ) . A group of EF-hand proteins contain 4 
EF-hand motifs (calmodulin and troponin C)  (  2,   15,   16  )  but some 
Ca 2+ -binding proteins contain six, eight, or even 12 EF-hand motifs 
 (  2  ) . On the other hand, smaller EF-hand proteins, such as S100 
proteins, osteonectin and multiple coagulation factor de fi ciency 2 
like protein (MCFD2) possess two EF-hand motifs  (  2,   7,   17  ) . 

 EF-hand Ca 2+ -binding proteins and calcium (Ca 2+ ) are essen-
tial for life since they control substantial parts of cell functions, 
starting from the cell’s birth, through mitosis to its end with apop-
tosis  (  18,   19  ) . Almost every function of our body, such as heart-
beat, breathing, vision, locomotion, thinking, and memory 
processing, is controlled by Ca 2+   (  4,   18–  27  ) . Cells respond to 
extracellular stimuli through the transient change in Ca 2+  concen-
tration. This signal transduction is sensed by Ca 2+ -binding proteins. 
Generally, EF-hand Ca 2+ -binding motifs act as calcium signaling 
molecules and/or buffers in the cytosol of the cell  (  15,   28–  30  ) . 
However, some Ca 2+ -binding proteins such as S100A2, S100A4, 
S100A6, and S100B are present in the nucleus, where they control 
gene expression  (  7,   31–  33  ) . On the other hand, in a few excep-
tional cases, EF-hand Ca 2+ -binding proteins are secreted from the 
cells and exert critical roles extracellularly  (  7,   29,   34,   35  ) . EF-hand 
proteins have been reported from a wide spectrum of organisms 
from unicellular, simple prokaryotes to multicellular, complex 
mammals  (  4,   30,   36–  38  ) , and more than 600 Ca 2+ -binding 
proteins have been discovered  (  31  ) . Recently, we have identi fi ed 
an EF-hand Ca 2+ -binding protein from the vector tick, 
 Haemaphysalis longicornis , a notorious blood-sucking ectopara-
site affecting humans and animals  (  38–  43  ) , and we have named 
this protein longistatin. Longistatin is a 17.8-kDa soluble protein 
with an N-terminal sequence of unknown structure and two 
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calmodulin-like functional EF-hand motifs at the C-terminus  (  3  ) , 
and has been shown to be linked with the blood-feeding success of 
ticks from host animals. Longistatin, a secreted EF-hand protein, 
degrades  fi brinogen and activates plasminogen; thus, exerts pivotal 
roles in the feeding mechanisms of ticks by maintaining the  fl uidity 
of blood during the acquisition of blood-meals from hosts  (  44  ) . 

 To identify EF-hand Ca 2+ -binding proteins, several methods 
are employed such as radiological methods, using radioisotopes; 
gel mobility shift assays (GMSA), utilizing the changes in the 
migration pattern of apo- and holoforms of proteins; and direct 
staining of Ca 2+ -binding protein on SDS-PAGE/PAGE gel or on 
nitrocellulose membrane using ruthenium red stain and stains-all. 
All of these methods have relative advantages and disadvantages. 
For example, although Ca 45  autoradiography of SDS-PAGE gel/
nitrocellulose membrane is used to detect Ca 2+ -binding proteins, 
the low af fi nity of some proteins for Ca 2+  (e.g., calsequestrin), the 
high background radioactivity, and health hazards for the handlers 
make this method unsuitable for routine detection of Ca 2+ -binding 
proteins. On the other hand, cationic carbocyanine dye, stains-all, 
binds with various Ca 2+ -binding proteins and gives a blue color, 
but it cannot detect several Ca 2+ -binding proteins (e.g., sarcoplasmic 
reticulum Ca 2+ -ATPase). The speci fi city of the stain is also 
questionable, as it shows reactivity to acidic sialoglycoproteins 
(e.g., glycophorin)  (  45–  47  ) . However, in GMSA, Ca 2+ -binding is 
clearly evident by the changes in the movement of the respective 
proteins in Ca 2+ -bound or -unbound state  (  3,   48  ) . On the other 
hand, ruthenium red speci fi cally and directly binds to the Ca 2+ -
binding sites and stains them  (  3,   45  ) . Furthermore, these two 
methods are easier, require less equipment, and are more reliable 
for the routine detection of Ca 2+ -binding proteins from diverse 
sources. We have used GMSA and ruthenium red staining tech-
niques for the detection of Ca 2+ -binding to longistatin.  

 

 Prepare all buffers using ultrapure water (prepare by purifying 
deionized water to attain a sensitivity of 18 M Ω  cm at 25°C) and 
analytical grade reagents. Unless otherwise indicated, water indi-
cates ultrapure water. Dispose off waste materials strictly following 
waste disposal regulations. Handle all biological materials as 
potential sources of infection. Use goggles and protective clothing 
whenever needed. 

      1.    Phosphate-buffered saline (PBS, stock solution): Take 10.9 g 
of  di -sodium hydrogenphosphate (Na 2 HPO 4 ), 85.0 g of 

  2.  Materials

  2.1.  Longistatin 
Preparation
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sodium chloride (NaCl), and 3.9 g of sodium dihydrogen-
phosphate dihydrate (NaH 2 PO 4 ·2H 2 O) in a 1 L beaker. 
Dissolve the components in ~900 ml of water by stirring. 
Adjust the pH to 7.2 and  fi nally, adjust the volume to 1 L by 
adding water. Autoclave the buffer and keep at room tempera-
ture (RT).  

    2.    Phosphate-buffered saline (PBS, working solution): Pour 
900 ml of water in a 1 L cylinder and add 100 ml of stock 
solution, then mix thoroughly. Autoclave the working solu-
tion and keep at RT.  

    3.    DNA loading buffer: Take 2.25 ml of sterile glycerol in a 14 ml 
Falcon tube and add 0.2 ml of 0.5 M EDTA (pH 8.0), 1.25 ml 
of 1% xylene cyanol, and 1.25 ml of 1% bromophenol blue, 
then mix thoroughly in water to a total volume of 5 ml. Store 
the buffer at 4°C making 1 ml aliquot.  

    4.    DNA ladder: Both 100 bp and 1 kb DNA ladders are commer-
cially available (Invitrogen, CA, USA).  

    5.    QIAGEN DNA extraction kit (QIAGEN Sciences, MD, USA): 
Used for DNA extraction from agarose gel.  

    6.    Ampicillin: Dissolve 1 g ampicillin in 20 ml of water (50 mg/
ml) and  fi lter under a  fl ame using a  fi lter of 0.2  μ m size. Store 
the antibiotic at −20°C making 500  μ l aliquot.  

    7.    Agar plate: Pour 100 ml of water in a 500 ml conical  fl ask and 
add 4 LB-Agar Medium capsules (Q-Bio gene, OH, USA) and 
autoclave. Wait until the temperature returns to 50°C. Add 
ampicillin to a  fi nal concentration of 50  μ g/ml and pour the 
melted agar on a plastic Petri dish and allow to solidify. Each 
liter of medium contains 10 g of tryptone-B, 5 g of yeast 
extract-B, 10 g of NaCl, and 15 g of agar-B. Store the agar 
plate at 4°C.  

    8.    Tris-acetate (TAE) buffer (stock solution): Take 242 g of Tris 
base, 57.1 ml of absolute acetic acid, and 100 ml of 0.5 M 
EDTA (pH 8.0) in a 1 L beaker. Dissolve the salts in a total 
volume of 1 L of water by stirring and keep at RT.  

    9.    TAE buffer (working solution): Measure 980 ml of water in a 
1 L cylinder and add 20 ml of stock solution, then mix thor-
oughly. Keep the buffer at RT.  

    10.    Ethidium bromide: Take 313  μ l of stock solution of ethidium 
bromide (Nacalai Tesque, Kyoto, Japan) and add 4.687 ml of 
TAE buffer (working solution) and mix thoroughly. Keep the 
solution at RT.  

    11.    1% Agarose gel: Pour 100 ml of TAE buffer in a 500 ml conical 
 fl ask and add 1 g of SeaKem Agarose ®  (Lonza, ME, USA). 
Apply heat until the agarose is dissolved, and then add two 
drops of ethidium bromide and mix properly. Set the agarose 
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plate and pour the melted agarose. Set the comb and allow to 
solidify. Store the gel at 4°C submerging in TAE buffer.  

    12.    Super Optimal Broth (SOB medium): Pour 500 ml of water in 
a 2 L conical  fl ask and add 14 g of Difco™ SOB medium 
powder (Becton, Dickinson and Company, NJ, USA), then 
mix thoroughly and autoclave. Each liter of SOB medium 
contains 20 g of tryptone, 5 g of yeast extract, 0.5 g of NaCl, 
2.4 g of magnesium sulfate anhydrous, and 0.186 g of potas-
sium chloride.  

    13.    Isopropyl- β - d -thiogalactopyranoside (IPTG): Take 2.38 g of 
IPTG and dissolve in a total volume of 100 ml of water by 
stirring. Filter the solution under a  fl ame using a  fi lter of 
0.2  μ m size and store at −20°C making 10 ml aliquot.  

    14.    Egg white lysozyme: Dissolve 1 g of egg white lysozyme in 
a total volume of 20 ml of water (50 mg/ml) and  fi lter under 
a  fl ame using a  fi lter of 0.2  μ m size. Store the enzyme at −20°C 
making 500  μ l aliquot.  

    15.    TALON™ resin (Clontech, CA, USA): Used to purify the 
recombinant protein.  

    16.    Equilibration buffer (stock solution): Take 35.5 g of  di -sodium 
hydrogenphosphate anhydrus (Na 2 HPO 4 ) and 87.6 g of 
sodium chloride (NaCl) in a 1 L beaker. Dissolve the salts in 
~900 ml of water by stirring. Adjust the pH to 7.0 by adding 
HCl. Finally, adjust the volume to 1 L by adding water and 
keep at RT.  

    17.    Equilibration buffer (working solution): Measure 400 ml of 
water and add 100 ml of stock solution in a 500 ml cylinder, 
then mix thoroughly and store at 4°C.  

    18.    Elution buffer (working solution): Take 7.1 g of Na 2 HPO 4 , 
17.52 g of NaCl, and 10.2 g of imidazole in a 1 L beaker and 
dissolve in ~900 ml of water by stirring. Adjust the pH to 7.0 
by adding HCl. Finally, adjust the volume to 1 L by adding 
water and store at 4°C.  

    19.    20 mM MES with 0.1 M NaCl buffer: Take 3.91 g of 
2-( N -morpholino)ethanesulfonic acid (MES) and 5.58 g of 
NaCl in a 1 L beaker and dissolve in ~900 ml of water. Adjust 
the pH to 5.0 by adding HCl. Finally, adjust the volume to 1 L 
by adding water and store at 4°C.  

    20.    20% Ethanol with 0.1% azide: Measure 80 ml of water, and add 
20 ml of absolute ethanol and 0.1 g of sodium nitrite (NaN 3 ), 
then mix thoroughly and store at 4°C.  

    21.    Centrisart ®  (Sartorius, Goettingen, Germany): Used to con-
centrate protein.  

    22.    Slide-A-Lyser Dialysis Cassette (Pierce, IL, USA): Used to 
dialyze protein.  
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    23.    Micro-BCA reagents (Thermo Scienti fi c, IL, USA): Used to 
determine the concentration of protein.  

    24.    Silver staining kit (DAIICHI Pure Chemical Co. Ltd., Tokyo, 
Japan): Used to stain proteins on SDS-PAGE gel.  

    25.    Tris-buffered saline (TBS, stock solution): Take 60.0 g of Tris 
base and 87.7 g of NaCl in a 1 L beaker and dissolve in ~800 ml 
of water by stirring. Adjust the pH to 8.0 with HCl and  fi nally, 
adjust the volume to 1 L by adding water. Keep the buffer 
at RT.  

    26.    TBS (working solution): Pour 900 ml of water in a 1 L cylinder. 
Add 100 ml of TBS (stock solution) and mix thoroughly. Keep 
the buffer at RT.  

    27.    Tris-buffered saline with Tween 20 (TBS-T, stock solution): 
Take 60.0 g of Tris base and 87.7 g of NaCl in a 1 L beaker 
and dissolve in ~800 ml of water by stirring. Adjust the pH to 
8.0 with HCl. Add 10 ml of Tween 20 and mix thoroughly. 
Finally, adjust the volume to 1 L by adding water. Keep the 
buffer at RT.  

    28.    TBS-T (working solution): Measure 900 ml of water in a 1 L 
cylinder. Add 100 ml of TBS-T (stock solution) and mix thor-
oughly. Keep the buffer at RT.  

    29.    1 M Magnesium chloride (MgCl 2 ): Take 9.52 g of MgCl 2  in a 
200 ml bottle and mix thoroughly in water to a total volume 
of 100 ml by stirring. Keep the solution at RT.  

    30.    Mouse anti-6 X His monoclonal antibody (Nacalai Tesque): 
Used to detect polyhistidin-tagged recombinant protein.  

    31.    Alkaline phosphatase-conjugated goat anti-mouse IgG (Jackson 
ImmunoResearch, PA, USA): Used as secondary antibody.  

    32.    AP buffer: Pour 100 ml of 1 M Tris–HCl (pH 9.0) in a 1 L 
bottle; add 30 ml of 5 M NaCl and 1 ml of 1 M MgCl 2 , then 
mix thoroughly in water to a total volume of 1 L. Keep the 
buffer at RT.  

    33.    0.2% Ponceau-S: Take 495 ml of water in a 500 ml bottle and 
add 5 ml of absolute acetic acid and 1 g of Ponceau-S, then 
mix thoroughly by stirring. Keep the stain at RT.  

    34.    Nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phos-
phate (BCIP/NBT, Promega, WI, USA): Used in immunob-
lotting (Fig.  1 ).       

      1.    Solution A: Commercially available (Bio-Rad Laboratories, 
Inc., CA, USA) and contains 30% acrylamide.  

    2.    Solution B: Take 181.71 g of Tris base in a 1 L beaker, add 
800 ml of water, and dissolve by vigorous stirring with 
a magnetic stirrer. Adjust the pH to 8.8 by adding HCl 

  2.2.  Gel Mobility Shift 
Assays
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 carefully and  fi nally, adjust the volume to 1 L by adding 
water. Filter the solution using a  fi lter of 0.2  μ m size and 
store at 4°C until use.  

    3.    Solution C: Place 60.57 g of Tris base in a 1 L beaker, add 
800 ml of water, and dissolve by vigorous stirring with a 
magnetic stirrer. Adjust the pH to 6.8 by adding HCl carefully 
and  fi nally, adjust the volume to 1 L by adding water. Filter 
the solution using a  fi lter of 0.2  μ m size and store at 4°C 
until use.  

    4.    10% Sodium dodecyl sulfate (SDS): Dissolve 10 g of SDS in water 
to a total volume of 100 ml and keep at RT until further use.  

    5.    Ammonium peroxodisulfate (APS): Dissolve 10 g of APS 
(Wako, Tokyo, Japan) in water to a total volume of 100 ml and 
store at −20°C making 1 ml aliquots until further use.  

    6.    100 mM calcium chloride (CaCl 2 ): Dissolve 11.1 g of CaCl 2  in 
water to a total volume of 1 L and keep at RT.  

    7.    0.5 M Ethylenediaminetetraacetic acid (EDTA): Take 93.05 g 
of EDTA in a 500 ml beaker and add 300 ml of water and stir 
vigorously. Adjust the pH to 8.0 with 10 N NaOH. Finally, 
adjust the volume to 500 ml by adding water and autoclave. 
The solution can be kept at RT up to 6 months.  

  Fig. 1.    Purity and structure of recombinant longistatin. ( a ) Monitoring the puri fi cation of 
longistatin by SDS-PAGE analysis. Puri fi ed longistatin and  Escherichia coli  lysate were 
electrophoresed on 12.5% SDS-PAGE under reducing conditions. The gel was developed 
with silver stain.  Lane 1 , molecular weight marker;  lane 2 ,  E. coli  lysate before induction; 
 lane 3 ,  E. coli  lysate 3 h after induction with isopropyl- β - d  thiogalactopyranoside (IPTG); 
and  lane 4 , puri fi ed longistatin. ( b ) Schematic diagram of the protein structure of 
longistatin. Longistatin is composed of 156 amino acids and has a signal peptide, which 
is predicted to be cleaved at Ala 21 –Gln 22 . Longistatin contains two canonical EF-hand 
motifs at the C-terminus.       
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    8.     N , N , N   ¢  , N   ¢  -tetramethylethylenediamine (TEMED, Nacalai 
Tesque): Used to prepare SDS-PAGE gel.  

    9.    Running buffer (stock solution): Take 29 g of Tris base, 144 g 
of glycine, and 10 g of SDS in a 1 L beaker and dissolve in 
water in a total volume of 1 L, then keep at RT.  

    10.    Running buffer (working solution): Pour 900 ml of water in 
a 1 L cylinder and add 100 ml of stock solution and mix 
thoroughly. Keep the solution at RT. Running buffer can be 
reused.  

    11.    Sample buffer (reducing): Take 2.1 ml of 1 M Tris–HCl 
(pH 6.8), 0.86 g of SDS, 2 ml of beta-mercaptoethanol, 2.8 ml 
of glycerine, and 1 mg of bromophenol blue in a 14 ml Falcon 
tube, and mix thoroughly in a total volume of 10 ml of water, 
then keep at RT.  

    12.    Coomassie brilliant blue (CBB) stain: Pour 300 ml of metha-
nol, 100 ml of absolute acetic acid, 100  μ l of glycerol, and 
600 ml of water in a 1 L glass bottle. Add 1 g of CBB and 
dissolve properly by stirring overnight with a magnetic stirrer, 
and keep at RT.  

    13.    CBB destain: Take 300 ml of methanol, 100 ml of absolute 
acetic acid, 100  μ l of glycerol, and 600 ml of water in a 1 L 
cylinder and mix thoroughly. Keep the destain at RT (Fig.  2 ).       

  Fig. 2.    Ca 2+ -binding speci fi city of recombinant longistatin by gel mobility shift assay. 
Longistatin (2  μ g) was electrophoresed in the presence of 3 mM Ca 2+  ( a ) or 3 mM EDTA 
( b ) through a 10% SDS-PAGE gel. BSA (2  μ g) was used as negative control.  Lane 1 , 
molecular weight marker;  lane 2 , longistatin ( arrow );  lane 3 , BSA ( control ). Longistatin 
migrated faster in the presence of Ca 2+       . 
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      1.    Fiber pads: Commercially available (Bio-Rad Laboratories, 
Inc.) and size of the  fi ber pads, used in Mini Trans-Blot Cell ®  
(Bio-Rad Laboratories, Inc.), is 10.8 cm × 8.0 cm × 0.6 cm.  

    2.    Nitrocellulose membrane: Cut the commercially available 
nitrocellulose membrane (Whatman, Dassel, Germany) into 
pieces of suitable size.  

    3.    Transfer buffer (stock solution): Take 30.28 g of Tris base and 
144.2 g of glycine in a 1 L beaker, and dissolve in a total volume 
of 1 L of water, then keep at RT.  

    4.    Transfer buffer (working solution): Pour 100 ml of stock 
solution, 700 ml of water, and 200 ml of methanol in a 1 L 
cylinder, mix properly and keep at 4°C for 12 h before use. 
Transfer buffer can be reused three to four times.  

    5.    Ruthenium red buffer: Take 3.83 g of potassium chloride 
(KCl) and 0.48 g of magnesium chloride (MgCl 2 ) in a 1 L 
beaker and add 900 ml of water, then dissolve properly. Add 
10 ml of 1 M Tris–HCl (pH 7.5) and adjust the volume to 1 L 
by adding water, then keep at RT.  

    6.    Ruthenium red stain: Measure 1 L of ruthenium red buffer in 
a 1 L bottle, add 25 mg of ruthenium red (Calbiochem, CA, 
USA) and dissolve by stirring. Keep the stain at RT (Fig.  3 ).        

 

       1.    Amplify the open reading frame (ORF) of longistatin by PCR 
from pBS/longistatin using a set of primers, 5  ¢  CCGCTC
GAGCGGGCAGGCCGGCGACCAGCAG 3  ¢   and 5  ¢  GGAAT
TCCCTAA ATTTGGTTGGTCAGGTC 3  ¢  , which contain 
 Xho I and  Eco RI restriction sites, respectively. Each 100  μ l of 

  2.3.  Ruthenium 
Staining

  3.  Methods

  3.1.  Longistatin 
Production

  3.1.1.  Recombinant 
Longistatin Expression

  Fig. 3.    Ca 2+ -binding of longistatin visualized by ruthenium red staining. Puri fi ed recombi-
nant longistatin (2  μ g; containing a his-tag) and ticks’ salivary gland lysate (20  μ g) at 
different life-cycle stages were subjected to SDS-PAGE analysis followed by blotting onto 
nitrocellulose membranes. Nitrocellulose membranes were then stained with ruthenium 
red for 15 min at room temperature.  U  unfed,  F  fed.       
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PCR mixture contains 20  μ l of Go Tag  fl exi buffer (5×), 4  μ l 
of 25 mM MgCl 2 , 8  μ l of 2.5 mM dNTP, 1  μ l of each primer 
(100 pmol/ μ l), 0.5  μ l of Go Tag DNA polymerase enzyme, 
and 500 ng of DNA template. Conduct PCR for 4 min at 95°C 
followed by 35 cycles of 30 s at 95°C, 30 s at 57°C, and 1.5 min 
at 72°C with a  fi nal elongation at 72°C for 5 min (see Note 1).  

    2.    Electrophorese the PCR product using 1% agarose gel. To do 
this, mix a suf fi cient amount of loading buffer with the PCR 
product (usually 1  μ l of 10× loading buffer for 9  μ l of PCR 
product) and load into the wells of the gel. Load 3–5  μ l of 
100 bp ladder at one side and the same amount of 1 kb ladder 
at another side of the gel. Run the machine at 100 V for 
~30 min. Visualize the bands with an UV illuminator and cut 
the target band.  

    3.    Extract DNA using QIAGEN DNA extraction kit following 
the manufacturer’s instructions. Brie fl y, transfer the target 
DNA band into an Eppendorf tube, add QG buffer (supplied 
in Kit Box) at three times the volume of the gel, incubate at 
50°C for 10 min, and vortex. Add 2-propanol at a volume to 
that equal of the gel and vortex.  

    4.    Transfer the mixture into the column (supplied in Kit Box) and 
centrifuge at 10,000 ×  g  for 2 min then discard the  fl ow-
through. Add 750  μ l of PE buffer (supplied in Kit Box) and 
centrifuge in the same way as described above and discard 
the  fl ow-through. Centrifuge the whole assembly at 10,000 ×  g  
for 2 min.  

    5.    Transfer the column into a new Eppendorf tube and elute the 
column with 20–30  μ l of water by centrifuging at 10,000 ×  g  
for 2 min and immediately transfer the eluted DNA into ice. 
The puri fi ed DNA can be stored at −20°C.  

    6.    Digest both, the puri fi ed PCR product and the plasmid vector 
(pTrcHisB), using  Xho I and  Eco RI restriction enzymes by 
incubating overnight at 37°C. Electrophorese the digested 
products, excise the target band, and extract the DNA as 
described above. Insert the puri fi ed PCR product into the 
 Xho I and  Eco RI sites of the vector pTrcHisB by incubating at 
16°C for 30 min. It is better to use insert (digested and puri fi ed 
PCR product) and plasmid at a 3:1 molar ratio.  

    7.    Transform the resultant plasmid into competent cells of 
 Escherichia coli  Top10F α   ¢  strain following the conventional 
method. Brie fl y, thaw the  E. coli  for 15 min in ice. Mix the 
construct by pipetting on ice, add 5  μ l of constructed plasmid 
into the competent cells, then mix gently, and incubate for 
30 min on ice.  

    8.    Apply heat shock at 42°C in a water bath for 30 s  fi tting the 
tube to a  fl oater and transfer immediately into ice and keep for 
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1 min. Add 200  μ l of SOC medium under a  fl ame and shake 
vigorously at 250–270 rpm and 37°C for 30–45 min  fi xing the 
tube horizontally. Spread the transfected cells onto an agar 
plate with a sterilized spreader and incubate overnight at 37°C. 
Check the colony in the following morning.  

    9.    Identify positive colony doing PCR using 10–20 colonies. To 
do this, pick up colonies one by one using sterile 200 ml 
pipette-tips and mix thoroughly in a reaction mixture of 20  μ l 
separately and do PCR following the same procedure as 
described above. Electrophorese the PCR product in 1% 
agarose gel and check the insert under UV-illuminator. In addi-
tion, check the insert by restriction enzyme digestion and 
sequencing of the construct.  

    10.    Take one positive colony and check the recombinant protein 
production by pilot expression. To do this, culture the trans-
fected  E. coli  in 100 ml of SOB medium containing ampicillin 
(50  μ g/ml,  fi nal concentration) at 37°C under vigorous shaking 
(200 rpm) until an OD of 1 at 600 nm (OD 600 ) is achieved. To 
induce recombinant protein expression, add IPTG to 1 mM 
concentration and culture for an additional 3–4 h at 37°C on 
a shaking incubator. Collect 1 ml of culture before adding 
IPTG and every hour after the induction of protein 
expression.  

    11.    Centrifuge the culture at 10,000 ×  g  and 4°C for 30 min and 
discard the supernatant. Sonicate the pellet properly for 2 min 
in 100  μ l of PBS with an ultrasonic processor (VP-5 S) and 
centrifuge the suspension at 10,000 ×  g  and 4°C for 30 min. 
Collect the supernatant and electrophorese in 12.5% SDS-
PAGE under reducing conditions. Stain one gel with CBB and 
destain with CBB-destain following the same procedures as 
described in Subheading  3.2 . Wash the gel with water and 
check the pattern of recombinant expression.  

    12.    Besides, check the recombinant protein by immunoblotting 
using mouse anti-6 X His monoclonal antibody. Brie fl y, after 
electrophoresis, transfer the proteins onto the nitrocellulose 
membrane following the same procedures as described in 
Subheading  3.3 .  

    13.    Cut the nitrocellulose membrane with a knife to separate the 
marker lanet from the antigenic lane. Stain the marker using 
5 ml of Ponceau-S for 15 min on a platform shaker at RT. After 
15 min staining, wash the marker lane with water and allow 
to dry.  

    14.    In parallel, take the antigenic part on a plastic tray and block 
with 5% non-fat skim milk for 45 min on a platform shaker. 
Discard the blocking agent and incubate the membrane with 
mouse anti-6 X His monoclonal antibody (1:1,000, in TBS) 
overnight on a platform shaker at 4°C.  
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    15.    In the following morning, wash the membrane three times 
with TBS-T each for 5 min at RT on a platform shaker. Incubate 
the membrane with alkaline phosphatase-conjugated goat 
anti-mouse IgG (1:1,000) for 1 h at RT on a platform shaker. 
Wash the membrane three times with TBS-T in the same way 
as mentioned above. Then, wash the membrane with AP buffer 
at RT for 5 min on a shaker.  

    16.    Visualize the protein bound to the secondary antibody with 
nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate 
(BCIP/NBT) in the dark. As soon as the expected protein 
band is visible discard the buffer and wash the membrane 
with water. Air-dry the membrane and check the protein 
expression.  

    17.    After checking the recombinant production through pilot 
expression, express the polyhistidine-tagged longistatin in 
a large scale in  E. coli  culture. Brie fl y, grow the transfected cells 
in 1 L of SOB medium containing ampicillin (50  μ g/ml,  fi nal 
concentration) at 37°C under vigorous shaking (200 rpm) 
until an OD of 1 at 600 nm (OD 600 ) is achieved. To induce 
recombinant protein expression, add IPTG to 1 mM concen-
tration and culture for an additional ~3 h at 37°C on a shaking 
incubator (see Note 2).  

    18.    Centrifuge the culture at 10,000 ×  g  and 4°C for 30 min and 
discard the supernatant. Resuspend the pellet in 10 ml of 
equilibration buffer. Add egg white lysozyme (100  μ g/ml, 
 fi nal concentration) to the cell suspension (see Note 3) and 
incubate in ice for 15 min.  

    19.    Sonicate the suspension for 2 min on ice with an ultrasonic 
processor (VP-15S) followed by immediate freezing at −80°C 
and then thawing at 37°C for 15 min in each case. After three 
cycles of sonication, freezing and thawing, centrifuge the 
 E. coli  lysate at 24,000 ×  g  and 4°C for 30 min and collect 
the supernatant (see Note 4).      

      1.    Purify recombinant protein using TALON™ resin under native 
conditions following the manufacturer’s instructions. Brie fl y, 
immediately transfer the required amount of thoroughly resus-
pended TALON resin (2 ml for ~3 mg of recombinant 
protein) into a 14 ml Falcon tube and centrifuge at 700 ×  g  for 
2 min. Discard the supernatant, wash the pellet with 10 bed-
volumes of equilibration/wash buffer, and centrifuge at 700 ×  g  
for 2 min. Discard the supernatant and repeat the washing 
procedures once again.  

    2.    Add the previously harvested  E. coli  lysate to the resin and 
gently agitate at RT for 20 min on a platform shaker to allow 
the polyhistidine-tagged protein to bind to the resin. Centrifuge 

  3.1.2.  Puri fi cation 
of Recombinant Longistatin
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the suspension at 700 ×  g  for 5 min and carefully remove the 
supernatant as much as possible without disturbing the pellet.  

    3.    Add 10–20 bed-volumes of equilibration buffer and gently 
agitate at RT for 10 min on a platform shaker to wash thor-
oughly. Centrifuge at 700 ×  g  for 5 min and discard the super-
natant carefully and repeat the washing once again.  

    4.    Add one bed-volume of equilibration buffer to the resin, mix 
thoroughly by vortexing, transfer the resin to a 2 ml gravity-
 fl ow column, and allow the resin to settle down. Remove the 
end cap, allow the buffer to drain until it reaches the top of the 
resin bed, and wash the column once with 5 bed-volumes of 
equilibration buffer.  

    5.    Elute the protein with 5 ml of elution buffer and collect in 
500  μ l fractions in separate Eppendorf tubes (see Notes 5 and 6).      

      1.    Concentrate the eluted recombinant protein using Centrisart ®  
having a mol. wt cut-off of 10 kDa. To do this, remove the 
 fi lter of the Centrisart ®  and load ~2 ml of eluate carefully so 
that no air bubbles are formed.  

    2.    Insert the  fi lter gently and centrifuge at ~2,400 ×  g  and 4°C. 
Standardize the time required to obtain the desired concentration.      

      1.    Extensively dialyze the concentrated protein at 4°C with 
successive changes of 20 mM Tris–HCl (pH 7) and a decreasing 
concentration of NaCl (500–250 mM) using a Slide-A-Lyser 
Dialysis Cassette with a mol. wt cut-off of 10 kDa.  

    2.    Brie fl y, take a Slide-A-Lyser Dialysis Cassette, inject the 
protein into the cassette using an 18G needle and aspirate the 
air with a syringe. Float the cassette with a buoy on the dialysis 
 fl uid, rotate using a magnetic stirrer and complete dialysis with 
several (~4 times) changes of dialysis buffer (see Note 7).      

      1.    Determine the concentration of the protein using micro-
BCA reagent following the manufacturer’s instructions. To do 
this, take eight Eppendorf tubes and mark them by numbering 
(I–VIII).  

    2.    In the  fi rst 5 tubes (I–V), take 1, 0.5, 0.25, 0.125, and 
0.025 mg/ml of bovine serum albumin (BSA), respectively, in 
a total volume of 25  μ l of PBS.  

    3.    In the next two tubes (VI–VI) take 24  μ l and 49  μ l of PBS and 
add 1  μ l of sample protein in each tube to make 1: 25 and 1: 
50 dilution, respectively. As negative control, add only 25  μ l of 
PBS in the last tube (VIII).  

    4.    In a 14 ml Falcon tube add 2 ml of solution A and 40  μ l of 
solution B (supplied in Kit Box) and mix thoroughly by 
vortexing. Transfer 200  μ l of the mixture in each tube, including 

  3.1.3.  Concentration 
of the Recombinant Protein

  3.1.4.  Dialysis 
of Longistatin

  3.1.5.  Determination 
of Protein Concentrations 
(micro-BCA Protein Assay)
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the control tube, and mix by pipetting. Incubate at 37°C 
for 30 min and measure the concentration using a spectro-
photometer.      

  Purity of the collected protein can be judged by SDS-PAGE 
followed by CBB or silver staining. It is better to use the silver 
staining method as it is most sensitive. The procedure is as 
follows.

    1.    Electrophorese the protein in 12.5% SDS-PAGE under 
 reducing conditions, carefully remove the gel and place onto 
a plastic tray.  

    2.    Treatment with  fi xation solution-I: Measure 50 ml of absolute 
methanol in a 100 ml cylinder, add 40 ml of water and 10 ml 
of absolute acetic acid, then mix thoroughly. Pour  fi xation 
solution-I on the gel and shake gently on a platform shaker 
for 10 min.  

    3.    Treatment with  fi xation solution-II: Take 30 ml of absolute 
methanol in a 100 ml cylinder, add 55 ml of water, 10 ml of 
absolute acetic acid, and 5 ml of reagent-1 (supplied in Kit 
Box), then mix thoroughly. Discard  fi xation solution-I, pour 
 fi xation solution-II on the gel, and shake gently on a platform 
shaker for 15 min.  

    4.    Pretreatment: Pour 50 ml of absolute methanol in a 100 ml 
cylinder, add 55 ml of water and 5 ml of reagent-2 (supplied in 
Kit Box), then mix thoroughly. Discard  fi xation solution-II, 
pour the pretreatment buffer on the gel, and shake gently on a 
platform shaker for 10 min. After 10 min, discard the pretreat-
ment buffer, wash the gel with water for 5 min on a platform 
shaker, and repeat washing twice.  

    5.    Silver staining: Measure 90 ml of water, 5 ml of reagent-3 
(solution A, supplied in Kit Box), and 5 ml of reagent-4 (solu-
tion B, supplied in Kit Box) and mix thoroughly. Pour the stain 
on the gel and shake gently on a platform shaker for 15 min. 
After 15 min, discard the stain, wash the gel with water for 
5 min on a platform shaker and repeat washing twice.  

    6.    Developer: Take 95 ml of water and add 5 ml of reagent-5 
(supplied in Kit Box), and mix thoroughly. Pour the developer 
on the gel and shake gently on a platform shaker until the 
desired protein band appears.  

    7.    Stopping reagent: Add 5 ml of stopping solution (reagent-6, 
supplied in Kit Box) to the developer and shake gently on a 
platform shaker for further 10 min, then discard the buffer and 
wash the gel with water.      

      1.    Collect salivary glands from 10 to 20 unfed or partially fed 
(72 h) adult ticks. To do this,  fi x the ventral surface of the ticks 

  3.1.6.  Analysis of Protein 
Purity

  3.1.7.  Preparation of Ticks’ 
Salivary Gland Lysate
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(keeping the dorsal shell upward) on a watch glass (~9 cm in 
diameter) with glue and allow proper adherence. Cut the 
lateral margin of the tick with a blade under a dissecting micro-
scope and remove the dorsum carefully. Carefully wash the 
ticks with ice-cool PBS, collect salivary glands, and keep them 
in ice-cool PBS.  

    2.    Transfer the collected salivary glands into a sterilized pestle, 
pour liquid nitrogen, and then let the liquid nitrogen to evapo-
rate. Grind up the salivary glands into a  fi ne powder and trans-
fer it into an Eppendorf tube. Add ice-cool, sterile PBS and 
mix properly, and sonicate tissues with an ultrasonic processor 
(VP-5S) for ~2 min (see Note 8).  

    3.    Centrifuge the suspension at 10,000 ×  g  and 4°C for 15 min. 
Collect the supernatant in an Eppendorf tube and store at 
−80°C until further use.  

    4.    Collection of salivary glands from larva and nymph is not 
possible because they are too tiny to dissect. Therefore, whole-
tick lysate is collected to detect native protein following the 
same procedures as described above.       

      1.    Prepare 10% SDS-PAGE gel with 3 mM Ca 2+  or 3 mM EDTA. 
To do this, prepare 10% resolving (running) gel containing 
3 mM Ca 2+  (see Note 9). Brie fl y, measure 6 ml of solution A 
(30% acrylamide) and add 6.66 ml of water, 4.5 ml of solution 
B (1.5 M Tris–HCl, pH 8.8), 180  μ l of 10% SDS, 200  μ l of 
10% APS, 543  μ l of 100 mM CaCl 2 , and 10  μ l of TEMED in 
a 50 ml Falcon tube, then mix thoroughly. Pour the mixture 
between the prearranged glass slabs. Immediately add 200  μ l 
of butanol to make the surface smooth and even, and keep 
standing until the gel solidi fi es. The size of the resolving gel is 
6.5 cm × 9 cm.  

    2.    Prepare 4% stacking gel containing 3 mM Ca 2+ . Take 670  μ l of 
solution A, and add 3.45 ml of water, 630  μ l of solution B, 
50  μ l of 10% SDS, 50  μ l of 10% APS, 150  μ l of 100 mM CaCl 2 , 
and 5  μ l of TEMED in a 14 ml Falcon tube, then mix thor-
oughly. Remove the butanol from the resolving gel and wash 
the surface with water. Pour the mixture, set the comb, and 
wait until the stacking gel solidi fi es (see Note 10).  

    3.    Prepare 10% resolving gel with 3 mM EDTA (see Note 11). 
Measure 6 ml solution A and add 7.09 ml of water, 4.5 ml of 
solution B, 180  μ l of 10% SDS, 200  μ l of 10% APS, 108.6  μ l 
of 0.5 M EDTA, and 10  μ l of TEMED in a 50 ml Falcon tube, 
then mix thoroughly. Pour the mixture between the prear-
ranged glass slabs. Immediately add 200  μ l of butanol to make 
the surface smooth and even and keep standing until the gel 
solidi fi es.  

  3.2.  Gel Mobility Shift 
Assays
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    4.    Prepare 4% stacking gel with 3 mM EDTA. Take 670  μ l of 
solution A, and add 3.57 ml of water, 630  μ l of solution B, 
50  μ l of 10% SDS, 50  μ l of 10% APS, 30  μ l of 0.5 M EDTA, 
and 5  μ l of TEMED in a 14 ml Falcon tube, then mix thor-
oughly. Remove the butanol from the resolving gel and wash 
the surface of the gel with water. Pour the mixture and set the 
comb, and keep standing until the stacking gel solidi fi es.  

    5.    Take 2  μ g of puri fi ed and dialyzed longistatin in an Eppendorf 
tube. Add an appropriate amount of 4× reducing sample 
buffer (one-fourth of total volume) and mix thoroughly. Boil 
the mixture for 5 min in boiling water (see Note 12).  

    6.    Use bovine serum albumin (BSA) or any known protein(s) 
that does not bind with calcium as a negative control.  

    7.    Set the previously prepared Ca 2+  or EDTA containing 10% 
SDS-PAGE gel into a vertical electrophoresis apparatus.  

    8.    Pour a suf fi cient amount of running buffer into the electro-
phoresis machine and carefully remove air bubbles, if present.  

    9.    Load the protein mixture and 10  μ l of marker proteins (e.g., 
Mark12™) in separate wells.  

    10.    Electrophorese the protein(s) at 60–80 V until the protein 
crosses the stacking gel and then at 120–180 V until the run is 
completed.  

    11.    Remove the gel carefully and place on a plastic tray. Stain the 
gel with 0.1% CBB for 1 h on a platform shaker (see Note 13).  

    12.    Wash the gel thoroughly with CBB-destain on a platform 
shaker until the gel becomes transparent.  

    13.    Take photograph(s) using a suitable digital camera.      

      1.    Prepare 12.5% SDS-PAGE gel. To do this, prepare 12.5% 
resolving gel. Brie fl y, take 7.5 ml of solution A and add 5.72 ml 
of water, 4.5 ml of solution B, 180  μ l of 10% SDS, 200  μ l of 
10% APS, and 10  μ l of TEMED in a 50 ml Falcon tube and 
mix thoroughly. Pour the mixture between the prearranged 
glass slabs and keep standing until solidi fi cation. Immediately 
add 200  μ l of butanol to make the surface smooth and even. 
The size of the resolving gel is 6.5 cm × 9 cm.  

    2.    Prepare 4% stacking gel. Brie fl y, take 670  μ l of solution A and 
add 3.6 ml of water, 630  μ l of solution B, 50  μ l of 10% SDS, 
50  μ l of 10% APS, and 5  μ l of TEMED in a 14 ml Falcon tube, 
then mix thoroughly. Remove the butanol from the gel and 
wash the surface of the resolving gel with water. Pour the 
mixture, set the comb, and keep standing until the stacking gel 
solidi fi es.  

    3.    Electrophorese salivary glands lysate and/or recombinant 
protein(s) using 12.5% SDS-PAGE gel under reducing condi-
tions following the same procedures as described above.  

  3.3.  Staining 
with Ruthenium Red
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    4.    Transfer the protein(s) onto nitrocellulose membrane using 
ice-cool transfer buffer at 100 V for 1 h. Brie fl y, take a cassette 
on a plastic tray and pour a suf fi cient amount of transfer buffer 
onto the tray. Place a piece of  fi ber pad on the tray and soak it 
properly with transfer buffer. Cover the foam with a piece of 
 fi lter paper of appropriate size. Place the nitrocellulose 
membrane on the  fi lter paper. Carefully remove the gel from 
the slab and place the gel on the membrane. Cover the gel with 
another piece of  fi lter paper and place a piece of  fi ber pad over 
the  fi lter paper.  

    5.    Gently press the whole arrangement to remove air bubbles. 
Carefully transfer the whole setup on a cassette keeping the 
membrane on the white side of the cassette, and close the 
clamp.  

    6.    Take an immunoblot apparatus (Mini Trans-Blot Cell ® ) and 
pour suf fi cient amount of transfer buffer into the immunoblot 
device. Insert the previously arranged whole setup of the gel 
and nitrocellulose membrane into the immunoblot cell and 
turn on the magnetic stirrer.  

    7.    Insert an icebox into the immunoblot cell on the black side of 
the cassette and place the immunoblot cell onto a magnetic 
stirrer. Set the voltage and time and  fi nally, run the trans-
blot cell.  

    8.    After 1 h, remove the membrane and wash gently with ruthe-
nium red buffer. Stain the nitrocellulose membrane with 
ruthenium red stain for 15 min or more at RT on a platform 
shaker.  

    9.    Take photograph(s) immediately using a digital camera (see 
Note 14).       

 

     1.    Annealing temperature and number of PCR cycles are not 
 fi xed. Those are variable for different primer sets. Usually 
annealing temperature is ~5°C lower than the lower melting 
temperature of the primers used. However, the protocol of 
PCR must be standardized for each molecule.  

    2.    Avoid over-culturing of the transfected  E. coli  since over-
culture increases the amount of bacterial proteins, which will 
hamper the puri fi cation processes. However, the duration and 
temperature of the culture must be standardized for each 
protein by pilot expression to ensure the desired concentration 
and purity.  

  4.  Notes
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    3.    If the recombinant protein is inactivated by lysozyme then 
addition of the enzyme is not recommended.  

    4.    Sonication of  E. coli  suspension must be carried out on ice with 
intermittent pauses to ensure better activity of the harvested 
protein. Usually three bursts of sonication each of 12 s on ice, 
with 25 s intervals between each burst are performed. In addi-
tion, carefully adjust the temperature during thawing. If the 
protein is more thermolabile then thaw bacterial suspension at 
a lower temperature.  

    5.    After elution of the recombinant protein, check the purity of 
each fraction by SDS-PAGE analysis. The protein with the 
highest purity is harvested and further characterized.  

    6.    TALON resin can be reused three to four times, if the same 
protein is eluted. After use, the resin must be washed with 
20 mM MES buffer (pH 5.0) containing 0.1 M NaCl until 
color returns to the original color of the resin (normally light 
rose in color). Then, rinse the resin with  fi ve bed-volumes of 
distilled water and store at 4°C in 20% non-buffered ethanol 
containing 0.1% azide. Do not store TALON resin with bound 
imidazole. During reuse, discard the alcohol and wash the resin 
extensively with wash buffer three to four times.  

    7.    During dialysis, pH of the dialysis  fl uid and the suitable tempera-
ture must be standardized for each protein.  

    8.    Time required for proper sonication is variable depending on 
the consistency of the tissues. Hard tissues require more time 
than the soft tissues. Therefore, time must be standardized.  

    9.    In Gel mobility shift assays (GMSA), the concentrations of 
calcium and EDTA are not  fi xed. They can vary from micro-
molar to milimolar range (up to 5 mM). Initially, lower con-
centration should be used.  

    10.    If calcium is used in higher concentrations (>2 mM) and the 
gel is kept for a few hours (~2 h) then calcium salts may pre-
cipitate. This will, however, not in fl uence further processing 
and still the gel can be stored up to 3 days at RT. We recom-
mend, however, to use the minimum effective concentration 
of calcium. Concentration of calcium/EDTA needs to be 
standardized for each protein.  

    11.    In some cases, EDTA can be replaced by ethylene glycol 
tetraacetic acid (EGTA) which is a more speci fi c chelator for 
calcium.  

    12.    In GMSA, SDS-PAGE can also be performed under nonreducing 
conditions.  

    13.    Instead of CBB, silver stain can be used in GMSA.  
    14.    In ruthenium red staining, photographs of the gels should be 

taken as quickly as possible to avoid bleaching due to drying.          
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    Chapter 10   

 Super-Resolution Microscopy of the Neuronal 
Calcium-Binding Proteins Calneuron-1 and Caldendrin       

     Johannes   Hradsky   ,    Marina   Mikhaylova   ,    Anna   Karpova   , 
   Michael   R.   Kreutz   , and    Werner   Zuschratter         

  Abstract 

 Calcium (Ca 2+ ) signaling in neurons is mediated by plethora of calcium binding proteins with many of 
them belonging to the Calmodulin family of calcium sensors. Many studies have shown that the subcellular 
localization of neuronal EF-hand Ca 2+ -sensors is crucial for their cellular function. To overcome the resolu-
tion limit of classical  fl uorescence and confocal microscopy various imaging techniques have been devel-
oped recently that improve the resolution by an order of magnitude in all dimensions. This new microscope 
techniques make co-localization studies of Ca 2+ -binding proteins more reliable and help to get insights 
into the macromolecular organization of intracellular structures and signaling pathways beyond the 
diffraction limit of visible light.  

  Key words:   STED microscopy ,  Synaptic proteins ,  Cytoskeleton ,  Golgi apparatus ,  Calneuron , 
 Caldendrin ,  Calcium ,  EF-hand  

    

  Ca 2+  signaling in neurons exhibits steep spatiotemporal gradients 
with a spatial resolution of micro- and nanodomains  (  1,   2  ) . 
Occurrence of Ca 2+  gradients is strongly related to Ca 2+  in fl ux 
from extracellular space or induced cytosolic release from intracel-
lular stores (endoplasmic reticulum/ER, Golgi complex, and 
other). Gradients derived from sequestration of Ca 2+  ions by ER, 
mitochondria, and locally enriched Ca 2+  buffer proteins can be 
generated  (  2,   3  ) . Multiple Ca 2+  sensor proteins play a crucial role 

  1.  Introduction

  1.1.  Compartment-
alization    of Ca 2+  
Signaling in 
Neurons and Role 
of Calmodulin-
Like Neuronal 
Calcium-Binding 
Proteins

 Johannes Hradsky and Marina Mikhaylova have contributed equally to the work. 
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in transducing Ca 2+  signals into alterations of cellular processes. 
Especially a large variety of Calmodulin-like Ca 2+ -binding proteins 
is expressed in the central nervous system. The groups of neuronal 
calcium sensors (NCS) and neuronal calcium-binding proteins 
(nCaBPs) derived from their ancestor Calmodulin gave rise a vari-
ety of proteins that exhibit different Ca 2+ -binding properties, tis-
sue, cell type, and subcellular localization pro fi les ( see  ref.  4  for 
review). 

 Calmodulin (CaM) is a very abundant small cytosolic pro-
tein that can be recruited to the different neuronal compart-
ments via interaction with its protein targets  (  5  ) . Differently 
from CaM, NCS proteins are associated with intracellular mem-
branes via co-translational N-terminal lipid modi fi cation by 
myristoyltransferase (NCS-1, Hippocalcin, Recoverin, KChIPs, 
VILIPs, and others)  (  4,   6  )  .  A Ca 2+ -induced myristoyl switch trig-
gers the conformational changes and membrane recruitment of 
some NCS proteins (Recoverin, VILIPs  (  4,   7  ) ). nCaBP proteins 
also can be  N -myristoylated (like s- and l-CaBP1) but addition-
ally, adopt different strategies for targeting to a particular cell 
compartment. For example, Calneuron-1 and Calneuron-2 (also 
called CaBP8 and CaBP7, respectively) are unique members of 
nCaBP group because their targeting to Golgi membranes and 
post-Golgi vesicular compartments is provided by the C-terminal 
transmembrane domain (TMD)  (  8–  11  ) . Interestingly, they are 
the only members of EF-hand protein superfamily that can be 
classi fi ed as tail-anchored proteins  (  9,   11  ) . Calneurons are ini-
tially post-translationary inserted into the endoplasmic reticu-
lum (ER) with assistance of TRC40/ASNA1 chaperon and then, 
due to the length of the TMD and associations with particular 
phospholipids, are transported to the Golgi complex  (  11  ) . 
Calneurons are enriched at the Golgi but they also can be found 
along the constitutive secretory pathway and at the plasma mem-
brane  (  9–  11  ) . At the Golgi network, Calneurons decode local 
calcium concentrations via regulating the activity of phosphati-
dylinositol 4-kinase III β  (PI-4KIII β ), thus providing a Ca 2+ -
dependent control for the regulated local synthesis of 
phosphatidylinositol 4-phosphate (PI(4)P) and for the exit of 
vesicles from the trans-Golgi network  (  4,   10,   12  )  .  At the plasma 
membrane of bovine chromaf fi n cells, Calneuron-1 is involved in 
transduction of Ca 2+  signaling and regulating the activity of volt-
age gated Ca 2+  channels (VGCC)  (  13  ) . A mutant Calneuron-1 
lacking the C-terminal transmembrane domain did not inhibit 
currents generated through N-, L-, and P/Q-type channels indi-
cating that proper targeting of Calneuron-1 is required for its 
function  (  13  ) . Caldendrin is a founding member of nCaBP group 
of Ca 2+ -sensors. Caldendrin is abundant in brain where it shows 
 prominent immunostaining of the neurons in the cortex, hip-
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pocampus, and hypothalamus  (  14–  16  ) . Caldendrin is enriched 
in somatodendritic compartments and is enriched in the post-
synaptic density fraction after induction of kainate-induced sei-
zures  (  17  ) . In terms of its EF-hand organization, Caldendrin/
CaBP1 is the closest homologue of CaM in brain  (  14,   18,   19  ) . 
Caldendrin can sense Ca 2+  in the same dynamic range as CaM 
and it has, like CaM, two independent EF-hand domains con-
nected via a linker. Differently from CaM, Caldendrin has an 
extended amino-terminus enriched in basic amino acids. Another 
important difference between Caldendrin and CaM relates to 
amino acid substitutions within the second EF-hand loop that 
render this motif incapable of Ca 2+ -binding  (  14  ) . Interestingly, 
CaM cannot substitute Caldendrin in terms of its interactions. 
Binding of Caldendrin to IP3 receptors and L-type Ca 2+  chan-
nels (Ca v 1.2) modulate the properties of these channels in Ca 2+ -
dependent manner. Binding of Caldendrin, but not of CaM, has 
been demonstrated for the light chain 3 of microtubule-associ-
ated protein MAP1A/B  (  20  )  and for the synapto-nuclear mes-
senger protein Jacob  (  21  ) . Additionally, the amino-terminus of 
Caldendrin contains proline-rich regions that could serve as an 
interface for binding of SH3-domain proteins  (  4  ) . Visualization 
of the precise subcellular localization of NCS and nCaBPs is 
important to appreciate their function. Additionally, dynamic 
aspects of this localization, like transport along the secretory 
traf fi cking pathway for Calneurons or activity-induced synaptic 
redistribution of Caldendrin can be addressed by using high-
resolution light microscopy.  

  During the past two decades the traditional  fl uorescence micros-
copy has developed from a discipline interested in the description 
of static microstructures to a tool of molecular cell biology aim-
ing to analyze physiologically relevant molecular processes on the 
cellular and systems network level. Exploring the function of 
macromolecular networks and the Ca 2+ -mediated effects on the 
cellular machinery requires high-resolution microscope tech-
niques that allow image acquisition below the diffraction limit of 
visible light  (  22  ) . In the past, subcellular localizations of immu-
nostained structures were only possible by time-consuming elec-
tron microscopy. 

 With the introduction of new optical techniques like 4pi 
 (  23  ) , Structured Illumination (SIM)  (  24,   25  ) , Spatial 
Illumination Microscopy (SMI)  (  26  ) , Spectral-Precision-
Distance Microscopy (SPDM)  (  27,   28  )  ,  Ground State Depletion 
Microscopy (GSD)  (  29  ) , Stimulated Emission Depletion 
(STED)  (  30,   31  )  or Photoactivated Localization Microscopy 
(PALM/STORM)  (  32,   33  )  a signi fi cant improvement of spa-

  1.2.  High-Resolution 
Light-Microscopy 
Beyond the Diffraction 
Limit
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  Fig. 1.    Principle of STED resolution enhancement. In a conventional confocal laser scanning microscope, the sample is 
sequentially illuminated by a diffraction limited spot (1) via a high numerical aperture objective (2). In a Ti-Sapphire-based 
STED microscope, this illumination spot (produced by a pulsed excitation laser (3) of 532 or 640 nm) is overlayed by a 
perfectly aligned doughnut-shaped second laser pulse of 750 nm (4) produced by a Vortex phase  fi lter (5) in the beam-path 
of the Ti-Sapphire depletion laser (6). The STED laser pulse immediately follows the excitation pulse with a short delay (7). 
As result, the excited molecules, in the doughnut-shaped area, return to the ground state without emitting spontaneous 
 fl uorescence. Because the excited molecules in the center remain unaffected from the depletion process the effective 
illumination spot becomes smaller (8). The power of the depletion laser (6) determines the size of the central area from 
where  fl uorescence can still be detected (9). In other words, the resolution increases with the power of the depletion laser. 
Diagram courtesy of Leica Microsystems, Germany.       

  Fig. 2.    Principle of spontaneous  fl uorescence and stimulated (induced)  fl uorescence emission. Spontaneous emission ( left 
panel ): When a  fl uorescent molecule absorbs light quanta, it will go to a higher energy level. From here, it will relax back 
spontaneously to the ground state after a short period of time (i.e., the  fl uorescence lifetime) by emitting a photon of less 
energy (i.e., red-shifted wavelength). The emission results in a diffraction limited spot. Stimulated emission ( center panel ): 
From the excited state a  fl uorescent molecule can be forced to return back to the ground state, when the electron in the 
excited state is stimulated by another photon, whose energy matches the difference between the electron’s energy and the 
ground state. In this case the electron will not relax spontaneously, but will immediately return to the ground state by emit-
ting an additional photon of the same wavelength as the incident photon.  Right panel : In a STED microscope spontaneous 
 fl uorescence emission is restricted to the inner area of an excitation spot, whereas stimulated emission depopulates the 
excited molecules in an outer ring.       
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  Fig. 3.    Absorption and Emission spectra of Chromeo 494 ( left ) and Atto 647N ( right ) in relation to the excitation wavelength, 
the detection bandwidth and the depletion (STED) laser pulse. The  bottom graph  summarizes the situation in a Ti-Sapphire 
2-channel STED microscope.       

tial, i.e., structural resolution beyond the diffraction limit of 
classical microscopy (de fi ned by Ernst Abbe in 1873  (  34  ) ) was 
recently achieved. Most of these concepts take advantage of the 
fact that  fl uorescence can be switched between a dark state and 
a bright state, either in a stochastic (PALM/STORM/GSD) or 
in a deterministic way (STED). 

 Here, we show by using two channel STED microscopy ( see  
 Notes 1  and  3 , Figs.  1 – 3 ) that the subcellular distribution of the 
calcium-binding proteins, Calneuron and Caldendrin, can be 
determined with much higher precision than before (Figs.  4 – 8 ). In 
immunocytochemical co-localization studies, we demonstrate dis-
tinct labeling patterns of these Ca 2+ -binding proteins along Golgi-
membranes (Figs.  4  and  5 ), cytoskeleton-markers (Figs.  4 ,  5 ,  8 ) 
and in relation to pre- and postsynaptic scaffolding proteins 
(Figs.  6 – 8 ), which previously could not be resolved.           
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  Fig. 4.    HeLa and Cos7 cells were successfully transfected with the untagged Calneuron-1 construct (in pcDNA3.1) and 
GFP-Sec61 β  or GFP-Monomeric-Golgi. Subsequently, cell cultures were incubated with antibodies against  β -Tubulin III 
and Calneuron-1 and stained using Chromeo 494 and Atto 647N as dyes suitable for Ti-Sapphire-based STED imaging. 
Series of STED and confocal images were taken from triple stained cells according to above protocol. Figure shows the 
difference between the confocal ( left panel ) and the STED ( bottom panel ) image of a HeLa cell stained with Chromeo 494 
( blue , indicating  β -Tubulin III), Atto 647N ( red , indicating Calneuron-1) and GFP-monomeric-Golgi ( green ). Whereas the 
deconvolved confocal image ( right panel ) already demonstrates some optimization of the blurred confocal raw image ( left ), 
a signi fi cant improvement of the tubular cytoskeleton and the Calneuron-1 immunostainings becomes visible only in the 
STED image ( bottom ). Scale bar indicates 5  μ m.       
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  Fig. 5.    Detail magni fi cations of the GFP-labeled Golgi apparatus ( green ) and Calneuron-1 ( red ) depicted in Fig.  10.4 . The 
details revealed distinct foci of Calneuron-1 association along the Golgi-network ( green ) in the picture acquired in STED 
mode ( right panel ). In contrast to the STED-image scans recorded in the classical confocal mode ( left and center panel ) did 
not show such details but appeared mainly blurred due to their lower resolution. Deconvolution of the confocal raw image 
( left panel ) uncovered some more details ( center panel ) but could not compete with the resolution of the STED image ( right 
panel ). For instance, as it would be expected, Calneuron-1 staining was mostly associated with the Golgi membrane from 
cytosolic lea fl et but not inside of the Golgi lumen (STED images,  right panel ). Scale bar indicates 1  μ m.       
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  Fig. 6.    To demonstrate the potential of STED imaging for characterizing the dynamics of calcium-binding proteins in neu-
rons, we performed immunostainings against the pre- and postsynaptic scaffolding proteins, Bassoon and Homer-1, in 
hippocampal cell cultures, previously transfected with a GFP-fusion construct of Caldendrin. The dendritic branch of a 
neuron transfected with Caldendrin-GFP ( blue ) shows speci fi c localizations of Bassoon ( green ) and Homer ( red ) mainly at 
spiny synapses of different size and morphology. Caldendrin is present within spines where it co-localizes with Homer. 
Comparison between confocal ( center panels ) and STED ( right panel ) images show that blurred structures of confocal 
images can be resolved as distinct contact zones within the STED images. Scale bar indicates 5  μ m.       
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  Fig. 7.    Another example of Bassoon ( green ) and Homer-1 ( red ) immune-positive contacts at spines of a Caldendrin-GFP 
transfected cell ( blue ). Whereas some of the spiny contacts displayed an irregular or complementary distribution of 
Caldendrin, others exhibited a strong enhancement of the calcium-binding protein, which then correlated with the distribu-
tion of Homer. This might indicate a correlation in the activity levels of single synapses. Comparison between confocal ( left , 
 center panels ) and STED ( right panel ) images revealed a more precise distribution and higher resolution of both synaptic 
markers in the STED images. Frequently, blurred structures of confocal images could be resolved as distinct contact zones 
within the STED images. Scale bar indicates 1  μ m.       
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      1.    NB medium → Neurobasal ®  Medium (Gibco).  
    2.    NB(−) → NB, 1× B27 (Gibco), 0.5 mM  l -Glutamine.  
    3.    NB(+) → NB(−), 100 U/mL Penicillin.  
    4.    Opti-MEM  ®    Reduced Serum Medium  (Gibco).  
    5.    DMEM → Dulbecco’s Modi fi ed Eagle Medium (Gibco).  
    6.    DMEM(+) → DMEM, 10% fetal calf serum (FCS), 2 mM 

 l -glutamine, 100 U/mL penicillin, 100  μ g/mL streptomycin.  

  2.  Materials

  2.1.  Cell Culture 
and Transfection 
Reagents

  Fig. 8.    To analyze the interaction of Caldendrin ( blue ) with the actin-cytoskeleton we exchanged Homer antibody-staining 
by Phalloidin-Atto 647N ( red ) incubation. STED imaging ( right ) showed that Caldendrin ( blue ) is rather complementary or 
associated than fully overlapping with Phalloidin ( red ) staining. Again the STED images ( right ) showed a considerable 
higher resolution in which individual contact zones of the presynaptic marker Bassoon ( green ) could be distinguished. 
Scale bar indicates 1  μ m.       
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   Table 1 
  Primary antibodies   

 Antigen  Host  Dilution  Company 

 Bassoon  ms  1:800  Stressgene 

 Homer 1  rb  1:500  SynapticSystems 

 Calneuron-1  rb  1:400  Homemade, af fi nity puri fi ed 

  β -Tubulin III  ms  1:800  Sigma 

   See   Notes 8  and  9   

   Table 2 
  Secondary antibodies   

 Antigen  Host  Dilution  Company 

 ATTO 647N anti-Rabbit IgG  Goat  1:200  Active Motif 

 Chromeo™ 494 anti-Mouse IgG  Goat  1:50  Active Motif 

   See   Note 5   

    7.    Lipofectamine™ 2000  Transfection Reagent  (Invitrogen).  
    8.    PolyFect Transfection Reagent (Qiagen).      

      1.    12-well Multidish (e.g., Nunclon™ Δ , NUNC).  
    2.    18 mm coverslips (e.g., Thermo CB00180RA1).      

      1.    PBS → 10 mM NaPO 4  pH 7.4.  
    2.    4% PFA → 4% PFA in PBS.  
    3.    Permeabilization buffer pH 7.4 → PBS, 0.25% Triton X-100.  
    4.    Blocking buffer → PBS, 2% Glycine, 2% BSA, 0,2% Gelatine, 

50 mM NH 3 Cl, pH 7.4.  
    5.    ProLong  ®   Gold Antifade Reagent (Molecular Probes).      

      1.    Forceps with angled tip (e.g., Dumont #5/45).  
    2.    Microscope slides 3 × 1 in. (e.g., Diagonal, 360 535 00).  
    3.    Chipboard slide folder (e.g., Ceesem, 51.850043).  
    4.    Para fi lm “M” (Pechiney Plastic Packaging).  
    5.    Lightproofed, humidi fi ed chamber (Tables  1  and  2 ).         

  2.2.  Cell Culture 
Material

  2.3.  Staining Reagents

  2.4.  Staining Material



158 J. Hradsky et al.

 

      1.    Exchange of media: Rat hippocampal primary neurons are 
   prepared at embryonic day 18 and plated on 18 mm coverslips 
coated with poly- d -lysine at density 30,000 cells per 1 mL of 
media as described previously  (  21  ) . For transfection the condi-
tioned NB+-media, where the neurons were growing until day 
in vitro 8 (DIV8), has to be replaced by 1 mL of freshly pre-
pared NB− (without the antibiotics). The old media is col-
lected and stored in a Falcon tube in the incubator.  

    2.    Preparation of transfection mix: Transfection is done using 
2  μ l Lipofectamine2000-reagent and 2  μ g of a Caldendrin-
EGFP construct (in pEGFP-N1 vector) for each well. Both 
components are diluted and incubated separately for 5 min in 
50  μ l Optimem at room temperature (RT). The 
Lipofectamine2000 containing Optimem is then mixed with 
the DNA followed by another 20 min of incubation (RT).  

    3.    Transfection of neurons: After the addition of the transfection 
mix the neurons are transferred back to the incubator where 
they are kept at 5% CO 2  and 37 °C for another 2 h. Finally the 
NB−/Optimem transfection mix is replaced by the conditioned 
media collected prior to transfection and the cells are left in the 
incubator till DIV16.      

  In contrast to the transfection of neurons, an exchange of media 
prior to transfection is not required. About 24 h after splitting, the 
cells are ready for transfection. In this approach a double transfec-
tion with untagged Calneuron-1 construct (in pcDNA3.1) and 
GFP-Monomeric-Golgi (subcloned from pDsRed-Monomer-
Golgi in frame with EGFP-N1/Clontech) is performed. Therefore, 
1.5  μ g of each construct (in total 3  μ g/well) and 6  μ l of Polyfect-
reagent are added to 100  μ l of RT DMEM− media and kept for 
10 min incubation at RT. To the preincubated mix, 100  μ l of 37 °C 
DMEM+ media is added. The transfection mix is then applied to 
the DMEM+ cultivation media of the cells, which are then kept for 
another 48 h in the incubator followed by the  fi xation.  

      1.    Fixation of the cells: Hippocampal primary neurons, HeLa and 
Cos-7 cells are  fi xed using 4% paraformaldehyde (PFA). After 
removal of the cultivation media, cells are kept for 10 min at 
RT with 4% PFA, followed by three times washing with PBS. 
The  fi xation should be carried out in the cultivation plates, 
whereas for the following steps, the coverslips have to be trans-
ferred to a piece of Para fi lm placed on microscope slides in a 
humidi fi ed, lightproofed chamber.  

  3.  Methods

  3.1.  Transfection 
of Hippocampal 
Primary Culture with 
Lipofectamine2000

  3.2.  Transfection 
of HeLa- and COS-7 
Cell Cultures with 
Polyfect

  3.3.  Staining of Cell 
Cultures on 18 mm 
Coverslips for 
STED-Microscopy
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    2.    Permeabilization of the cells: To permeabilize the cells, 150  μ l 
permeabilization buffer is applied to each coverslip. The per-
meabilization is stopped after 8 min RT incubation, by another 
three times PBS wash.  

    3.    Blocking and primary antibody labeling: To avoid unspeci fi c 
binding of the primary antibody the cells are blocked for 1 h at 
RT in blocking buffer. During the blocking step, dilutions of 
the primary antibody are prepared in blocking buffer (50  μ l 
per coverslip). To reduce the amount of antibody used for the 
staining, incubation is carried out putting the coverslips in 
invers orientation to the antibody solution. The incubation 
with the primary antibody is performed overnight at 4 °C ( see  
 Notes 8  and  9 ).  

    4.    Secondary antibody labeling: After removal of the primary 
antibody the coverslips are  fl ipped back and washed  fi ve times 
with PBS. In the meanwhile, dilutions of the  fl uorescence-
labeled secondary antibodies are prepared in blocking buffer. 
For Ti-Saphir-STED-imaging secondary antibodies tagged 
with Chromeo 494 and Atto 647N dyes are strongly recom-
mended at dilutions of 1:50 and 1:200, respectively. Keep in 
mind: To maintain the stability of the  fl uorophores, it is 
required to reduce the exposure of them to light to a mini-
mum. After washing, secondary antibody dilutions are applied 
analogous to the primary antibodies, whereas the incubation is 
carried out only for 2 h at RT, followed by another  fi ve times 
of washing ( see   Notes 5  and  6 ).  

    5.    Embedding: Finally the stained coverslips have to be mounted 
on microscope slides. To avoid any steric problems while exam-
ining the cells on a microscope, it is advisable to put only one 
coverslip on each slide. Therefore, a drop of RT Prolong-
reagent has to be put in the center of the slide in which the 
coverslip, after a short rinse in distilled water (to remove any 
salt precipitations), gets  fi nally  fl ipped. After embedding and 
labeling of the slides, it is best to store them at RT in a light 
sealed chipboard slide folder. 24 h After embedding, the cells 
are ready for microscopy ( see   Note 7 ).      

  For STED-imaging of Chromeo 494 and Atto 647N dyes ( see  
Fig.  3 ,  Note 5 ) with emission maxima around 600 nm (channel 1) 
and 680 nm (channel 2), respectively, we used a commercial 
2-channel STED microscope from Leica Microsystems, Germany 
( see   Notes 1 – 4 ). Since the Leica STED microscope is fully soft-
ware controlled, acquiring STED images is nearly as easy as confo-
cal imaging. The following work fl ow protocol gives an overview 
about the critical steps and different approaches to acquire high-
resolution images.

  3.4.  Image Acquisition 
of Stained Cell 
Cultures by 
STED-Microscopy



160 J. Hradsky et al.

    1.    After switching on microscope, computer, scanner, lasers, and 
starting the LAS software open the con fi guration menu/laser 
and activate the multi-photon (MP) laser, the pulsed 532 and 
640 nm laser, the 594 nm laser, and the Argon laser (if required 
for triple labeling in confocal mode). Open the shutter of the 
MP laser (red light is visible) ( see   Note 4 ).  

    2.    Let the system and the MP laser warm up for at least 1 h to 
ensure mode lock and to stabilize focus and the optical compo-
nents (from thermal drift).  

    3.    Make sure that the 100× Oil Plan Apo NA 1.4 STED objective 
is inserted into the beam path.  

    4.    Open con fi guration menu/STED and let the auto alignment 
routine run, which takes only few minutes. This routine opti-
mizes the adjustment between the excitation lasers and the 
STED laser and should be repeated every 2 h in order to mini-
mize thermal drifts within the beam paths. Because the sample 
is not illuminated during the beam alignment, there is no need 
to remove it from the microscope stage.  

    5.    Since Chromeo 494 and Atto 647 N emit their  fl uorescence in 
the red range of the spectrum (Fig.  3 ), it is dif fi cult to  fi nd an 
area of interest by eye with wide  fi eld epi fl uorescence illumina-
tion. Therefore, it is advisable to have a third label, like GFP or 
Alexa 488, within the sample that helps to  fi nd the focus and 
to navigate on the sample until one has found the region of 
interest for STED imaging ( see   Note 5 ).  

    6.    Before scanning the best position one should perform a test 
run with a dispensable structure to  fi nd the optimized settings 
without bleaching the signi fi cant areas from which STED 
images should be acquired. In contrast to Chromeo 494 with 
low quantum yield Atto 647N is a rather stable  fl uorophore 
that allows repeated scanning. Hence, it is recommendable to 
use the Atto 647N channel for  fi ne adjustments at higher zoom 
factors ( see   Note 5 ).  

    7.    Confocal as well as STED images are recorded sequentially by 
scanning the focused beam with a galvo-mirror across the 
specimen. 

   A typical image series consists of four channels, which have to 
be acquired in sequential mode. Channel 1: Atto 647N (LSM 
mode), channel 2: chromeo 494 (LSM mode), channel 3: Atto 
647N (STED mode), channel 4: Chromeo 494 (STED mode). 
Eventually in a 5th channel GFP or Alexa 488 can be recorded 
as counterstaining in LSM mode ( see   Notes 2 ,  3  and 
Figs.  4 – 8 ).  

    8.    Atto 647N and Chromeo 494 have to be captured by 
Avalanche photodiodes (APDs), whereas the counterstaining 
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(i.e., GFP or Alexa 488) should be imaged by one of the 
internal photomultiplier tubes (PMTs).  

    9.    Adjusting the scan parameters according to the signal to noise 
ratio within the sample requires  fi ne adjustment of each chan-
nel while scanning. To avoid bleaching fast scanning (1,000 Hz) 
is recommended at low resolution (256 × 256 pixel) with a 
look up table (glow over/under) that indicates saturated pixel 
in blue and background values in green.  

    10.    To  fi nd the optimal intensity of the excitation laser start scan-
ning in LSM mode and then toggle between LSM and STED 
mode by activating the button at the STED slider. Increasing 
the power of the STED laser should result in higher depletion, 
visible as smaller structures indicating improvement of resolu-
tion. Care must be taken to avoid bleaching from strong laser 
excitation as well as re-excitation from the depletion laser ( see  
 Notes 1 – 3 ).  

    11.    If no clear improvement between the STED and the LSM 
image is visible the beam alignment has to be controlled. If 
excitation and depletion lasers are well aligned a missing STED 
effect might also be caused by a mismatch in the temporal syn-
chronization between excitation and STED laser pulse. In this 
case the default value of the delay time between both pulses 
has to be tested manually in the con fi guration/STED menu.  

    12.    Once optimal settings for the individual channels have been 
found, they can be taken over with slight adaptation for a 
whole series of images. For high-quality STED recording, two 
opposite strategies can be applied: Either the scan speed can be 
reduced to 10, 100 or 200 Hz with no or little averaging (4× 
is a good value) or the scan speed is set to 1,000 or 1,400 Hz 
and the image is averaged up to 64 times. With both settings 
we have obtained reasonable results, if the staining is homoge-
neous without any hot spots in the sample. Because APDs are 
very sensitive but lack high dynamic range as known from 
PMTs, they will shut off immediately after attaining saturation. 
Since the risk of entering saturation is much higher with lower 
scanning speed, a repetition rate of 1,000 Hz and 64 times line 
averaging is recommend as optimal scanning parameters.  

    13.    In contrast to the 532 nm excitation laser, which is controlled 
by an AOTF, the intensity of the pulsed 640 nm laser has to be 
adjusted manually before channels toggle between LSM (inten-
sity value at the power supply: 5.25) and STED (Intensity 
value: 5.3) mode. For this reason it is advised to scan alternat-
ing with 532 and 640 nm excitation.  

    14.    To avoid undersampling and thus loss of information, STED 
imaging requires a pixel size below 30 nm. This is important, 
because due to the Nyquist theorem, the sampling frequency 
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should be at least two times higher than the highest spatial 
frequencies in the sample. Practically it means that an adequate 
data representation is ful fi lled if the pixel size is two to three 
times below the theoretical resolution. In STED mode, a pixel 
size of 25 nm is achieved with an 100× Oil NA 1.4 objective at 
an image format of 1,024 pixel with a zoom factor of 6.  

    15.    Acquisition of 3D stacks is principally possible with the STED 
system, but one has to take into account that the axial resolution 
of the commercial setup is still the same as in confocal mode 
(500–700 nm). Moreover, repeated scanning boosts bleaching, 
particularly of the Chromeo 494 dye. To minimize bleaching 
during stack acquisition fast scanning (1,400 or 8,000 Hz using 
the resonant scanner) in combination with enhanced averaging 
(i.e., 64× line average) is strongly recommended.      

  To improve image quality raw data of confocal and STED images 
are deconvolved using Autoquant deconvolution software (Media 
Cybernetics, Inc., Bethesda, USA) with a theoretical PSF. 
Subsequently, images are processed using ImageJ (National 
Institutes of Health, USA) for merging channels and conversion 
into 8 Bit RGB images. Contrast and brightness levels of individual 
channels are  fi nally adapted by Photoshop CS 5 (Adobe. System, 
Inc., San Jose, USA).   

 

     1.    Spontaneous versus stimulated emission. In  fl uorescence 
microscopy the process of absorption and emission can be 
described as cycle between lower (ground) or higher (excited) 
electronic energy states of an atom. If the atom absorbs a pho-
ton of a certain frequency     ν   (that equals the energy difference 
between the two states) an electron makes a transition to the 
excited electronic state (Fig.  2 , left panel). From here it will 
relax back spontaneously to the ground state after a short 
period of time (i.e., the  fl uorescence lifetime) by emitting a 
photon of less energy (i.e., red-shifted wavelength). 
Mathematically, the energy difference between the excited 
(E2) and the ground (E1) state is given by the equation:

     - =2 1 ,νE E h    

  where     ν   is the frequency and  h  is Planck’s constant. Typical 
excited state lifetimes of  fl uorescent dyes are in the range of 
picoseconds to nanoseconds. 

  3.5.  Image Processing

  4.  Notes
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   In contrast to spontaneous relaxation stimulated (or induced) 
emission occurs when an electron in the excited state encoun-
ters a photon whose energy matches the difference between 
the electron’s energy and the ground state (Fig.  2  center panel). 
In this case the photon will stimulate the electron to return 
immediately to the lower energy state by emitting an addi-
tional photon of the same phase, frequency, direction, and 
polarization, as the incident photon. Stimulated emission was 
theoretically predicted  fi rst by Albert Einstein in 1917  (  35  )  .  It 
can be used to augment the external  fi eld (as in lasers) or to 
deplete spontaneous  fl uorescence speci fi cally by switching 
 fl uorescent molecules off in a certain area as in STED micros-
copy (Figs.  1  and  2  right panel).  

    2.    Resolution limit in confocal microscopy. In confocal laser scan-
ning microscopy, the excitation beam is focused by an objec-
tive into a diffraction limited spot, which is sequentially moved 
across the specimen by a scanning mirror. The emitted 
 fl uorescence is then collected through the objective and guided 
to a detector (usually a photomultiplier tube (PMT)). The 
light distribution of the focal spot is determined by the point-
spread function (PSF) which, in an ideal case, shows a typical 
pattern called “Airy disk.” Its smallest size is de fi ned by the 
diffraction limitation of light. The diffraction limitation was 
 fi rst described by Ernst Abbe in 1873  (  34  )  in his formula:

     

λ
α

=
2 sin

d
n    

  where  d  is the resolvable characteristic value,     λ   is the wave-
length,  n  is the refractive index of the medium, and     sinα   the 
semi-aperture    angle of the objective. Because of this resolu-
tion barrier the excitation spot for illuminating  fl uorescent 
structures in a scanning microscope cannot be smaller than 
approximately half the wavelength of visible light, i.e., for blue 
excitation:  » 200 nm.  

    3.    Resolution in STED microscopy. In a scanning STED 
(STimulated Emission Depletion) microscope Abbe’s resolu-
tion limit is circumvented by annihilating excited dye mole-
cules in the periphery of the excitation spot, thus con fi ning the 
 fl uorescence emission to a smaller area in the center. The STED 
concept of deactivating dye molecules was  fi rst described in 
1994 by Stephan Hell  (  30  ) . In a scanning microscope, it is 
realized by modulating the wavefront of a second red-shifted 
laser with a patterned phase plate (vortex pattern), so that a 
doughnut shaped ring around the excitation spot is illumi-
nated. As effect the  fl uorescence emission of excited molecules 
is increasingly quenched in the outer rim by the second (STED) 
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laser, whereas the emission in the center of the excitation spot 
is widely unaffected (Figs.  1  and  2  right panel). In principal, 
excitation and quenching can be done by cw- or pulsed lasers, 
respectively. Whereas cw-lasers are cheaper than pulsed lasers 
and require only a precise spatial alignment between excitation 
and quenching beams, pulsed lasers are more complex and 
necessitate, in addition to the spatial alignment, a precise tem-
poral cyclic succession of both excitation and de-excitation 
laser pulses to assure that the arrival of both pulse trains are 
precisely synchronized. Using powerful depletion lasers forces 
almost all of the excited molecules in the outer ring to revert 
to the ground state, leaving only a tiny fraction of excited mol-
ecules in the center region of the excitation spot the chance to 
 fl uoresce. In other words, the size of the scanning spot from 
where  fl uorescent emission can be detected is de fi ned by the 
precise arrival and the intensity of the de-excitation beam, i.e., 
the higher the depletion power, the smaller the fraction of 
 fl uorescent molecules in the remaining central spot and the 
better the resolution. Mathematically, the resolution improve-
ment beyond the diffraction limit is described by the following 
extension of Abbe’s formula:

     

λ

α
=

+
s

2 sin (1 )

d
I

n
I    

  where     I   is the intensity of the STED laser and     sI   the saturation 
intensity of the selected  fl uorophore, i.e., the laser intensity at 
which the  fl uorescence depleted by 50%  (  22  ) .  

    4.    Con fi guration of the 2 channel STED setup. Figure  1  shows a 
scheme of a Titanium Sapphire laser-based STED microscope 
used for imaging dyes with emission maxima between 600 and 
700 nm. For 2 channel excitation, diode lasers (PicoQuant, 
Berlin) emitting pulses of  ≈ 70 ps at 532 nm (channel 1) and 
640 nm (channel 2) with a repetition rate of 80 MHz were 
used. The STED pulses of 750–760 nm (repetition rate of 
80 MHz) were generated by the Ti-Sapphire laser (Cameleon 
Ultra II, Coherent Inc., Santa Clara, USA) that provided also 
the triggering signal for the precise synchronization of the 
STED laser with the excitation lasers. Temporal adjustment 
of excitation and quenching pulses was managed via a delay 
unit to guarantee that every excitation pulse is immediately 
followed by a depletion pulse. The STED laser pulses of 
 ≈ 100 fs were  fi rst prestretched to  ≈ 1 ps by guiding the beam 
through a glass block and then stretched to  ≈ 300 ps via a 
100 m long polarization-maintaining glass  fi ber. Subsequently, 
the collimated STED beam was guided through a vortex 
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   Table 3 
  Photophysical properties of STED dyes   

 Dye  Abs (nm)  Em (nm)    ε   (M −1  cm −1 )  QY  Stoke’s shift (nm) 

 ATTO 647N  644  669  150,000  65   25 

 Chromeo 494  494  628   55,000  7 a /25 b   134 

   Abs  absorption maximum in water,  Em  emission maximum in water,   ε   molar extinction coef fi cient,  QY  quantum yield, 
 Stoke’s shift  Em-Abs 
  a Goat–anti-mouse conjugate or Goat–anti-rabbit conjugate 
  b BSA-conjugate  

patterned phase plate and then overlaid with the excitation 
beams via a dichroic mirror. Calibration between excitation 
and STED pulse is done automatically by an alignment tool 
provided by the software. Both beams were focused into the 
sample by a 100× Pl APO objective (Leica-Microsystems, 
Wetzlar, Germany), and the emitted  fl uorescence signal was 
registered by two avalanche photon diodes (APDs, Perkin 
Elmer, Inc., San Jose, USA). To enhance focus stability and 
minimize thermal drift, the microscope was equipped with 
light tight customized heatable incubation chamber (Pecon, 
Erbach, Germany).  

    5.    Dyes used for STED microscopy. Although principally almost 
all  fl uorophores can be depleted by stimulated emission, prac-
tically the photophysical properties, particularly the photosta-
bility, and the available laser lines for pulsed excitation shrink 
dramatically the number of  fl uorophores to be considered suit-
able. A list of dyes recommended for cw-STED and/or 
Ti-Sapphire STED microscopy can be found online at   http://
nanobiophotonics.mpibpc.mpg.de/old/dyes/    . In our hands 
the best results, so far, were obtained with Atto 647N (Atto-
Tec, Siegen, Germany) excited at 640 nm (Fig.  3  center panel). 
For co-localization studies, Chromeo 494 (Active Motif 
Chromeon GmbH, Tegernheim, Germany), excited at 532 nm, 
was used as second STED- fl uorophore (Fig.  3  left) in associa-
tion with Atto 647 N (Fig.  3  right panel). Due to the large 
Stoke’s shift of Chromeo 494 this dye has a low quantum 
ef fi cacy and care must be taken to avoid fast bleaching ( see  
Table  3 ). Both immunostainings could be combined with pre-
vious transfection of genetically encoded  fl uorophores, like 
eGFP, without considerable crosstalk. The latter can be used as 
third label to de fi ne cell borders or areas of interest and 
recorded in confocal mode only.   

    6.    Direct versus indirect labeling. Since the size and the number 
of the  fl uorophores linked to an antibody in fl uence the 

http://nanobiophotonics.mpibpc.mpg.de/old/dyes/
http://nanobiophotonics.mpibpc.mpg.de/old/dyes/
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dimensions of the structure to be recorded, direct labeling of 
 primary-antibodies is advised. Compared to indirect immune-
 fl uorescence with directly labeled antibodies, the  fl uorophore 
is considerably closer to the structure of interest, thereby 
contributing to an improvement of the resolution. However, 
a  drawback of direct immune- fl uorescence is an attenuation 
of signal due to less  fl uorophores.  

    7.    Embedding and mounting. STED images are acquired by 
selected high numerical aperture objectives (100× Plan Apo 
1.4 NA oil), which are designed to be used with coverslips of 
170  μ m thickness and on the assumption that also the refrac-
tive indices of embedding and immersion media equal  n  = 1.52. 
Since any mismatch in the refractive index of the beam path 
will dramatically reduce the resolution, care must be taken that 
the embedding medium of the sample, the coverslip, and the 
immersion medium do not alter the refractive index percepti-
bly. Hence, for super-resolution microscopy we recommend 
the usage of immersion oil from Zeiss or Leica (F-518) with a 
refractive index of 5.18 and coverslips with a homogeneous 
thickness (170  μ m ± 5  μ m), like from Zeiss # 1.5 (Carl Zeiss, 
Jena, Germany) or Marienfeld No 1.5H (  http://www.marien-
feld-superior.com    ). 

 As embedding medium in combination with an antifade 
reagent, we have some good experience with Mowiol + Dabco 
(1,4-Diazabicyclo-octane) in Glcyerol/Tris-buffer, pH 8.5. 
Mowiol (Mowiol 4.88, Calbiochem) is a solution of polyvinyl 
alcohol, which hardens overnight after slide preparation, and 
does not require the coverslips to be sealed with nail varnish. 
The addition of Dabco or  p -Phenylenediamine (PPD) is rec-
ommended to reduce bleaching of  fl uorescent probes. A pro-
tocol for Mowiol preparation is presented at   http://www.
niaid.nih.gov/LabsAndResources/labs/aboutlabs/rtb/bio-
logicalImaging/protocols/Pages/mowiolPreparation.aspx    .   
 An alternative Glycerol-based mounting medium used for 
STED-imaging is ProLong Gold (Invitrogen). Prolong Gold 
is suitable for Atto 647N and Chromeo 494 but not so good 
for eGFP and other  fl uorescent proteins. With time it polymer-
izes so that a sealing is not necessary. A good overview about 
mountants and antifades can be found at   http://www.biocen-
ter.helsinki. fi /bi/lmu/images/Mountants.pdf    . 

 As non-hardening mounting medium with antioxidant 
features we have successfully applied TDE (2,2  -Thiodiethanol, 
Sigma Aldrich). TDE allows a  fi ne adjustment of the refractive 
index between water (1.33) and oil (1.52) by changing the 
ratio between water and TDE in the mixture of an ascending 
series  (  36  ) .  

    8.    Primary antibodies used for presynaptic staining. To demon-
strate the potential of STED imaging for the subcellular 

http://www.marienfeld-superior.com
http://www.marienfeld-superior.com
http://www.niaid.nih.gov/LabsAndResources/labs/aboutlabs/rtb/biologicalImaging/protocols/Pages/mowiolPreparation.aspx
http://www.niaid.nih.gov/LabsAndResources/labs/aboutlabs/rtb/biologicalImaging/protocols/Pages/mowiolPreparation.aspx
http://www.niaid.nih.gov/LabsAndResources/labs/aboutlabs/rtb/biologicalImaging/protocols/Pages/mowiolPreparation.aspx
http://www.biocenter.helsinki.fi/bi/lmu/images/Mountants.pdf
http://www.biocenter.helsinki.fi/bi/lmu/images/Mountants.pdf
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 localization of calcium-binding proteins in neurons, we 
 performed immunostainings against pre- and postsynaptic 
scaffolding proteins in hippocampal cell cultures previously 
transfected with a GFP-fusion construct of Caldendrin 
(Figs.  6 – 8 ). As presynaptic marker, we chose Bassoon, a giant 
protein of 420 kDa, which is supposed to be a major constitu-
ent of the so-called cytomatrix at the active zone found at 
both excitatory and inhibitory synapses  (  37–  40  ) . Ultrastructural 
and immunocytochemical studies have shown that Bassoon is 
always present in nascent synapses, indicating that it plays an 
essential role during assembly of active zones. Here, we recog-
nized Bassoon by a monoclonal antibody followed by indirect 
immune- fl uorescence with Chromeo 494 as dye.  

    9.    Primary antibodies used for postsynaptic staining. As postsyn-
aptic marker we chose Homer, which consists of several iso-
forms (Homer-1, 2, 3) and is localized at the postsynapse of 
excitatory synapses  (  41  ) . It acts as an adaptor protein to link 
multiple targets, such as type 1 metabotropic glutamate recep-
tors, IP3 receptors, ProSAP/Shanks, and others  (  42–  44  ) . By 
inducing the clustering of these proteins, Homer was sug-
gested to organize distinct signaling pathways and to modulate 
calcium signaling and dendritic spine morphology  (  45  ) . In our 
study, Homer was identi fi ed by an af fi nity-puri fi ed rabbit anti-
body against Homer-1 that was visualized by anti-rabbit Atto 
647N. Caldendrin-GFP expressed in adult hippocampal pri-
mary neurons was unevenly  fi lling up complete neurons with 
most of GFP  fl uorescence in the soma (but not the nucleus), 
dendrites and dendritic spines (Figs.  6 – 8 ).          
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    Chapter 11   

 NMR Studies of the Interaction of Calmodulin 
with IQ Motif Peptides       

     Steven   M.   Damo   ,    Michael   D.   Feldkamp   ,    Benjamin   Chagot   , 
and    Walter   J.   Chazin         

  Abstract 

 Calmodulin (CaM) is a ubiquitous EF-hand calcium sensor protein that transduces calcium signals in a 
wide range of signaling pathways. Structural analysis of complexes with peptides has provided valuable 
insights into the remarkable variety in the way in which CaM interacts with and activates its targets. Among 
these various targets, CaM has been shown to be an essential component of a calcium-sensing regulatory 
apparatus for a number of voltage-gated ion channels. NMR spectroscopy has proven to be a powerful tool 
for the structural characterization of CaM–peptide complexes, in particular for the study of IQ motifs, 
which bind CaM at the basal level of calcium in cells and thereby serve to localize CaM to its sites of action. 
We describe here methods for the robust expression and puri fi cation of CaM isotopically enriched for 
NMR analysis, as well as for the complex of CaM with a peptide derived from the IQ motif sequence of 
the human cardiac sodium channel Na V 1.5. We also describe methods for NMR analysis of titrations of 
CaM with IQ motif peptides to determine the stoichiometry of the complex and to identify the residues 
at the binding interface.  

  Key words:   Calmodulin ,  Na V 1.5 ,  IQ motif ,   15 N- 1 H HSQC ,  NMR spectroscopy ,  Protein complex , 
 Co-expression ,  Calcium binding protein ,  Calcium signaling ,  EF-hand    

 

 EF-hand calcium binding proteins are used to regulate, shape, and 
transduce intracellular calcium signals  (  1,   2  ) . The ubiquitous 
calcium sensor calmodulin (CaM) integrates calcium signal transduc-
tion, modulating the activity of more than 50 different targets  (  3  ) . It 
performs this function through coupled binding of calcium and 
distinct CaM-binding domains in these target proteins. CaM is 

  1.  Introduction
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composed of two classical EF-hand domains connected by a 
 fl exible linker. Binding of calcium causes a shift within each domain 
from a closed to an open conformation, which leads to exposure of 
a substantial hydrophobic surface that is integral to its interaction 
with targets. These conformation changes combined with a high 
degree of  fl exibility in the linker between the domains provide 
CaM with a remarkable ability to interact with targets in a wide 
range of different modes. Given the signi fi cant molecular size and 
complexity of CaM targets, peptides derived from the CaM-binding 
domain/s of targets have been used extensively to mimic the inter-
action of CaM with full length targets  (  4–  8  ) . NMR spectroscopy 
has been used to directly validate this reductionist approach for 
studying CaM  (  9  ) . 

 Calcium signals are tightly regulated in time and duration 
because otherwise they would activate so many signaling pathways 
and overwhelm the cell. This tight regulation means that the cal-
cium sensor proteins need to be able to respond rapidly to signals. 
One way that CaM ensures its rapid response is by pre-localizing to 
its sites of action. The IQ motif is a conserved sequence 
(IQxxxBGxxxB, B = Lys or Arg) in CaM targets that is widely used 
for this purpose  (  10  ) . The key characteristics of IQ motifs pro-
viding this function is that they bind relatively tightly to CaM at 
basal levels of intracellular calcium and the interaction changes 
when calcium levels are raised  (  11  ) . Voltage-gated ion channels are 
one important class of targets whose activity is modulated by intra-
cellular calcium signals through the action of CaM. The channels 
have IQ motifs in their C-terminal intracellular domains, which are 
known to recruit CaM. 

 One of the most well-studied voltage-gated ion channels mod-
ulated by calcium is the human cardiac voltage-gated sodium channel 
(Na V 1.5). Na V 1.5 is essential in the initial phase of action potential 
and a core regulatory element of the beating of the heart  (  12  ) . 
CaM plays a critical role in the calcium regulation of Na V 1.5 and is 
pre-localized to the channel via a C-terminal IQ motif. Physical 
interaction of CaM with the IQ motif has been directly demon-
strated both in the presence and in the absence of calcium  (  13  ) . In 
the absence of calcium, the C-terminal domain of CaM binds the 
IQ motif with the N-lobe remaining free in solution  (  4  ) . Although 
no structure has been determined at saturating calcium, NMR 
studies have shown that both the N- and C-terminal domains are 
engaged  (  13  ) . 

 NMR spectroscopy has played a critical role in characterizing 
the interaction of CaM with its many cellular targets. NMR is well 
suited for the study of protein interactions because the resonance 
frequency observed is exquisitely sensitive to changes in chemical 
environment, for example, when a ligand is titrated into a solution. 
In the past 10–15 years,  15 N- 1 H HSQC NMR spectroscopy has 
become a widely used technique to observe residue speci fi c changes 
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in the chemical environment of backbone amide groups within 
proteins, and this approach has been widely used in studies of tar-
get peptide fragments binding to CaM. 

 The use of peptide fragments for the reductionist approach 
has certain advantages. Titrations of peptides into solutions of 
 15 N-enriched proteins monitored by  15 N- 1 H HSQC spectra require 
relatively modest quantities of the peptides, which can be synthe-
sized in a cost effective manner. However, for more in-depth 
NMR studies, it is advantageous to monitor changes not only in 
the protein but also in the peptide, which means producing the 
peptide with isotopic enrichment. Due to the much higher cost of 
producing such samples, the labeled peptide is usually produced 
recombinantly in a bacterial expression system. This approach 
faces certain technical challenges as in general it is dif fi cult to 
express small peptides alone due to their susceptibility to prote-
olytic cleavage and low expression levels. These obstacles can be 
overcome through fusion to a carrier protein  (  14  ) . Furthermore, 
co-expression of protein complexes offers the advantages of pre-
assembly of the complex, generally accurate stoichiometry and 
more facile puri fi cation. 

 Here we describe methods for the production of  15 N-enriched 
CaM and titration of CaM with a synthetic Na V 1.5 IQ motif pep-
tide (Na V 1.5 IQp ) monitored by  15 N- 1 H HSQC NMR spectroscopy. 
We show how to quantify changes in amide chemical shifts observed 
in the  15 N- 1 H HSQC spectrum of  15 N-labeled apo CaM to dissect 
the stoichiometry of peptide binding, as well as to identify residues 
perturbed upon peptide binding. In addition, we describe co-
expression and puri fi cation of a uniformly  15 N enriched CaM-IQ 
peptide complex. The methods described here are generally appli-
cable to CaM complexes. Given the large and still increasing num-
ber of CaM targets, the use of these approaches to characterize of 
CaM–peptide complexes will continue to be valuable for under-
standing the molecular basis for transduction of calcium signals by 
CaM and the activation of intracellular signaling pathways.  

 

  Expression of  15 N CaM

    1.    CaM pET15 plasmid ( see   Note 1 ).  
    2.    BL21(DE3) competent cells (Invitrogen): 100  μ L aliquots 

stored at −80°C.  
    3.    Ampicillin (AMP) 1,000× stock solution 100 mg/mL in 

Milli-Q (MQ) water ( fi ltered to a resistance of 18.3 M Ω  cm). 
Sterilize by 0.2  μ M  fi ltration.  

  2.  Materials

  2.1.  Production of  15 N 
Apo CaM for NMR 
Studies
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    4.    LB AGAR plates: 10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast 
extract, 15 g/L agar dissolved in MQ water and autoclaved at 
121°C for 20 min. Add AMP stock at a 1:1,000 dilution when 
the medium has cooled to 50–60°C.  

    5.    SOC Recovery medium: 20 g/L tryptone, 0.5 g/L NaCl, 
5 g/L yeast extract, 2.5 mM KCl, 5 mM MgCl 2 , 5 mM MgSO 4 , 
20 mM glucose dissolved in MQ H 2 O, and autoclaved at 
121°C for 20 min.  

    6.    LB medium: 10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast 
extract autoclaved at 121°C for 20 min.  

    7.     15 N labeled M9 medium: Per L of medium. Add 0.5 g NaCl, 
3.0 g KH 2 PO 4 , 6.0 g Na 2 HPO 4 , and 1.0 g  15 NH 4 Cl autoclaved 
at 121°C for 20 min. Add 1.0 mL of 2 M MgSO 4  (sterile 
 fi ltered 0.2  μ M), 100  μ L of 1 M CaCl 2  (sterile  fi ltered, 0.2  μ M), 
20 mL of 20% glucose (sterile  fi ltered, 0.2  μ M).  

    8.    IPTG (Gold Biotechnology): 1 M solution in MQ H 2 O. 
Sterilize by  fi ltration at 0.2  μ M.     

 Puri fi cation of Apo CaM

    1.    Refrigerated ÄKTA FPLC (GE Life Sciences) puri fi cation 
system and accessories ( see   Note 2 ).  

    2.    Two Phenyl sepharose 6 Fast Flow columns (prepacked 25 mL, 
Amersham).  

    3.    Phenyl sepharose (PS) Buffer A: 50 mM Tris–HCl pH    7.5, 
1 mM CaCl 2 .  

    4.    Phenyl sepharose (PS) Buffer B: 50 mM Tris–HCl pH 7.5, 
500 mM NaCl, and 1 mM CaCl 2 .  

    5.    Phenyl sepharose (PS) Buffer C: 50 mM Tris–HCl pH 7.5, 
1 mM EDTA.  

    6.    Dialysis tubing: 3 kDa molecular weight cutoff (MWCO).  
    7.    NMR buffer N: 20 mM HEPES pH 6.8, 100 mM KCl, 1 mM 

EDTA, and 0.01% NaN 3  ( see   Note 3 ).      

  Sample preparation and NMR data acquisition

    1.    Na v 1.5 IQp  (Genscript): corresponding to residues E1901-L1927 
of Na V 1.5.  

    2.    NMR buffer N: 20 mM HEPES pH 6.8, 100 mM KCl, 1 mM 
EDTA, and 0.01% NaN 3 .  

    3.    D 2 O.  
    4.    9 in. glass pipette (Sigma-Aldrich).  
    5.    5 mm OD Precision borosilicate glass tubes (for use with a 

5 mm probe) (Wilmad glass company).  
    6.    500 MHz or higher  fi eld spectrometer equipped with 5 mm 

 1 H, 13 C, 15 N room temperature or cryo probe (e.g., Bruker 
Avance III).     

  2.2.  Titration of Apo 
CaM with Peptide 
and Analysis 
of NMR Data
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 Analysis of NMR Data

    1.    Computer (running Mac OS X or linux operating system).  
    2.    NMR data processing software (e.g., NMRPipe)  (  15  ) .  
    3.    NMR spectral analysis software (e.g., Sparky or NMRView) 

 (  16,   17  ) .      

  Co-expression of CaM–His 6 -SUMO–Na V 1.5 IQp  fusion complex
    1.    CaM pET15 plasmid.  
    2.    IQ pBG102 plasmid ( see   Notes 4  and  5 ).  
    3.    BL21(DE3) competent cells (Invitrogen): 100  μ L aliquots 

stored at −80°C.  
    4.    Ampicillin (AMP) 1,000× stock solution 100 mg/mL in MQ 

H 2 O. Sterilize by 0.2  μ M  fi ltration.  
    5.    Kanamyacin (KAN) 1,000× stock solution 35 mg/mL in MQ 

H 2 O. Sterilize by  fi ltration at 0.2  μ M.  
    6.    LB AGAR plates: 10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast 

extract, 15 g/L agar dissolved in MQ water, and autoclaved at 
121°C for 20 min. Add AMP and KAN stocks at a 1:1,000 
dilution when the medium has cooled to 50–60°C.  

    7.    SOC Recovery medium: 20 g/L tryptone, 0.5 g/L NaCl, 
5 g/L yeast extract, 2.5 mM KCl, 5 mM MgCl 2 , 5 mM MgSO 4 , 
20 mM glucose dissolved in MQ H 2 O, and autoclaved at 
121°C for 20 min.  

    8.    LB medium: 10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast 
extract autoclaved at 121°C for 20 min.  

    9.     15 N labeled M9 medium: Per L of medium. Add 0.5 g NaCl, 
3.0 g KH 2 PO 4 , 6.0 g Na 2 HPO 4 , and 1.0 g  15 NH 4 Cl autoclaved 
at 121°C for 20 min. Add 1.0 mL of 2 M MgSO 4  (sterile 
 fi ltered 0.2  μ M), 100  μ L of 1 M CaCl 2  (sterile  fi ltered, 0.2  μ M), 
20 mL of 20% glucose (sterile  fi ltered, 0.2  μ M).  

    10.    IPTG (Gold Biotechnology): 1 M solution in MQ H 2 O. 
Sterilize by  fi ltration at 0.2  μ M.     

 Co-puri fi cation of Apo CaM–Na V 1.5 IQp  complex

    1.    Refrigerated ÄKTA FPLC puri fi cation system and accessories 
(GE Life Sciences).  

    2.    Ni-NTA (prepacked 25 mL column Amersham).  
    3.    Ni-NTA Buffer A: 50 mM Tris–HCl pH 7.5, 300 mM NaCl, 

and 10 mM Imidazole ( see   Note 6 ).  
    4.    Ni-NTA Buffer B: 50 mM Tris–HCl pH 7.5, 300 mM NaCl, 

and 500 mM Imidazole.  
    5.    His 6 -Human rhinovirus 3C (H3C) protease. 10 Units per mg 

of substrate ( see   Note 7 ).  
    6.    Dialysis membrane (3 kDa MWCO).  

  2.3.  Production 
of Apo CaM–Na V 1.5 IQp  
Complex for NMR 
Studies
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    7.    Centrifugal concentrator (3 kDa MWCO).  
    8.    HiLoad Superdex 75 16/600 column (GE Life Sciences).  
    9.    S75 buffer: 50 mM Tris–HCl pH 7.5 and 300 mM NaCl.       

 

  Here we describe our protocol for the robust expression and 
puri fi cation of  15 N labeled CaM for NMR studies. Puri fi cation of 
CaM involves two hydrophobic interaction chromatography steps, 
exploiting the signi fi cant changes in hydrophobic surface accessi-
bility of apo CaM and calcium-loaded CaM. Typical yields are 
30–40 mg/L for M9 media. 
 Expression of  15 N CaM

    1.    Thaw 100  μ L of BL21(DE3) competent cells on ice, add 50 ng 
of CaM pET15b. Incubate on ice for 20 min.  

    2.    Heat shock the cells at 42°C for 30 s and incubate on ice for 
2 min.  

    3.    Add 900  μ L of SOC recovery medium. Incubate for 1 h at 
37°C with shaking (220 rpm).  

    4.    Plate 150  μ L of cells onto LB-agar ampicillin plates and incu-
bate at 37°C overnight.  

    5.    Inoculate a single colony into 100 mL of LB media supple-
mented with AMP. Incubate overnight (12–16 h) at 
37°C.  

    6.    Add 20 mL of LB starter culture to 1 L of sterile  15 N M9 
media. Incubate at 37°C with shaking (220 rpm) until OD 600  
reaches 0.6.  

    7.    Induce cells by adding IPTG to a  fi nal concentration of 1 mM 
(1 mL of 1 M IPTG solution added to 1 L of cell culture) and 
incubate at 37°C for 4 h with shaking (220 rpm).     

 Puri fi cation of Apo CaM

    1.    Harvest cells by centrifugation at 5,000 ×  g  for 10 min.  
    2.    Resuspend cell paste in PS buffer C (10–15 mL of buffer per 

gram of cell paste) and transfer to a stainless steel beaker. Chill 
this beaker in a secondary container with melting ice.  

    3.    Sonicate the resuspended cell paste with a macrotip set to 50 W 
output power for total processing time of 5 min (5 s pulse 
bursts with 5 s recovery/off time).  

    4.    Clear cell lysate by centrifugation at 48,000 ×  g  for 20 min.  
    5.    Decant the lysate and  fi lter through a 0.45- μ M membrane.  

  3.  Methods

  3.1.  Production of  15 N 
Apo CaM for NMR 
Studies
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    6.    Equilibrate one prepacked 25 mL phenyl-sepharose 6 Fast 
Flow column with 1 column volume (CV) of MQ H 2 O and 2 
CVs of PS buffer C.  

    7.    Load the  fi ltered lysate onto the phenyl sepharose column at a 
 fl ow rate of 1.0 mL/min. Collect the  fl ow through in one 
fraction.  

    8.    Wash the column with 1 CV of PS buffer C.  
    9.    Combine the  fl ow through and wash fractions, and adjust 

CaCl 2  concentration to 5 mM.  
    10.    Equilibrate the second prepacked 25 mL phenyl-sepharose 6 

Fast Flow column with 1 CV of MQ H 2 O and 2 CVs of PS 
buffer A.  

    11.    Load the combined  fl ow through and wash fractions onto the 
second phenyl sepharose column.  

    12.    Wash the column with 4 CVs of PS buffer A, followed by 4 
CVs of PS Buffer B, and 4 CVs of PS Buffer A.  

    13.    Elute the protein with 4 CVs of PS Buffer C with 5 mL frac-
tionation ( see   Note 8 ).  

    14.    Determine fractions containing CaM by SDS-PAGE.  
    15.    Pool the fractions and dialyze against buffer N. Concentrate 

sample to 0.1–1 mM for NMR studies ( see   Note 9 ).      

  Sample preparation and NMR data acquisition

    1.    Solubilize the lyophilized Na V 1.5 IQp  with buffer N containing 
10% D 2 O to a concentration of 1–5 mM or as high a concen-
tration permitted by the peptide of study to minimize the dilu-
tion of apo CaM during the course of the titration series 
( see   Note 10 ). It may be necessary to adjust the pH of the 
peptide solution to ensure that a pH effect is not encountered 
upon peptide titration. It is likely that the volume of peptide 
containing solution will be 1 mL or less, we recommend a 
micro-pH probe or spotting of the peptide solution onto pH 
paper to verify the solution pH.  

    2.    Add 50  μ L of D 2 O to 450  μ L of 100  μ M  15  N-labeled apo 
CaM (>95% purity) in buffer N.  

    3.    Using a 9 in. glass pipette, carefully transfer the CaM solution 
to a clean NMR tube ( see   Note 11 ).  

    4.    Insert the apo CaM containing NMR tube into the sample 
spinner, verify tube depth, insert and lower tube into NMR 
spectrometer.  

    5.    Set and equilibrate the temperature of the sample, then lock, tune, 
and shim the spectrometer and use simple 1-dimensional  1 H and 
 15 N experiments to determine 90° pulse lengths for these nuclei.  

  3.2.  Titration of Apo 
CaM with Peptide 
and Analysis 
of NMR Data
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    6.    Load a suitable  15 N- 1 H HSQC pulse program, input 90°  1 H 
and  15 N pulse lengths and set the receiver gain. Collect an ini-
tial  15 N- 1 H HSQC spectrum to access the quality and signal 
strength of the apo CaM sample. Typically increment values of 
1,024 and 128 points are used in the direct and indirect dimen-
sions, respectively, with a scan setting of 16 to obtain a reason-
able spectrum. Due to the expected chemical shifts to be 
observed upon peptide addition, it is recommended to set 
the spectral width in  1 H and  15 N dimensions to be extended 
beyond the apo CaM peaks observed in this initial spectrum. 
Although the spectral widths required are peptide dependent, 
we suggest extending the spectral width 1 and 5 ppm beyond 
that of the observed apo CaM crosspeaks in the  1 H and  15 N 
dimensions as a starting point.  

    7.    Collect an  15 N- 1 H HSQC spectrum of apo CaM using the 
optimized settings determined in  step 5  to serve as a reference 
point.  

    8.    Eject the sample from the NMR spectrometer and make the 
 fi rst peptide addition. We have found removal of the sample 
with a 9 in. glass pipette into a 1.5 mL Eppendorf tube allows 
for con fi dent addition and mixing of the peptide. Anticipating 
a 1:1 peptide:apo CaM-binding stoichiometry, we suggest 
making additions in an incremental manner, where a minimum 
of four additions (0.25 molar equivalents of peptide) are used 
to reach a 1:1 ratio.  

    9.    After transfer of the sample back to the NMR tube and inser-
tion into the NMR spectrometer, allow for the temperature to 
equilibrate, re-shim the sample, and acquire the  fi rst titration 
point. Repeat this process until apo CaM amide crosspeaks 
cease to shift (fast exchange) or that peaks corresponding to 
apo CaM are no longer present (slow exchange) in the 15 N- 1 H 
HSQC spectrum upon addition of peptide. We suggest at least 
one additional point where an excess amount of peptide is 
added to ensure saturation.     

 Analysis of NMR Data

    1.    Process the  15 N- 1 H HSQC titration data using NMRpipe  (  15  )  
or other software.  

    2.    Assign amide crosspeaks of apo CaM in titration spectra using 
spectral viewing and analysis software such as Sparky or 
NMRView  (  16,   17  ) .  

    3.    An incremental change in apo CaM amide cross peak position 
in response to peptide addition is indicative of fast chemical 
exchange (typically associated with Kd ~10  μ M or weaker 
binding af fi nity), assignment of the peptide bound state can be 
made by simply tracking the incremental movement of per-
turbed peaks (Fig.  1 ). If slow chemical exchange is observed 
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(typically associated with Kd ~1  μ M or stronger binding 
af fi nity), the titration spectra will display population-weighted 
sets of amide cross peaks whose intensity correspond to the 
relative amount of free and peptide bound apo CaM present in 
the sample. Intermediate exchange is observed in between the 
fast and slow exchange regimes and is characterized by broad-
ening and disappearance of signals over the course of the titra-
tion, followed by reappearance of signals at a new location, as 
in the case of slow exchange. In the case of intermediate and 
slow exchange, three-dimensional NMR experiments to assign 
the new cross peaks from the complex are required to deter-
mine the identity of the apo CaM signals in the complex. It is 
common to increase temperature in an attempt to shift peaks 
in intermediate chemical exchange to fast chemical exchange 
in an effort to characterize binding in detail and to simplify the 
resonance assignment in the peptide bound state.   

    4.    Quantify the peptide binding induced perturbation of apo 
CaM amide cross peaks with Eq.  1  and plot the  Δ ppm value 
determined ( y -axis) versus residue number ( x -axis) as shown in 
Fig.  2 . 

     D = D + D2 2ppm ( ) ( �0.2) .δ δH N    (1)   

 In this equation,  Δ ppm refers to the linear change of an 
amide cross peak from its initial starting position in the ref-
erence spectrum, while  Δ   δ   H  and  Δ   δ   N  refer to the individual 
changes in the  1 H and  15 N dimensions. A scaling factor of 

  Fig. 1.    Overlaid  15 N- 1 H HSQC Spectra of apo CaM Titrated with Na V 1.5 IQp . Na V 1.5 IQp  is a 
known binding partner of apo CaM, which upon addition to apo CaM shifts a select num-
ber of apo CaM amide cross peaks. The direction and magnitude of the chemical shift 
perturbation of a select number of apo CaM amide cross peaks are indicated with 
 arrows.        
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0.2 is used to account for differences in the span of  1 H and 
 15 N chemical shifts.  

    5.    Determine the  Δ ppm value to use as a cutoff for what is 
classi fi ed as signi fi cant chemical shift perturbation to identify 
apo CaM residues that are either directly or allosterically 
involved in peptide binding. We suggest using a value of one 
standard deviation over the average of all chemical shifts as a 
cutoff (Fig.  1 ).  

    6.    Different treatments are required to examine the stoichiome-
try of peptide binding to apo CaM when rate of chemical 
exchange is in the fast or slow exchange binding regime. In 
the case of fast exchange, the position of the amide cross peak 
is the weighted average of the chemical shifts of the peptide 
free and peptide bound apo CaM states. During slow 
exchange, separate apo CaM amide cross peaks whose inten-
sity is directly proportional to the ratio of peptide free to pep-
tide bound apo CaM are observed. To determine the binding 
stoichiometry for peptide binding in fast chemical exchange, 

  Fig. 2.    Quanti fi ed apo CaM Chemical Shift Perturbations Induced upon Na V 1.5 IQp  Binding. Using Eq.  1 , the change in chemi-
cal shift of apo CaM amide cross peaks were calculated and plotted. The horizontal bar at 0.704 represents the signi fi cance 
cutoff value used to identify apo CaM residues whose chemical shift were deemed signi fi cant. Shown in the inset in the 
upper left is a stoichiometry plot calculated for residue T110 over the course of the titration series. To help guide the eye, 
a line and arrow are placed in the data to highlight the 1:1 stoichiometry achieved once the normalized change in chemical 
shift has reached a plateau, signifying an Na V 1.5 IQp  saturation of apo CaM       
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plot the chemical shift for each titration point ( y -axis) against 
the ratio of [peptide]/[apo CaM] ( x -axis). When slow chem-
ical exchange is observed, plot the normalized ratio of the 
intensities of the peptide free to peptide bound apo CaM 
amide crosspeaks for a given resonance ( y -axis) versus the 
ratio of [peptide]/[apo CaM] ( x -axis).  

    7.    The stoichiometry of the peptide:apo CaM complex can then 
be determined as illustrated in Fig.  2 .      

  This section describes the co-expression and co-puri fi cation of uni-
formly  15 N labeled CaM–Na V 1.5 IQp  complex for NMR studies. The 
Na V 1.5 IQp  is expressed as an N-terminally His 6 -tagged SUMO 
fusion protein (His 6 -SUMO–Na V 1.5 IQp ). The complex is formed 
in vivo and isolated via a three step puri fi cation procedure. The 
CaM–His 6 -SUMO–Na V 1.5 IQp  fusion complex is puri fi ed by 
Ni-NTA chromatography. This is followed by cleavage and removal 
of the His 6 -SUMO fusion tag by another Ni-NTA column fol-
lowed by size exclusion chromatography. Typical yields are 5–10 mg 
of complex per L of M9 medium. 
 Co-expression of CaM–His 6 -SUMO–Na V 1.5 IQp  fusion complex

    1.    Thaw 100  μ L of BL21(DE3) competent cells on ice, add 
100 ng each of CaM pET15b and IQ pBG102 vectors. 
Incubate on ice for 20 min ( see   Note 12 ).  

    2.    Heat shock the cells at 42°C for 30 s and incubate on ice for 
2 min.  

    3.    Add 900  μ L of SOC recovery medium. Incubate for 1 h at 
37°C with shaking (220 rpm).  

    4.    Plate 150  μ L of diluted cells onto LB-agar AMP/KAN plates 
and incubate at 37°C overnight.  

    5.    Inoculate a single colony into 100 mL of LB media supple-
mented with AMP/KAN. Incubate overnight (12–16 h) at 
37°C.  

    6.    Add 20 mL of LB starter culture to 1 L of sterile  15 N M9 
media. Incubate at 37°C with shaking (220 rpm) until OD 600  
reaches 0.6.  

    7.    Incubate cells at 20°C for 1 h with shaking at 220 rpm ( see  
 Note 13 ).  

    8.    Induce cells by adding IPTG to a  fi nal concentration of 1 mM 
(1 mL of 1 M IPTG solution added to 1 L of cell culture) and 
incubate at 20°C overnight with shaking (220 rpm).     

 Co-puri fi cation of Apo CaM–Na V 1.5 IQp  complex
    1.    Harvest cells by centrifugation at 5,000 ×  g  for 10 min.  

    2.    Resuspend cell paste in Ni-NTA buffer A (10–15 mL of buffer 
per gram of cell paste) and transfer to a stainless steel beaker. 

  3.3.  Production of Apo 
CaM–Na V 1.5 IQp  
Complex for NMR 
Studies
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Chill this beaker in a secondary container with melting ice 
( see   Note 14 ).  

    3.    Sonicate the resuspended cell paste with a macrotip set to 50 W 
output power for total processing time of 5 min (5 s pulse 
bursts with 5 s recovery/off time).  

    4.    Clear cell lysate by centrifugation at 48,000 ×  g  for 20 min.  
    5.    Decant the lysate and  fi lter through a 0.45- μ M membrane.  
    6.    Equilibrate the prepacked 25 mL Ni-NTA column with 1 CV 

of MQ H 2 O and 2 CVs of Ni-NTA buffer A.  
    7.    Load the  fi ltered lysate onto the Ni-NTA column at a  fl ow rate 

of 1.0 mL/min.  
    8.    Wash unbound lysate from the column with 4 CVs of Ni-NTA 

buffer at a  fl ow rate of 2.5 mL/min.  
    9.    Elute protein complex with a 4 CV gradient (0–100% Ni-NTA 

Buffer B, 10–500 mM imidazole), with 5 mL fractionation.  
    10.    Determine fractions containing CaM–His 6 -SUMO–NaV1.5 IQp  

complex by SDS-PAGE.  
    11.    Prepare 4 L of S75 buffer in a glass beaker equilibrated at 4°C.  
    12.    Pool relevant fractions, combine with H3C protease, and seal 

in dialysis tubing (3 kDa MWCO). Transfer dialysis tubing to 
glass beaker containing 4 L of S75 buffer. Incubate at 4°C 
overnight.  

    13.    Filter the dialyzed sample through a 0.45- μ M membrane.  
    14.    Equilibrate the prepacked 25 mL Ni-NTA column with 1 CV 

of MQ H 2 O and 2 CVs of Ni-NTA buffer A.  
    15.    Load the cleaved dialyzed solution onto the Ni-NTA column 

at a  fl ow rate of 1.0 mL/min. Collect the  fl ow through.  
    16.    Wash unbound protein from the column with 4 CVs of Ni-NTA 

buffer at a  fl ow rate of 2.5 mL/min with 5 mL fractionation.  
    17.    Determine fractions containing CaM-IQ complex by SDS-

PAGE.  
    18.    Equilibrate S75 with 1 CV of MQ H 2 O and 1 CV of S75 

Buffer.  
    19.    Pre-rinse two centrifugal concentrators (15 mL, 3 kDa 

MWCO) with MQ H 2 O) by centrifuging at 3,700 ×  g  for 
15 min at 4°C. Concentrate the pooled Cam-IQ complex frac-
tions to ~3–5 mL.  

    20.    Load the concentrate onto the Superdex 75 column at 1 mL 
minute. Elute the protein isocratically for 1 CV with 5 mL 
fractionation.  

    21.    Determine fractions containing CaM-IQ complex by SDS-
PAGE.  
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    22.    Pool the fractions and dialyze against 20 mM HEPES pH 6.8, 
100 mM KCl, 1 mM EDTA, and 0.01% NaN 3 . Concentrate 
sample to 0.1–1 mM for NMR studies.       

 

     1.    cDNA encoding for human CaM was sublconed between the 
 Nco I and  Bam HI restriction sites of a pET15b vector (ampicil-
lin resistance Novagen).  

    2.    To preserve columns and chromatography equipment, all buf-
fers should be 0.2  μ M  fi ltered immediately prior to use.  

    3.    Due to the high Ca 2+ -binding af fi nity of CaM, all buffer solu-
tions should be prepared with MQ water to reduce the risk of 
Ca 2+  contamination of apo CaM.  

    4.    cDNA encoding for Human Na V 1.5 IQ motif E1901-L1927 
subcloned between  Bam HI and  Xho I restriction sites of a pET27 
derivative in house vector (L. Mizoue CSB Vanderbilt University). 
This derivative codes for an N-terminal His 6 -tagged SUMO fol-
lowed by a  fl exible linker containing a H3C protease cleavage 
site. The IQ motif is expressed as a fusion C-terminal fusion to 
SUMO (His 6 -SUMO–NaV1.5 IQp ). The  fi nal product is isolated 
as a 31-residue polypeptide that contains Gly-Pro-Gly-Ser fused 
to its N-terminus after cleavage of the His 6 -SUMO.  

    5.    The choice of His 6 -SUMO as a fusion partner for Na V 1.5 IQp  
simpli fi es the puri fi cation by taking advantage of robust 
Ni-NTA chromatography methods and allows for the separa-
tion of excess CaM.  

    6.    The use of 10 mM imidazole in the loading buffer greatly 
reduces nonspeci fi c binding of endogenous  E. coli  proteins to 
the Ni-NTA resin.  

    7.    We produce N-terminal His 6 -tagged H3C protease in house 
(L. Mizoue CSB Vanderbilt University). As a commercially 
available alternative (GST-tagged) PreScission Protease (GE 
Lifesciences) can be used.  

    8.    Typically, CaM will elute completely within the  fi rst 40 mL.  
    9.    CaM can be quanti fi ed by measuring the absorbance at 276 nm 

and using the extinction coef fi cient 3,006 M −1  cm −1 .  
    10.    In cases of extremely hydrophobic peptides, an organic solvent 

such as dimethyl sulfoxide (DMSO) can be used as an additive 
to increase solubility.  

    11.    Clean and rinse the NMR tube with a 1% solution of nitric acid 
to remove any Ca 2+  contamination present within the NMR 

  4.  Notes
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tube followed by extensive rinsing with buffer N to remove 
any residual 1% nitric acid.  

    12.    The use of higher concentrations of plasmid DNA increases 
the ef fi ciency of the double transformation.  

    13.    Induction at lower temperature greatly enhances the solubility 
of the His 6 -SUMO–NaV1.5 IQp  fusion.  

    14.    It is critical to ensure the resuspended cell paste remains at cold 
temperatures during lysis or protein precipitation will occur 
leading to reduced yields.          
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    Chapter 12   

 Biochemical and Immunological Detection of Physical 
Interactions Between Penta-EF-Hand Protein ALG-2 
and Its Binding Partners       

     Kanae   Osugi   ,    Hideki   Shibata   , and    Masatoshi   Maki         

  Abstract 

 Many nonenzymatic cellular proteins exert their functions by interacting with other proteins or 
 macromolecules. Analysis of the physical interactions of proteins is an important step to understand their 
functions, and the information obtained is helpful for predicting the roles of the proteins in cells. Here we 
describe three biochemical and immunological methods for the detection of interactions between ALG-2 
(a penta-EF-hand Ca 2+ -binding protein, also known as PDCD6) and its target proteins: (1) glutathione-
 S -transferase (GST) pulldown assay, (2) co-immunoprecipitation assay, and (3) Far Western blot analysis 
using biotinylated ALG-2. Dependency of Ca 2+  for interaction is examined by inclusion of CaCl 2  or EGTA 
in buffers used for binding assays.  

  Key words:   Protein–protein interaction ,  Calcium-binding protein ,  GST-pulldown ,  Co-immuno-
precipitation ,  Far Western ,  Biotinylation, EF-hand    

 

 There are several methods for large-scale screening of novel inter-
acting proteins, such as yeast two-hybrid, phage display and mass 
spectrometry analysis of pulldown or co-immunoprecipitation prod-
ucts. However, when these methods are used, it is not clear which 
proteins are true binding partners and which proteins are bona  fi de 
binding factors due to nonspeci fi c interactions. We need to con fi rm 
the authenticity of physical interactions using different methods. 

 ALG-2 (apoptosis-linked gene 2, also known as PDCD6) is a 
22-kDa Ca 2+ -binding protein containing  fi ve serially repetitive 
EF-hand motifs called the penta-EF-hand domain  (  1,   2  ) . Upon bind-

  1.  Introduction
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ing to Ca 2+ , ALG-2 changes its conformation and Ca 2+ -dependently 
interacts with various proteins  (  3,   4  ) . ALIX (ALG-2-interacting pro-
tein X, also named AIP1 and PDCD6IP) is the  fi rst protein reported 
as an ALG-2-interacting factor  (  5,   6  ) . ALG-2 directly binds to the 
C-terminal proline-rich region (PRR) of ALIX at a speci fi c site  (  7  ) . 
Generally, the PRR is structurally  fl exible and often found in other 
known ALG-2-interacting proteins that have a motif similar to that 
found in ALIX, PLSCR3, and Sec31A  (  8,   9  ) . MISS (MAPK-
interacting and spindle-stabilizing protein-like) also contains a similar 
sequence in the PRR and has been predicted to be a novel ALG-2-
binding protein in our laboratory by scoring the similarity of the 
motif (unpublished data). 

 In this chapter we describe three different methods using lysates 
of cultured cells expressing candidate proteins and demonstrate the 
detection of interaction between ALG-2 and MISS that is fused to 
green  fl uorescence protein (GFP). GFP-fused ALIX and unfused 
GFP protein are used as positive and negative controls. First, we 
introduce a pulldown assay using recombinant GST-fused human 
ALG-2 and the lysates of HEK293T cells expressing GFP-fusion pro-
teins. Next, we describe a co-immunoprecipitation assay using anti-
GFP antibody, in which we can detect binding between GFP-fused 
proteins and endogenous ALG-2. Finally, we show a Far Western 
blot analysis using biotinylated ALG-2 (bio-ALG-2) as a probe that 
interacts with proteins blotted on a solid membrane  fi lter, being a 
simple method to detect a direct physical interaction  (  7–  10  ) .  

 

      1.    Buffer TNE: Dilute stock solutions of 1 M Tris–HCl (pH 7.5), 
5 M NaCl, 0.5 M EDTA (pH 8) with chilled water to 20 mM 
Tris–HCl, 150 mM NaCl, and 1 mM EDTA.  

    2.    Glutathione Sepharose 4B: Take an aliquot    of the beads 50% 
suspension in 20% ethanol, stored in a refrigerator; GE 
Healthcare and equilibrate with buffer TNE.  

    3.    GST and GST-ALG-2 proteins: Purify recombinant proteins 
expressed in  Escherichia coli  BL21 using glutathione Sepharose 
4B beads essentially according to the manufacturer’s instruc-
tion. Dialyze the puri fi ed proteins three times against buffer 
TNE at 4°C for 6 h each time (see Note 1).  

    4.    GST-ALG-2-immobilized beads (0.5 mg protein per mL bed 
volume): Add 200  μ g of puri fi ed GST-ALG-2 (800  μ L TNE) 
to buffer-equilibrated glutathione Sepharose 4B beads (bed 
volume, 400  μ L) (see Subheading  2.1 , item 2) in a 1.5-mL 
microfuge tube. Gently mix by rotation for 2.5 h. Spin down 

  2.  Materials

  2.1.  GST-Pulldown
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the beads at 1,000 rpm using a high-speed refrigerated 
microcentrifuge (e.g., TOMY MX-150, rotor TMP-11) for 
1 min. Discard 400  μ L of the supernatant to make 50% sus-
pension of beads. Store in the presence of protease inhibitors 
(e.g., 0.1 mM concentration of pefabloc, a commercial name 
for AEBSF {4-(2-Aminoethyl) benzenesulfonyl  fl uoride 
hydrochloride}) at 4°C until use. Similarly, prepare GST-
immobilized beads for control experiments (see Note 2).  

    5.    Human embryonic kidney (HEK) 293T cells (RIKEN 
BioResource Center Cell Bank; also available from American 
Type Culture Collection) expressing GFP fusion proteins: 
Grow HEK293T cells in Dulbecco’s modi fi ed Eagle’s medium 
(DMEM) supplemented with 0.5 mg/mL glutamine, 5% fetal 
bovine serum (FBS), 100 units/mL penicillin, and 100  μ g/
mL streptomycin at 37°C under humidi fi ed air containing 5% 
CO 2 . One day after seeding in 9-cm dishes, transfect cells with 
plasmid DNAs for expression of GFP-fusion proteins by the 
conventional calcium phosphate precipitation method or lipo-
some method (see ref.  11  ) .  

    6.    Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM 
KCl, 8 mM Na 2 HPO 4 , and 1.5 mM KH 2 PO 4  (pH 7.4), diluted 
from 10× PBS stock solution (stored at room temperature) 
with water. Prepare at the time of use or store at 4°C for less 
than 1 month.  

    7.    Tween-20: 10% (w/v) stock solution. Store at 4°C.  
    8.    PBST: PBS containing 0.1% Tween-20. Store at 4°C.  
    9.    Lysis buffer H: 20 mM HEPES–NaOH (pH 7.4), 142.5 mM 

KCl, 1.5 mM MgCl 2 , 0.2% (w/v) Nonidet P (NP)-40 (stored 
at 4°C). Just before use, add protease inhibitors to the follow-
ing  fi nal concentrations using stock solutions stored at −20°C: 
0.1 mM pefabloc (100 mM stock), 3  μ g/mL leupeptin (3 mg/
mL stock), 1  μ M E-64 (1 mM stock), 1  μ M pepstatin (1 mM 
stock in ethanol), and 0.2 mM phenylmethylsulfonyl fl uoride 
(PMSF, 200 mM stock in methanol).  

    10.    200 mM ethyleneglycoltetraacetic acid (EGTA): Dissolve 3.8 g 
of EGTA with approximately 20 mL of 1 M sodium hydroxide 
solution and then adjust pH to 8.0 and  fi ll up with water to 
50 mL.  

    11.    Pulldown wash buffer: Add 4 mM CaCl 2  or 200 mM EGTA 
(pH 8.0) to lysis buffer H and make the  fi nal concentration to 
0.1 or 5 mM for each experimental condition in accordance with 
the pulldown condition in the presence of CaCl 2  or EGTA.      

      1.    5 × SDS polyacrylamide gel electrophoresis (PAGE) sample 
buffer: 0.31 M Tris–HCl (pH 6.8), 10% (w/v) SDS, 50% 
(w/v) glycerol, 25% (v/v) 2-mercaptoethanol (2-ME), 

  2.2.  Western Blot 
Analysis
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0.0125% (w/v) Bromophenol blue (BPB). Dispense aliquots 
into screw-capped vials while carefully avoiding contamination 
of keratins from  fi nger tips. Dilute the solution with water and 
prepare 2 × SDS and 1 × SDS sample buffers for convenience. 
Store at −20°C.  

    2.    Gel staining solution: 0.125% (w/v) Coomassie brilliant blue 
R-250 (CBB), 50% (v/v) methanol, 10% (v/v) acetic acid. 
Dissolve 0.625 g of CBB in 250 mL of methanol by stirring 
overnight, and then add 200 mL of water and 50 mL of acetic 
acid. Store in a chemical fume hood.  

    3.    Gel destaining solution: 25% (v/v) methanol and 7% (v/v) 
acetic acid. Store in a chemical fume hood.  

    4.    Transfer buffer: 25 mM Tris, 192 mM glycine, 15% (v/v) 
methanol, 0.01% (w/v) SDS. Store at room temperature.  

    5.    Transfer membrane: a polyvinylidene di fl uoride (PVDF) mem-
brane (Immobilon-P from Millipore or equivalent).  

    6.    Sodium azide (NaN 3 ) solution: 2% (w/v) stock solution, stored 
at room temperature (see Note 3).  

    7.    Blocking buffer: PBST containing 5% (w/v) skim milk. Prepare 
at the time of use.  

    8.    Primary and secondary antibodies: af fi nity-puri fi ed rabbit anti-
human ALG-2 polyclonal antibody (home-made,  see  ref.  12  ) , 
mouse anti-GFP monoclonal antibody (clone B2, Santa Cruz 
Biotechnology, Santa Cruz, CA, USA), horseradish peroxidase 
(HRP)-conjugated goat antibodies from Jackson Immuno-
research Laboratories (West Groove, PA, USA) against rabbit 
immunoglobulin G (IgG) and against mouse IgG + IgM. Use 
of secondary antibody speci fi c for mouse IgG with minimum 
cross-reactivity with IgG of other species is recommended in 
the case of detecting proteins of interest with molecular masses 
similar to those of heavy and light chains of IgG (~50 and 
~25 kDa, respectively).      

      1.    Lysis buffer T: 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 
1.5 mM MgCl 2 , 0.2% (w/v) Triton X-100 (stored at 4°C). 
Just before use, add protease inhibitors as described for prepa-
ration of lysis buffer H (see Subheading  2.1 , item 9).  

    2.    Dynabeads Protein G: Equilibrate magnetic beads coated with 
protein G (Invitrogen) in lysis buffer T before use.  

    3.    Antibodies: rabbit anti-GFP antiserum suitable for immuno-
precipitation (Invitrogen/Molecular Probes, Carlsbad, CA, 
USA); rabbit  γ -globulins (Sigma-Aldrich, St Louis, MO, USA) 
as control IgG.  

    4.    Special equipment: a magnetic separation stand from Invitrogen 
or equivalent.      

  2.3.  Co-
immuno precipitation



19112 Protein-Protein Interaction Analyses of ALG-2…

      1.    Recombinant human ALG-2: Expressed in  Escherichia coli  
BL21 (DE3) pLysS and puri fi ed (see ref.  8  ) .  

    2.    Buffer HTME 1 : 10 mM HEPES–NaOH (pH 8.0), 0.1% (w/v) 
Tween 20, 10 mM 2-ME, and 1 mM EDTA.  

    3.    Buffer HTME 0.1 : 10 mM HEPES–NaOH (pH 8.0), 0.1% 
(w/v) Tween 20, 10 mM 2-ME, and 0.1 mM EDTA.  

    4.    Coupling buffer: 200 mM NaHCO 3 , 500 mM NaCl, 0.1% 
(w/v) Tween 20, and 10 mM 2-ME  

    5.    Biotinylation reagent: Dissolve 1 mg of Biotin-(AC 5 ) 2 Sulfo-
Osu (Dojindo Laboratories, Kumamoto, Japan) in 100  μ L of 
cold water. Prepare at the time of use.  

    6.    Tris-buffered saline (TBS): 10 mM Tris–HCl (pH 7.5) and 
150 mM NaCl. Prepare by diluting 10× TBS stock solution 
stored at room temperature.  

    7.    TBST: TBS containing 0.1% (w/v) Tween-20.  
    8.    Blocking buffer: TBST containing 1% (w/v) gelatin and 0.02% 

NaN 3 . Prepare TBS containing 1% (w/v) gelatin, dissolve by 
autoclaving, and then add Tween-20 and NaN 3  to 0.1% and 
0.02%, respectively. Store at 4°C.  

    9.    TBSTC: TBST containing 0.1 mM CaCl 2 .  
    10.    Binding buffer: TBSTC containing 0.1% gelatin. Prepare TBS 

containing 0.1% (w/v) gelatin, dissolve by autoclaving, and 
then add Tween-20 and CaCl 2  to 0.1% and 0.1 mM, respec-
tively. Store at 4°C.  

    11.    TBSC: TBS containing 0.1 mM CaCl 2 .  
    12.    Streptavidin-POD: Dilute 1 mg/mL of streptavidin-conju-

gated horseradish peroxidase (Rockland, Inc., Gilbertsville, 
PA, USA) stored at 4°C to 500 ng/mL with the binding buf-
fer at the time of use.       

 

 Use a chilled microfuge for centrifugation and ice-cold solutions 
unless otherwise indicated. 

      1.    Before preparation of cell lysates, equilibrate GST-beads with 
lysis buffer H. Take 20  μ L of 50% suspension of GST-ALG-2-
immobilized beads for each sample.  

    2.    Harvest cultured HEK293T cells expressing proteins that are 
to be analyzed. Remove the medium with an aspirator and 
wash cells in 3 mL of PBS per one 9-cm dish. Add 1 mL of PBS 
to the dish, scrape cells with a rubber policeman, and transfer 
them to a 1.5-mL microfuge tube.  

  2.4.  Far Western

  3.  Methods

  3.1.  GST-Pulldown
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    3.    Spin down the cells at    5,000 rpm for 1 min using a high-
speed refrigerated microcentrifuge (e.g., TOMY MX-150, 
rotor TMP-11). Discard the supernatant (see Note 4).  

    4.    Add 1.2 mL of lysis buffer H to the pelleted cells, mix, and 
leave for 30 min on ice (mix every 10 min).  

    5.    Centrifuge the cell lysate at 14,000 rpm for 10 min. Transfer 
the supernatants to an empty tube (see Note 5). At least 1 mL 
of the supernatant (cleared lysate) should be obtained from cells 
of one dish for each protein. When plural experimental condi-
tions are examined, combine the obtained cleared lysates from 
a few dishes in a 15-mL tube and mix well before dispensing.  

    6.    Take 50  μ L from the cleared lysate, mix with 50  μ L of 2 × SDS-
PAGE sample buffer, and heat at 95°C for 2 min. Use this 
sample as “Input” for Western blot analysis.  

    7.    Add 500  μ L of the cleared lysates to the buffer-equilibrated 
glutathione Sepharose beads (20  μ L of 50% suspension) immo-
bilizing 5  μ g of GST (control) or GST-ALG-2 (see 
Subheading  2.1 , item 4). Add 12.5  μ L of 4 mM CaCl 2  (for 
Ca 2+  condition) or 200 mM EGTA (for Ca 2+ -free condition) to 
the  fi nal concentrations of 0.1 and 5 mM, respectively. Gently 
mix by rotating the tubes for 2 h at 4°C (see Note 6).  

    8.    Spin down the beads at 3,000 rpm for 1 min. After the cen-
trifugation, pay attention not to disturb the bed of beads and 
carefully remove the supernatants. Add 500  μ L of ice-cold 
washing buffer (same as the binding buffer) containing either 
0.1 mM CaCl 2  or 5 mM EGTA to the beads in accordance 
with the experimental conditions, mix gently for a few seconds, 
spin down, and remove the supernatants. Repeat this washing 
step three times.  

    9.    Finally, add 50  μ L of 1× SDS-PAGE sample buffer to the recov-
ered beads. Mix and heat the tubes at 95°C for 2 min. Spin 
down and use supernatants as “Pulldown” products for Western 
blot analysis (see Note 7).  

    10.    Resolve the proteins in input samples and pulldown products 
by SDS-PAGE (see ref.  13  )  in duplicate gels, and use one gel 
for staining with Coomassie brilliant blue R-250 (CBB) and 
the other gel for Western blot analysis.  

    11.    After electrophoresis, soak the gel in CBB-staining solution for 
~30 min with gentle shaking and then transfer to a destaining 
solution in a chemical fume hood.  

    12.    For Western blotting,  fi rst, electrophoretically transfer the pro-
teins from the gel to a sheet of PVDF membrane with a semi-
dry blotter using Transfer buffer at 100 mA for 90 min. Next, 
block the blotted membrane with PBST containing 5% (w/v) 
skim-milk by incubation at 37°C for 1 h. After rinsing twice 
with PBST, incubate the membrane with mouse monoclonal 
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antibody against GFP (0.2  μ g/mL IgG) as a probe in the pres-
ence of PBST containing 0.1% (w/v) bovine serum albumin at 
4°C overnight, and after rinsing the membrane, incubate it 
with a secondary antibody of goat anti-mouse IgG + IgM con-
jugated with horseradish peroxidase (HRP) (0.4  μ g/mL) at 
37°C for 1 h (see Note 3).  

    13.    After successively washing with PBST twice at 37°C for 5 min 
and with PBS twice at 37°C for 5 min, develop immunoreac-
tive signals by the chemiluminescent method using a commer-
cially available peroxidase substrate such as Super Signal West 
Pico Chemiluminescent Substrate (Pierce/Thermoscienti fi c) 
and detect chemiluminescence by a LAS-3000mini lumino-
image analyzer (Fuji fi lm) (see Figs.  1  and  2 ).        
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  Fig. 1.    GST-pulldown assay. HEK293T cells expressing unfused GFP, GFP-ALIX, and GFP-
MISS were lysed, and supernatants (cleared lysates) were incubated with glutathione 
Sepharose beads carrying GST or GST-ALG-2 in the presence of 0.1 mM CaCl 2 . The beads 
were then pelleted by low-speed centrifugation, followed by washing with lysis buffer, 
containing 0.1 mM CaCl 2 . The pellets (pulldown products) and cleared lysates were sub-
jected to SDS-PAGE and analyzed by Western blotting using an anti-GFP antibody ( Western ) 
( upper panel ). Although similar intensities of immunoreactive signals were detected for 
GFP ( Ctrl ), GFP-ALIX ( ALIX ), and GFP-MISS ( MISS ) in the lanes of cleared lysate ( Input ), 
only GFP-ALIX and GFP-MISS gave positive signals in the lanes for pulldown products 
( Pulldown ). A parallel gel was stained with Coomassie brilliant blue R-250 ( CBB ) ( lower 
panel ). Bands of approx. 30 kDa, observed in the lanes of GST-ALG-2, correspond to 
degraded products, probably GST moiety of GST-ALG-2 ( see   Note 1 ). In these analyses, 
protein samples corresponding to 1% of total cleared lysates and 10% of pulldown prod-
ucts were loaded to each lane on 12.5% gels of SDS-PAGE. The relative amounts of 
cleared lysate proteins analyzed for pulldown (Figs.  1  and  2 ) or immunoprecipitation 
assays (Figs.  3  and  4 ) are expressed as Input 5%.       
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      1.    Prepare the cleared lysate of DNA-transfected cells as described 
in Subheading  3.1 , steps 2–5 except for the use of lysis buffer 
T instead of lysis buffer H (see Note 5).  

    2.    Take 50  μ L from the cleared lysate for Western blot analysis to 
use it as an input sample as described in Subheading  3.1 , step 
6. Dispense 500  μ L each of the cleared lysates into four tubes. 
Add 12.5  μ L of 4 mM CaCl 2  or 200 mM EGTA. Add 2.5  μ L 
of rabbit control IgG (1 mg/mL) or antibody against GFP. 
Gently mix by rotating tubes at 4°C for 1 h.  

    3.    Add the antibody-treated cleared lysates to tubes containing 
10  μ L of slurry of buffer-equilibrated Dyna beads Protein G 
(see Note 7). Continue rotation for 1 h or longer (see Note 6).  

    4.    Set the tubes on a magnetic separation stand for 30 s and col-
lect magnetic beads at the side walls of the tubes. Remove 
supernatants (see Note 8). Wash the beads twice with 500  μ L 
of buffer T containing CaCl 2  or EGTA in accordance with the 
experimental conditions.  

    5.    Add 50  μ L of 1 × SDS-PAGE sample buffer to the collected 
beads and heat at 95°C for 2 min. Spin down and use superna-
tants as samples of immunoprecipitation (IP) products (see 
Note 9).  

    6.    Analyze the IP products by Western blotting using mouse anti-
GFP monoclonal antibody and rabbit anti-ALG-2 polyclonal 
antibody as probes (see Figs.  3  and  4 ).        

  3.2.  Co-
immuno precipitation
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      1.    Dialyze recombinant human ALG-2 (~2 mg/mL) against 
500 mL each of buffer HTME 1 , buffer HTME 0.1  and coupling 
buffer at 4°C for 6 h three times (see Note 10).  

    2.    Add 60  μ L of 10 mg/mL Biotin-(AC 5 ) 2 Sulfo-Osu to 180  μ g 
of recombinant human ALG-2 in 440  μ L of coupling buffer 
(see Note 11). Mix and incubate at 25°C for 2 h.  

    3.    Remove the biotinylation reagent by dialysis against 10 mM 
Tris–HCl (pH 7.5), 150 mM NaCl, 0.1% Tween-20, 10 mM 
2-ME, and 0.1 mM EDTA at 4°C for 6 h. Repeat dialysis three 
times.  

    4.    Collect the dialysate and store the biotinylated ALG-2 (bio-
ALG-2) at 4°C in the presence of 0.02% NaN 3 . Check the 
ef fi ciency of biotinylation by SDS-PAGE followed by CBB 
staining (Fig.  5a ; Note 12).       

      1.    Resolve the immunoprecipitation products by SDS-PAGE and 
transfer the proteins from the gels to PVDF membranes (see 
Subheading  3.2 , step 5 and Note 13). Process one membrane 
for Western blot analysis using anti-GFP antibody as described 
in Subheading  3.1 , steps 12–13 (see Fig.  5b ). For Far Western 
analysis, block the other membrane by immersing the blots in 
Blocking buffer (TBST containing 1% gelatin and 0.02% NaN 3 ) 
at 37°C for 1 h. Rinse brie fl y twice with TBSTC at room 
temperature.  

  3.3.  Biotinylation 
of ALG-2

  3.4.  Far Western Blot 
Analysis
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    2.    Just before use, dilute the stock solution of bio-ALG-2 to 
20 ng/mL with 3 mL of the binding buffer (TBSTC containing 
0.1% gelatin). Incubate the membrane with bio-ALG-2 at 4°C 
overnight.  

    3.    Wash the membrane twice by incubation with TBSTC at 37°C 
for 5 min.  

    4.    Incubate the membrane with 500 ng/mL streptavidin-POD in 
the binding buffer at 37°C for 1 h (see Note 14).  

    5.    Wash the membrane twice by incubation with TBSTC at 37°C 
for 5 min.  

    6.    Wash the membrane twice by incubation with TBSC at 37°C 
for 5 min.  

    7.    Determine the amount of bound bio-ALG-2 by the chemilu-
minescent method as described for Western blot analysis except 
for inclusion of 0.1 mM CaCl 2  during chemiluminescence 
development (Fig.  5c  and Note 15).       

 

     1.    When solutions of puri fi ed recombinant proteins of ALG-2 
and GST-ALG-2 are stored for a long period of time 
(~6 months) at 4°C, proteins may be precipitated. Immobilize 
the puri fi ed proteins as soon as possible. Since GST-fusion pro-
teins are prone to be digested by proteases at the linker region 
during cell culture and puri fi cation; unfused GST proteins are 
also co-puri fi ed to some extent (see Fig.  1 ).  

    2.    Omission of protease inhibitors will cause degradation of GST-
fusion proteins during storage with time even at 4°C. Generally, 
af fi nity puri fi cation, using glutathione Sepharose beads, is 
suf fi cient for GST-pulldown assays. For storage of the immobi-
lized beads, add protease inhibitors (e.g., 0.1 mM pefabloc) 
and store at 4°C. When EDTA is omitted from the buffer, 
sodium azide ( fi nal concentration, 0.02%) should be added as 
a protecting reagent.  

    3.    Do not add sodium azide as a preservative to buffers that are 
used for incubation with horseradish peroxidase. The reagent 
inhibits the peroxidase reaction.  

    4.    The cell pellets obtained can be temporally stored at −80°C.  
    5.    Check the ef fi ciency of recovery of expressed proteins in the 

cleared lysate by comparing the amounts of those proteins in 
the total cell lysate by Western blot analysis. The recovery 
ef fi ciency depends on localization of the proteins (cytosol, 

  4.  Notes
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membrane-bound, organelles, etc.), lysis procedure (gentle 
mixing or sonication), and detergents contained in the lysis 
buffer. For poorly soluble proteins, use higher concentrations 
of nonionic detergents (such as 1% NP-40 or 1% Triton-X100). 
Alternatively, use a radioimmunoprecipitation assay (RIPA) 
buffer: 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 0.1% SDS, 
0.5% sodium deoxycholate, 1% NP-40 (or Triton X-100) sup-
plemented with protease inhibitors. However, it is necessary to 
dilute the obtained cleared lysate at least  fi ve times with RIPA 
buffer without detergents to reduce the concentration of SDS 
for the GST-ALG-2 pulldown assay. In the case of immuno-
precipitation, RIPA buffer may affect immunoreaction 
ef fi ciencies of some antibodies.  

    6.    To detect weakly binding proteins, extend the incubation time 
from 1 to 2 h to overnight.  

    7.    Protein G Sepharose can be used instead of Dyna beads Protein 
G. However, the former gives a higher background for ALG-2 
than the latter, probably due to either weak adsorption of 
ALG-2 to Sepharose beads or penetration of the protein into 
the bead matrix in the presence of Ca 2+ .  

    8.    Save the supernatants for estimation of immunoprecipitation 
ef fi ciency of the antibody used in the experiments by checking 
how much protein of interest remains in the supernatants. Add 
more antibodies if the ef fi ciency is poor.  

    9.    Products of pulldown and immunoprecipitation can be stored 
at −20°C. When using lysis buffer H, during storage even on 
ice for a short period of time, white precipitates appear in the 
SDS-PAGE samples due to potassium dodecyl sulfate, potas-
sium ions of which are derived from lysis buffer H. Dissolve 
the precipitates by warming up before loading to the wells of 
the polyacrylamide gels. Lysis buffer containing sodium chlo-
ride instead of potassium chloride can be used to prevent 
precipitation.  

    10.    Since amino groups of proteins ( ε -NH 2  of Lys,  α -NH 2 ) are 
used for coupling, avoid the use of buffers containing Tris and 
amines.  

    11.    Nonionic detergent (0.1% Tween-20) is included to prevent 
aggregation of modi fi ed ALG-2 during coupling. However, 
the detergent is not effective to prevent its aggregation when a 
higher concentration of biotin-(AC 5 ) 2 Sulfo-Osu is used.  

    12.    There are six lysine residues in the ALG-2 molecule (Lys-37, 
77, 90, 112, 116, 137). Biotinylation of ALG-2 causes retarda-
tion of migration in SDS-PAGE. Appearance of three addi-
tional bands (Fig.  5a ) suggests incorporation of biotin to two 
to three sites at different degrees. Effects of biotinylation at 
these sites on the binding capacity are not known. Since there 
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is only one cysteine residue (Cys-155) in ALG-2, a site-speci fi c 
biotinylation at this site is possible by using an SH-reactive 
maleimide derivative of biotin. Based on the 3D structure of 
the complex between ALG-2 and ALIX peptide, Cys-155 is 
located near a hydrophobic pocket that is important for accept-
ing the ALIX peptide. Thus, biotinylation of Cys-155 may 
interfere with binding of ALG-2 to target proteins.  

    13.    Since a variety of endogenous biotinylated proteins are present 
in the cells, they bind to streptavidin-POD and are detected as 
nonspeci fi c bands for bio-ALG-2 interaction in the Far Western 
analysis. To eliminate nonspeci fi c signals, it is recommended to 
use immunoprecipitated samples instead of total or cleared cell 
lysates. However, to detect high-af fi nity ALG-2-binding pro-
teins expressed in large amounts, use of total or cleared lysates 
will give enough reliable data (see ref.  14  ) .  

    14.    When recombinant proteins, with hexahistine (6xHis)-tagged 
near the ALG-2-binding site, are used as binding partners, 
addition of 1 mM NiCl 2  and 10 mM 2-ME to the binding buf-
fer will enhance the subsequent signals (see ref.  7  ) .  

    15.    Since Ca 2+  is required for ALG-2 to bind its target proteins, 
removal of Ca 2+  in the reaction mixture will cause a rapid dis-
sociation of the complex. Addition of CaCl 2  ( fi nal concentra-
tion, 0.1 mM) to the chemiluminescent substrate solution 
stabilizes the complex and signal.          
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    Chapter 13   

 Measuring Binding of S100 Proteins to RAGE 
by Surface Plasmon Resonance       

     Estelle   Leclerc         

  Abstract 

 Surface plasmon resonance (SPR) is a label-free biophysical method that allows to measure the binding 
parameters (ka, kd, K D ) of the interaction between two molecules. In this method, one protein/molecule 
(ligand) is immobilized on the surface of a sensor chip, while the other molecule (analyte) is in solution. 

 We describe here the use of SPR to measure the binding parameters of the interaction between S100 
proteins and isolated domains of the receptor for advanced glycation endproducts (RAGE). In particular, 
we present the protocols that allow to measure the binding of S100B to RAGE V domain, and the binding 
of S100A1 and S100A6 to RAGE V-C1-C2 domain fused to a Glutathione S-Transferase (GST) moiety 
(GST-RAGE).  

  Key words:   Surface plasmon resonance ,  SPR ,  S100B ,  S100A1 ,  S100B ,  Receptor for advanced 
 glycation endproducts ,  RAGE ,  Calcium-binding proteins ,  EF-hand    

 

 Calcium is an important secondary messenger and calcium-binding 
proteins react to changes in intracellular calcium concentration by 
changing their conformation, for most of them, resulting in the 
interaction with speci fi c target proteins  (  1–  3  )  .  The EF-hand cal-
cium-binding proteins (CaBP) form a large family of calcium-
binding proteins, with more than 200 members  (  4,   5  )  .  EF-hand 
CaBPs play important roles in many human diseases including 
Alzheimer’s disease and cancer  (  6,   7  ) . In order to understand the 
mechanisms of signal transduction triggered by the CaBPs, it is 
essential to understand how they interact with their target pro-
teins. Several label-free biophysical methods are used to study the 
interaction of the CaBPs with their targets. In this chapter, we 

  1.  Introduction
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focus on Surface Plasmon Resonance (SPR) methods and describe 
protocols that have been used to study the interaction of several 
S100 proteins (S100B, S100A1, and S100A6) with several domains 
of the receptor for advanced glycation endproducts (RAGE) on a 
BIACORE/GE 3000 instrument (GE Healthcare). 

 The SPR technology utilizes the properties of certain metals 
(e.g., gold) that can generate plasmons. In de fi ned conditions, the 
photons of an incident light will generate resonance phenomenon 
in the plasmons of the metal, resulting in surface plasmon reso-
nance and the generation of evanescent waves by the metal (Fig.  1 ). 
The angle of the re fl ected light will vary upon the environment at 

  Fig. 1.    Schematic representation of a sensor chip. The sensor chip is constituted by a 
piece of glass covered by a thin layer of gold. The SPR technology is based on the proper-
ties of the gold surface that can generate plasmons after excitation by an incident light. 
The angle of the re fl ected light depends of the environment of the gold layer ( a ). For 
instance, in the presence of the bound ligand, the V domain in our case, the light is 
re fl ected at an angle I. When the analyte S100B binds to the ligand, the refractive index at 
the gold interface changes and the light is now re fl ected by an angle II ( b ). The changes 
of angle of the re fl ected light are converted in   resonance units (RU). The most commonly 
used sensor chips possess a dextran layer that forms a tridimensional mesh (e.g., CM5 
from BIACORE/GE) allowing formation of small size oligomers of ligands. Modi fi ed from 
the BIACORE/GE Technology Handbook (1998). Note that the relative dimensions of the 
glass layer, the gold and the dextran layer have not been conserved in the  fi gure.       
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the interface of the metal. For instance, the presence of bound pro-
teins or other molecules at the surface of the metal will result in a 
change of the refractive index at the interface of the metal and will 
lead to the deviation of the re fl ected light by a certain angle (Fig.  1 ). 
This change in angle is then converted into resonance units (RU). 
The SPR data are presented in the forms of sensorgrams that 
describe changes of RU over time. Both association (ka) and dis-
sociation (kd) rates can be extracted from the sensorgrams.  

 In most SPR instruments (see Table  1 ), the sensor chip is con-
stituted by a piece of glass covered by a thin layer of gold. The 
surface of the gold is modi fi ed with diverse chemical groups (car-
boxylic groups, thiols) to allow the covalent attachment of proteins 
(ligands) onto the surface. The most commonly used sensor chips 
possesses a dextran layer on top of the surface that forms a tridi-
mensional mesh allowing immobilized proteins to form dimers or 
small oligomers (Fig.  1 ).  

 We describe here the protocols used to study the interaction of 
three S100 proteins (S100B, S100A1, and S100A6) with isolated 
domains of the RAGE.  

 

 All the solutions described in this protocol are prepared with 
deonized water. After preparation, the solutions should be  fi ltered 
and degassed before use (see Note 1). 

  2.  Materials

   Table 1 
  Non-exhaustive list of SPR instruments currently commer-
cially available   

 Manufacturer  Platform 

 Biacore/GE Healthcare  1000, 2,000, 3000 
 X100, A100, T100, S51 
 X, Flexchip 

 Bio-Rad  ProteOn XPR36 

 Reichert  SR7000DC, SR7500DC 

 GWC Technologies  SPRimager 

 Neosensors  IAsys 

 Nomadics  SensiQ Pioneer, Pioneer ST 

 Sierrasensors  SPR-2 

 Sensata Technologies/Nomadics  Spreeta Evaluation 
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      1.    Immobilization solution: 10 mM Na Acetate pH 5. For 
100 ml, resuspend 0.14 g Na acetate (trihydrate form) into 
80 ml water. After complete resuspension, adjust pH with ace-
tic acid. Complete to 100 ml with water. Dilute RAGE domains 
into the Na acetate buffer in order to obtain a  fi nal concentra-
tion of 50  μ g/ml.  

    2.    Running buffer: 50 mM Tris–HCl, 150 mM NaCl, 5 mM 
CaCl 2 , 0.005% Tween 20 pH 7.5 (see Note 2). For 1 L, weight 
6.05 g Tris-Base, 8.77 g NaCl, 0.73 g CaCl 2  and dissolve all 
components in about 800 ml water. Adjust the pH with HCl 
to 7.5. Add 50  μ l Tween 20. Adjust the volume to 1 L. 
 Note that this running buffer should not be used for the immo-
bilization of the ligands since it contains primary amino groups 
that will compete with the amino groups of the proteins which 
are used for the amine coupling. During the immobilization 
use a phosphate or HEPES buffer instead, without any cal-
cium. For 1 L of 50 mM HEPES, 150 mM NaCl, pH 7.5, 
weight 11.9 g HEPES (MW: 238.3), 8.77 g NaCl and dissolve 
all components in 800 ml water. Adjust the pH with KOH and 
then the volume to 1 L.  

    3.    Coupling reagents: EDC and NHS. EDC and NHS can be pur-
chased from BIACORE/GE Healthcare in powder forms 
(Amine coupling kit, Cat # BR-1000-50). 750 mg EDC (1-eth-
yl-3-(3-dimethylpropyl)-carboiimide) is provided and should 
be resuspended in 10 ml water. 115 mg  N -hydroxysuccinimide 
(NHS) is provided and should be resuspended in 10 ml water 
as well (see Note 3).  

    4.    Blocking solution: Ethanolamine. The ethanolamine solution 
pH 8.5 is also provided in a liquid form. All the solutions can 
be aliquoted and stored at −20°C. Frozen aliquots can be used 
for up to 1 year.      

      1.    Solution 1: 100 mM EDTA pH 8.5. For 100 ml, weigh 3.72 
EDTA-disodium (MW: 372.25) and dissolve it in 70 ml water. 
Adjust the pH to 8.5 with NaOH (see Note 4). EDTA is a very 
convenient regeneration buffer when studying calcium-depen-
dent interactions.  

    2.    Solution 2: 20 mM Glycine pH 2.5. Dissolve 0.15 g Glycine 
into 80 ml water. Adjust the pH with HCl to 2.5. Complete to 
100 ml.  

    3.    Solution 3: 100 mM HCl. Add 0.83 ml commercial HCl 
(37% = 12 N = 12 M) into 100 ml water.  

    4.    Solution 4: 1 M NaCl. Weigh 2.84 g NaCl and dissolve in 
water. Adjust the volume to 100 ml.  

    5.    Anti-GST-antibody. The antibody used for capturing GST-
RAGE can be purchased from BIACORE/GE (Cat # 
27-4577-01) (see Note 5).      

  2.1.  Immobilization 
Reagents

  2.2.  Regeneration 
Solutions
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      1.    Direct immobilization. CM5 sensor chips (BIACORE/GE) or 
their equivalents from other providers are covered with a dex-
tran layer that forms a tridimensional mesh (BIACORE/GE). 
The selected RAGE domain is covalently attached to the pre-
activated surface using amine chemistry (see Subheading  3 ).  

    2.    Immobilization by capture. CM5 sensor chips or their equiva-
lents are also used when capturing the RAGE domain with an 
antibody.       

 

  Prior to performing a covalent immobilization, perform a pre-con-
centration procedure that will estimate the amount of protein to 
use in order to obtain a desired level of immobilization. Target for 
1,000 RU (see Note 6). Start a new run with a  fl ow rate of 5  μ l/
min. Prepare 100  μ l of domain (50  μ g/ml). Inject 20  μ l and observe 
the sensorgram. If the sensorgram reaches over 1,000 RU by inject-
ing 20  μ l, regenerate the surface with regeneration solution 3 (HCl) 
and repeat the injection with a lower volume. If 20  μ l are not 
suf fi cient to reach 1,000 RU, multiply the injections until you reach 
1,000 RU. Following this pre-concentration step, inject the regen-
eration solution 3 over the  fl ow cells. The RAGE domains are not 
covalently bound and will be eliminated from the surface easily.  

  After estimating the amount of RAGE domain that needs to be 
injected over the  fl ow cells in order to obtain 1,000 RU, prepare 
the coupling reagents (see Note 7). Add 30  μ l EDC to 30  μ l NHS. 
Mix properly (see Note 8). Start a new run and set the  fl ow rate at 
5  μ l/min. Inject 35  μ l of the EDC:NHS mixture. Inject then the 
appropriate volume of RAGE V domain (14,400 d) as determined 
from the pre-concentration experiment. Inject 35  μ l of the block-
ing solution (ethanolamine). Following the covalent immobiliza-
tion of the protein onto the surface, regenerate the surface with 
regeneration solution 4 (NaCl). The high salt concentration solu-
tion will eliminate all non-covalent nonspeci fi c interactions that 
could have formed during the immobilization (see Note 9).  

  The anti-GST antibody is covalently immobilized onto a CM5 
type surface using amine chemistry. For the immobilization, set the 
 fl ow rate to 5  μ l/min. Inject 35  μ l of the EDC:NHS mixture. 
Dilute the anti-GST antibody by adding 3  μ l antibody to 77  μ l Na 
Acetate pH 5. Inject 20  μ l of the antibody solution over the sur-
face. Inject then 35  μ l of the ethanolamine solution. The surface is 
then regenerated for 1 min contact (5  μ l) with regeneration solu-
tion 2 (Glycine).  

  2.3.  Sensor Chips

  3.  Methods

  3.1.  Pre-concentration

  3.2.  Covalent 
Immobilization

  3.3.  Capture 
of RAGE-GST with 
Anti-GST Antibody
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  Prepare the dilution series of the analyte. The following procedure 
was used to obtain the sensorgrams presented in Fig.  2 . Label  fi ve 
1.7 ml tubes. In tube 1, prepare 360  μ l of 10  μ M S100B in the 
running buffer (see Note 10). In tubes 2–4, add 180  μ l running 
buffer. Take 180  μ l from tube 1 and add to tube 2. Mix and take 
180  μ l from tube 2 and add to tube 3, mix again. Repeat this pro-
cedure until tube 4 (0.5  μ M). Set the tubes in the instrument. 
Set-up the run according to the instrument’s guidelines.  

 For BIACORE/GE 3000, inject the sample for 3 min at 
50  μ l/min, followed by 5 min dissociation time. Add the regenera-
tion step, 2 times 1 min contact with the regeneration solution 2 
(EDTA), repeat this cycle with the next sample. The analyte sam-
ples should be injected from the lowest to the highest concentra-
tion to avoid carrying over between samples. Injection of running 
buffer only can be inserted between samples to serve as negative 
controls. Samples can be duplicated and serve as reproducibility 
controls. An example of a program for BIACORE/GE 3000 is 
presented in Table  2a . One can estimate the signal intensity of the 
binding using the following formula (Eq.  1 ): 

     = × ×max Analyte ligandR immobilized RU  S  MW / MW ,    (1)  

where R max  is the maximal RU signal obtained upon binding of the 
analyte to the ligand. Immobilized RU is the amount of ligand on 
the surface. S is the stoichiometry of the binding between the ana-
lyte and the ligand. If one analyte binds two ligands, S = 0.5. MW 
is the molecular weight of either the ligand or the analyte  

  3.4.  Samples Run with 
Directly Immobilized 
RAGE Domains

  Fig. 2.    Sensorgrams corresponding to the binding of S100B to directly immobilized RAGE 
V domain.       
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   Table 2 
  Examples of programs for a BIACORE/GE 3000 instrument. (A) Program for measuring 
the binding of S100 to directly immobilized RAGE domain. (B) Program for measuring 
the binding of S100 to GST-RAGE captured onto the surface using the anti-GST antibody   

  Program A: Binding of S100 to directly immobilized V domain  

 The S100 samples at the indicated concentration ( u  = micromolar) are in positions r1a1 to r1a5. The 
 fl ow rate (FLOW) is set-up at 50  μ l/min. The regeneration solution 1 (EDTA) is at position r2f3. At 
the end of the run, the instrument is automatically set on stand-by mode with a  fl ow rate of 5  μ l/
min. This program is designed to run  fi ve samples. More samples can be easily added by adding a 
new line in the program. The program that was used to measure the binding of S100B to RAGE V 
domain had only four samples. 

 DEFINE LOOP cycle 

 LPARAM  %sample  %position  %volume  %name  %conc 

 TIMES 1 

 sample1  r1a1  150  S100  0.62u 

 sample2  r1a2  150  S100  1.25u 

 sample3  r1a3  150  S100  2.5u 

 sample4  r1a5  150  S100  5u 

 sample5  r1a5  150  S100  10u 

 END 

 DEFINE APROG analyze 

 PARAM  %sample  %position  %volume  %name  %conc 

 KEYWORD  sample  %sample 

 Flow  50 

 * INJECT  %position  %volume 

 −0:15  RPOINT  baseline  −b 

 2:50  RPOINT  plateau 

 6:00  INJECT  r2f3  50 

 MAIN 

 FLOW  50 

 DETECTION  1,2,3,4 

 LOOP  cycle  STEP 

 APROG  %sample  %position  %volume  %name  %conc 

 ENDLOOP 

 APPEND standby 

 END 

(continued)
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  Program B: Binding of S100 to GST-RAGE captured by anti-GST antibody  

 The S100 samples at the indicated concentration (u = micromolar) are in positions r1a1 to r1a5. The 
 fl ow rate (FLOW) is set-up at 50  μ l/min. The GST-RAGE solution is in position r1d1. The regen-
eration solution 2 (Glycine) is at position r2f4. At the end of the run, the instrument is automatically 
set on stand-by mode with a  fl ow rate of 5  μ l/min. The program that was used to run the binding of 
S100A1 and S100A6 to GST-RAGE had only four samples. The protein concentrations used are 
slightly different than those presented here ( See  Subheading  3.5 ). 

 DEFINE LOOP cycle 

 LPARAM  %sample  %position  %volume  %name  %conc 

 TIMES 1 

 sample1  r1a1  150  S100  0.62u 

 sample2  r1a2  150  S100  1.25u 

 sample3  r1a3  150  S100  2.5u 

 sample4  r1a5  150  S100  5u 

 sample5  r1a5  150  S100  10u 

 END 

 DEFINE APROG analyze 

 PARAM  %sample  %position  %volume  %name  %conc 

 KEYWORD  sample  %sample 

 FLOW  50 

 * INJECT  %position  %volume 

 −0:15  RPOINT  baseline  −b 

 2:50  RPOINT  plateau 

 8:00  INJECT  r2f3  50 

 INJECT  r2f4  50 

 END 

 DEFINE APROG CAPTURE 

 FLOW  50 

 FLOW PATH  1,2,3,4 

 INJECT  r1d1  150 

 MAIN 

 FLOW  50 

 DETECTION  1,2,3,4 

Table 2 
(continued)

(continued)
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  The following procedures were used to obtain the sensorgrams pre-
sented in Fig.  3a, b . Label  fi ve 1.7 ml tubes. In tube 1, prepare 
360  μ l of 11  μ M S100A1 in the running buffer. In tubes 2–4, add 
180  μ l running buffer. Take 180  μ l from tube 1 and add to tube 2. 
Mix and take 180  μ l from tube 2 and add to tube 3, mix again. 
Repeat this procedure until tube 4 (1.47  μ M). For S100A6, prepare 
360  μ l of 23  μ M solution in the running buffer. Add 180  μ l from 
tube 1 to tube 2 that contains 180  μ l running buffer. Mix and take 
180  μ l from tube 2 and add to tube 3, mix again. Repeat this proce-
dure until tube 4 (2.87  μ M). After each analyte injection, the ana-
lyte and the capture GST-RAGE is detached from the surface using 
regeneration solution 2 (Glycine). Therefore GST-RAGE must be 
reinjected prior each analyte solution. Prepare 0.8 ml  solution of 

  3.5.  Sample Run with 
Captured GST-RAGE

 LOOP cycle  STEP 

 APROG CAPTURE 

 APROG  %sample  %position  %volume  %name  %conc 

 ENDLOOP 

 APPEND standby 

 END 

Table 2 
(continued)

  Fig. 3.    Sensorgrams corresponding to the binding of S100A1 ( a ) and S100A6 ( b ) to GST-RAGE captured by anti-GST anti-
body. Only the binding of S100A1 and S100A6 to bound GST-RAGE is shown. About 3,000 RU of the anti-GST antibody were 
immobilized onto the surface. Injection of GST-RAGE onto the surface, not shown here, resulted in a further increase of 
about 500 RU onto the surface. For comparison, binding of GST-RAGE onto the reference surface resulted in an increase of 
only 20 RU.       
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50  μ g/ml GST-RAGE (61,000 d) in running buffer. Prepare the 
analyte solution as described in Subheading  3.4 . An example of a 
program for BIACORE/GE 3000 is presented in Table  2b .   

  The analysis of the sensorgram is performed using the data analysis 
software provided by BIACORE/GE. Several  fi tting models are 
proposed where the association and dissociation phases are analyzed 
simultaneously. It is also possible to analyze the association and dis-
sociation phases separately to estimate the dissociation and associa-
tion rate when the curves do not  fi t any model. We will not discuss 
the different models available to the research in this protocol, we 
will only brie fl y describe the models used to analyze the data pre-
sented. A quick procedure to analyze the data is shown in Table  3 . 

  3.6.  Data Analysis

   Table 3 
  Analysis of the sensorgrams using BIAevaluation software on BIACORE/GE 3000 
instrument   

 1. Under File menu, open the sensorgrams to be  fi tted (the  fi le has .blr extension). Select curve only. 
Click ok to select the highlighted curves 

 2. Click on the “plot overlay” icon: the curves appear in the window 

 3. With the right button of the mouse, click on the beginning of the regeneration part and drag the 
black box that appears until the end of the sensorgram, select the cut option in the edit menu 

 4. Repeat this procedure to de fi ne a small part of the baseline, before the association part of the 
sensorgram, click on the “Y-transform” icon and select “Zero at average of selection.” Click on 
“Replace original” or “add as new.” The curves are normalized 

 5. Subtract the blank or reference curve. Click on the “Y-transform icon”, and select curve-curve 2 
(blank subtraction run). Click on Replace Original or add as new 

 6. Click on the  fi t icon. Select the option “simultaneously kinetics ka/kd”, then choose the kinetic 
model of choice and follow the instructions: 

 (a) Adjust the curves, select next since the curves have been prepared for  fi tting in the steps 3    –  5   

 (b) Two thin black lines and two large gray rectangles appear on top the curves. Choose the begin-
ning of the injection with the  fi rst thin black line. Drag and adjust the size of the  fi rst gray 
rectangle above the association part. Position the second thin black line on top of the end of 
injection. Drag and adjust the size of the gray rectangle on top of the dissociation part. Click 
next 

 (c) Enter the concentration for each sensorgram: nanomolar is abbreviated as n and micromolar as u, 
for instance, 25 nM would be entered 25n 

 (d) Press  fi t: the software tries to give the best  fi t 

 (e) Repeat the procedure by slightly changing the start and end of the injection, the length of the 
association and dissociation part 

 (f) All the  fi tting parameters are given in the window below the  fi t. Click on the parameters menu 
(under the windows) to see how good the  fi t is. Small residues (<1% of the signal) are indicative 
of a good  fi t 
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    1.    S100B to directly immobilized V domain: 
   S100B binding to V domain could not be  fi tted with the 1:1 

Langmuir model. We used an alternative model described as 
parallel reaction model for heterogeneous ligand. This model 
follows Eq.  2  described below:

     + ↔ + ↔A B1  AB1 and A B2  AB2    (2)   

   In this Eq.  2 , one analyte molecule (A = S100B) can bind inde-
pendently two ligand molecules B1 or B2 (B = V domain) with 
K d 1 the dissociation constant of the  fi rst equilibrium, and K d 2 
the corresponding parameter for the second event. This analy-
sis gave two binding constants of different value: K d 1 = 550 nM 
and K d 2 = 470 nM (see more details in refs.  8,   9  ) .  

    2.    S100A1 to capture RAGE: 
   S100A1 binding to GST-RAGE could be best  fi tted with a 

Langmuir 1:1 model and showed an af fi nity of K d  = 2.5  μ M.  
    3.    S100A6 to capture RAGE: 
   Binding of S100A6 to GST-RAGE resulted in sensorgrams 

that could also be best  fi tted with the parallel reaction model 
for heterogeneous ligand. The  fi t of the data gave K D1  = 4.5  μ M 
for about 72% of the population and K D2  = 3.5  μ M for about 
28% of the population.      

  We present here data of binding of S100 proteins to two isolated 
domains of RAGE. The smaller V domain (14,400 d) and the 
larger domain fused with GST GST-RAGE (61,000 d). We show 
that different strategies can be employed to study the interaction of 
S100 proteins and RAGE: direct immobilization of the domain or 
capture through an anti-GST antibody. Other strategies are also 
available. For instance, it is possible to  fi rst biotinylate the V domain 
and then immobilize it onto a streptavidin covered surface. These 
strategies can be used for studying the binding of the S100 pro-
teins to other target proteins. Finally, it is important to note that 
these studies are all facilitated by the calcium-dependent nature of 
the interaction, allowing the use of mild conditions (EDTA) for 
the regeneration of the surface.   

 

     1.    A quick and ef fi cient way of degassing a solution is to  fi lter the 
solution with the help of a vacuum pump. This procedure 
  fi lters the solution as well.  

    2.    Do not use a phosphate buffer with calcium ions. Calcium will 
form insoluble calcium phosphate complexes.  

  3.7.  Conclusion

  4.  Notes
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    3.    Although GE Healthcare provides EDC, NHC, and etha-
nolamine in a convenient format, it is less expensive to pur-
chase larger amount of the compounds and to weigh the 
corresponding amounts.  

    4.    EDTA has a poor solubility in water and is very acidic. Adding 
NaOH will help the dissolution.  

    5.    Although the anti-GST antibody provided by BIACORE/GE 
is expensive, we recommend to purchase it from them. Indeed, 
we found that the bound GST-RAGE dissociated very slowly 
from the anti-GST antibody immobilized on the surface. Other 
“cheaper” antibodies might dissociate too quickly from the 
GST moiety.  

    6.    Although the guidelines provided by BIACORE/GE recom-
mend to have a low level ( » 100 RU) of immobilized protein on 
the surface of the sensor chip in order to perform accurate 
kinetic studies, we did not observed signi fi cant binding of the 
analyte (S100B) to the ligand (RAGE V domain) unless we 
reached an immobilization threshold of 1,000 RU. We hypoth-
esize that small size oligomers such as dimers must be formed at 
the surface of the sensor chips for allowing binding of S100B.  

    7.    When using the BIACORE/GE 3000 instrument that allows 
four  fl ow cells, the protein of interest should be immobilized 
on  fl ow cells 2, 3, and 4. Flow cell 1 should be kept as refer-
ence cell. The surface of  fl ow cell 1 should be activated with 
EDC:NHS in the same conditions as the other  fl ow cells. 
Following the activation, two options are considered: (1) the 
surface is immediately blocked with ethanolamine. (2) An 
irrelevant protein is injected over the surface, such as bovine 
serum albumin. We chose the  fi rst option in the experiments 
shown here.  

    8.    When preparing small volumes of solutions, make sure that 
there is no bubble trapped at the bottom of the tube. Indeed, 
in this case, the needle that is used to aspirate the solutions 
needs to dip into some liquid. Also, prepare the EDC:NHS 
mixture just prior the immobilization. The mixture looses 
ef fi ciency after 30 min.  

    9.    This step is very important. If not performed, there will be a 
large change in RU following the  fi rst injection of the analyte.  

    10.    The samples should be prepared from a high concentration 
stock (>100  μ M). If the analyte is not available at high concen-
tration, the sample should be dialyzed against the running buf-
fer before use to avoid large “jumps” in the sensorgram dues 
to changes in the refractive index of the buffer (bulk effect).          
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    Chapter 14   

 Phage Display Selection of Peptides that Target 
Calcium-Binding Proteins       

     Stefan   W.   Vetter        

  Abstract 

 Phage display allows to rapidly identify peptide sequences with binding af fi nity towards target proteins, for 
example, calcium-binding proteins (CBPs). Phage technology allows screening of 10 9  or more indepen-
dent peptide sequences and can identify CBP binding peptides within 2 weeks. Adjusting of screening 
conditions allows selecting CBPs binding peptides that are either calcium-dependent or independent. 
Obtained peptide sequences can be used to identify CBP target proteins based on sequence homology or 
to quickly obtain peptide-based CBP inhibitors to modulate CBP-target interactions. 

 The protocol described here uses a commercially available phage display library, in which random 
12-mer peptides are displayed on  fi lamentous M13 phages. The library was screened against the calcium-
binding protein S100B.  

  Key words:   Phage display ,  Peptide library ,  Ph.D.-12 library ,  Filamentous phage M13 ,  Calcium-
binding proteins ,  S100B ,  Calcium-dependent peptide binding ,  Phage ELISA ,  EF-hand    

 

 Phage display describes a methodology to produce large libraries 
of genetically engineered bacteriophages and to screen these phage 
libraries based on phenotypical properties  (  1–  3  ) . Because phage 
particles contain the genome that encodes the proteins that make 
up the phage capsid, a physical link between phenotype (displayed 
engineered capsid protein) and genotype (engineered phage 
capsid protein gene) is established  (  4–  6  ) . A key feature of phage 
display is the ability to exponentially amplify a single phage parti-
cle in  E. coli  and to produce very large numbers of phages (>10 15 ) 
within a few milliliters of bacterial growth culture within hours. 

  1.  Introduction

Claus W. Heizmann (ed.), Calcium-Binding Proteins and RAGE: From Structural Basics to Clinical Applications, 
Methods in Molecular Biology, vol. 963, DOI 10.1007/978-1-62703-230-8_14, © Springer Science+Business Media New York 2013
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The biology of phage display is very robust and withstands screen-
ing conditions that cannot be used with other display technolo-
gies, such as bacterial display  (  7–  9  ) , yeast display  (  10–  12  ) , or 
ribosome display  (  13–  15  ) . 

 Filamentous phage M13 is most frequently used for phage 
display. The genome of M13 encodes eleven proteins, of which 
 fi ve are incorporated into the phage coat (Fig.  1 ). The tube like 
body of the phage is formed by protein g8p (gVIIIp), while the 
tips of the phage body are made up of g3p and g6p at one end and 
g7p and g9p at the other end. A mature M13 phage contains 
about 2,700 copies of g8p, but only three to  fi ve copies of g3p. In 
order to display a nonnative peptide sequence on the surface of 
the phage it is necessary to engineer a fusion protein in which the 
desired peptide sequence is fused to one of the coat proteins. 
Depending on the size of the displayed peptide, such fusions may 
interfere with phage assembly, phage stability, or phage infectivity. 
The most commonly used fusion is a fusion to the N-terminus of 
g3p  (  16,   17  ) . This protein contains a leader sequence, which 
directs export of the protein to the periplasmic space, where it is 
then proteolytically removed. Export to the periplasm allows for-
mation of disul fi de bonds within displayed proteins and peptides. 
Because functional g3p is needed for phage infectivity only short 
peptide sequences can be displayed on all g3p copies of a phage. 
Peptide sequences shorter than approximately 50 residues can be 
displayed in all copies of g3p  (  18  ) . The display of longer peptide 
sequences on g3p requires the presence of both, engineered g3p-
fusion protein and wild-type g3p, in order for the phage to remain 
infective. Such systems have been developed for the display of 
antibody fragments and other proteins and are generally phagemid 
based  (  19–  22  ) .  

 Commercial, premade phage display libraries are available and we 
use the Ph.D.-12 library from New England Biolabs in this protocol. 

  Fig. 1.    Schematic presentation of a Ph.D. display phage based on M13KE. The M13 genome encodes 11 proteins (I-XI), of 
which  fi ve are incorporated into the phage coat (III, VI, VII, VIII, IX) and six are required for phage assembly. The display 
peptides ( red box ) are fused to the N-terminus of gene III (or g3) ( green box ). The M13 ori ( orange box ) ensure ef fi cient 
packaging of the genome into the phage capsid. M13KE contains also the gene encoding lacZ α  fragment and thus allows 
for blue/white screening. The g3p protein is displayed at the tip of the phage particle in three to  fi ve copies, with the 
N-terminal fusion peptide being accessible from the bulk solvent.       
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This library is part of a library system of three libraries (Ph.D.-12, 
Ph.D.-7, and Ph.D.-C7C), cloning vectors for custom library con-
struction  (  23  ) , and a vector for transfer of selected peptide sequences 
to monovalent display on maltose-binding protein  (  24  ) . 

 The NEB Ph.D.-12 library displays a random 12-residue pep-
tide, Ph.D.-7 displays a random 7-residue peptide, and Ph.D.-C7C 
displays a random 7-residues peptide that is conformation restrained 
by a disul fi de bridge formed between two cysteine residues  fl anking 
the randomized heptapeptide. The peptide sequences are cloned 
between the g3p leader peptide sequence and the N-terminal start 
of mature g3p. Therefore, the library peptides are displayed as 
N-terminal fusions to g3p. The  fi rst residue of the displayed pep-
tide is the N-terminus of mature g3p incorporated into the phage 
capsid. All copies of g3p present at the tip of the phage display the 
same peptide sequence, resulting in multivalent display of the pep-
tide (Fig.  1 ). Multivalent display can increase effective binding 
af fi nity due to avidity effects and also be bene fi cial for the binding 
to homo-dimeric targets, such as S100B. 

 The Ph.D. libraries purchased from New England Biolabs 
should be used without in-house ampli fi cation prior to the  fi rst 
round of af fi nity panning to avoid a reduction of library diversity. 

 The principle of af fi nity-based selection (or panning) is simple: 
display phages are allowed to bind to an immobilized target pro-
tein and nonbinding phages are removed by repeated washing. 
The phages that did bind tightly to the immobilized protein are 
then released (eluted) using suitable conditions. Eluted phages are 
used to infect  E. coli  cells, which will subsequently produce hun-
dreds of copies of the phage that originally infected the bacterial 
cells. The ampli fi ed phages are then isolated from the cell culture 
supernatant and used in the next round of af fi nity selection (Fig.  2 ). 
Typically three rounds or panning are suf fi cient to isolate high 
af fi nity binding peptides. Certain control experiments are neces-
sary to perform to ensure that the selective pressure is directed 
towards isolating high af fi nity binding peptide speci fi c to the target 
protein. M13KE phages have a tendency to eliminate additional 
genetic sequences and to revert to wild-type g3p. In addition, con-
tamination of experiments with wild-type phage can occur and 
overgrow display phages quickly. In addition, the immobilization 
of the target protein, blocking nonspeci fi c binding and conditions 
used for washing and elution of phages are important.  

 Finally, it is important to realize that the Ph.D.-7 library can 
provide almost complete coverage of the sequence space, whereas 
the Ph.D.-12 only can cover a fraction of the sequence space. The 
construction of phage libraries usually limits the number of inde-
pendent clones that can be obtained after transformation of the 
vector into bacterial cells to about 10 9 . A random 7mer peptide 
allows for 20 7  = 1.28 × 10 9  different sequences and can be fully 
represented by the Ph.D.-7 libraries. However, a random 12mer 
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peptide allows for 20 12  = 4.096 × 10 15  sequences and thus only a 
minute fraction (less than 1 millionth) of sequences can be repre-
sented in the phage display library. However, while speci fi c 
sequences will be absent from the Ph.D.-12 library, phenotypically 
dominant amino acid substitution in each position of the pep-
tide can be identi fi ed. The Ph.D. libraries have been successfully 
screened against many targets and applications including epitope 
mapping  (  25–  29  ) , small molecule binders  (  30–  34  ) , and mapping 
of protein–protein interactions  (  35–  39  ) .  

 

 This protocol uses the Ph.D.-12 phage display peptide libraries 
available from New England Biolabs (NEB). The protocol can be 
used without modi fi cation for the other NEB phage display libraries 
(Ph.D.-7, Ph.D.-C7C). Commercial phage display libraries 
obtained from other vendors might need adjustment of the protocol. 

  2.  Materials

  Fig. 2.    The principle of phage display library panning. A gene library ( colored bars top left ) is cloned into the engineered 
M13KE vector and phage particles are produced, each displaying a unique peptide sequence fused to g3p at the tip of the 
phage ( colored elipsoids ). A minute fraction of the displayed peptides ( red and orange ) has binding af fi nity to an immo-
bilized target protein and will remain bound to the target, while nonbinding phages ( blue and green ) can be washed out. 
Once released from the target protein, the binding peptides can be ampli fi ed and screened again in a second round of 
af fi nity selection (panning). After several rounds of panning, individual phage clones are analyzed for binding and the 
sequence of the displayed peptide is decoded by DNA sequencing.       
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Phagemid-based libraries need substantial changes to the protocol, 
particularly in regards to phage ampli fi cation.

    1.    Ph.D.-12 library kit (New England Biolabs Prod# E8110S).  
    2.     E. coli  strain ER2738 (supplied together with NEB-E8110S 

kit).  
    3.    LB-Medium (Lennox): 10 g/L tryptone, 5 g/L yeast extract, 

5 g/L NaCl, autoclave, store at ambient temperature.  
    4.    1,000× IPTG stock: Dissolve IPTG (isopropyl- β - d -1-thioga-

lactopyranoside, FW: 238.3 g/mol) in water to a  fi nal concen-
tration of 200 mM (~48 mg/ml), sterile  fi lter and store at 
−20°C.  

    5.    1,000 × Xgal stock: Dissolve Xgal (5-bromo-4-chloro-3-in-
doyl- β - D -galactoside, FW: 408.6 g/mol) in DMF to a  fi nal 
concentration of 100 mM (~41 mg/ml). Store at −20°C.  

    6.    1,000× Tetracycline stock: Dissolve tetracycline in 75% ethanol 
to a  fi nal concentration of 20 mg/ml. Store at −20°C.  

    7.    LB–Tet Plates: To 200 ml of LB add 3 g of agar, add a stir bar, 
autoclave, and let cool down with stirring until the  fl ask can be 
touched (<60°C). Add 200  μ l of the 1,000× tetracycline stock 
solution, stir and pour into 100 × 15 mm petridishes. 200 ml 
should yield about 10–15 plates.  

    8.    LB/IPTG/Xgal plates: To 1 L of LB add 15 g agar, add a big 
stir bar, autoclave, and let cool down while stirring until the 
 fl ask can be touched with bare hands (<60°C). Add 1 ml of the 
1,000× IPTG, and 1 ml of 1,000× Xgal stock solution, mix 
and pour into 100 × 15 mm petridishes. 1 L should yield about 
60–70 plates.  

    9.    Top Agar: To 500 ml of LB add 3.5 g of agar, autoclave and 
dispense into 45 ml aliquots in 50 ml centrifuge tubes. Store at 
ambient temperature. To melt, heat in a microwave or boiling 
water, then keep liquid in 45–50°C water bath.  

    10.    Immobilization buffer: 100 mM sodium bicarbonate 
(NaHCO 3 , FW: 84.0 g/mol) in water, pH 8.6.  

    11.    Tris-buffered saline (TBS): 50 mM Tris–HCl, 150 mM sodium 
chloride, adjust to pH 7.5 with NaOH or (HCl when using 
Tris-base). Autoclave and store at ambient temperature.  

    12.    Tris-buffered saline with Tween 20 (TBST): add 0.1% Tween-
20 to TBS.  

    13.    Blocking buffer: Dissolve 50 mg/ml (5% w/v) of fat free milk 
powder in immobilization buffer (100 mM sodium bicarbon-
ate, pH 8.6).  

    14.    PEG/NaCl for phage precipitation: 20% (w:v) PEG-8000, 
2.5 M NaCl. Add 20 g of polyethylene glycol (PEG) 8000 and 
14.6 g of sodium chloride into an autoclavable, graduated 
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bottle. Add water to 100 mL  fi nal volume. The PEG most 
likely will not dissolve until heated (autoclaved). After auto-
claving two layers will have separated, mix the layers while still 
warm, otherwise the PEG phase will solidify. Store at ambient 
temperature.  

    15.    HRP/Anti-M13 monoclonal antibody (GE Healthcare prod# 
27-9421-01).  

    16.    HRP ELISA substrate kit using either ABTS (2,2 ¢ -azinobis 
(3-ethylbenzothiazoline-6-sulfonic acid)-diammonium salt) 
(Pierce prod# 34026) or OPD ( o -phenylenediamine) (Pierce 
prod # 34006) as substrate.  

    17.    Multiwell plate reader capable to read at 405 nm (ABTS) or 
490 nm (OPD).  

    18.    The target protein. In this example we use recombinant 
human S100B expressed in  E. coli .      

 

 The following step-by-step protocol describes three rounds of 
panning performed during day 2, day 3, and day 4. If more 
rounds of panning are desired, simply repeat all steps described 
for day 3. 

  Day 1:

    1.    Streak ER2738 cells onto LB/tet agar plate (see  Note 1 ).  
    2.    Coat one ELISA well with 100  μ g/ml S100B in immobiliza-

tion buffer 0.1 M NaHCO 3 , pH 8.6, incubate at 4°C over-
night (see  Note 2 ).     

 Day 2 (panning round 1):
    1.    Block the S100B-coated ELISA well (1.2.) with 5% milk in 

TBST for 3 h at room temperature (see Note 3). After block-
ing, wash with TBST containing 2 mM CaCl 2  (see Note 4).  

    2.    Inoculate 2 ml LB with a single colony of ER2738 (1.1.), once cells 
start to grow visible, inoculate 50 ml LB medium (see Note 5).  

    3.    Dilute the Ph.D.-12 phage stock provided by NEB to 10 12  pfu/ml 
in TBS containing 2 mM CaCl 

2
 .  

    4.    Add 100  μ l of diluted phages to the blocked S100B well and 
incubate for 30 min at room temperature (see Note 6).  

    5.    Wash the well six times with TBST containing 2 mM CaCl 
2
  (see 

Note 7).  

    6.    Elute phages by adding 100  μ l TBS containing 5 mM EDTA and 
incubate for 30 min (see Note 8).  

  3.  Methods

  3.1.  Protocol: Panning 
of Ph.D.-12 Against 
S100B
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    7.    Use 10  μ l of the eluted phages (2.6.) to determine the phage titer 
(see Note 9).  

    8.    Use 50  μ l phage eluate (2.6.) for phage ampli fi cation. Infect 20 ml 
of early to mid-log ER2738 cells (2.2.) and grow for 4–5 h (see 
Note 10).  

    9.    Clarify the cell supernatant from (2.8.) by centrifugation at 10,000 ×  g  
for 20 min. Carefully remove the majority of the supernatant with-
out disturbing the cell pellet and add 1/5 volume of 20% PEG, 5 M 
NaCl for precipitation (see Note 11), keep at 4°C overnight.  

    10.    Coat one ELISA well with 100  μ g/ml S100B as in (same as 
Day 2; 1.).     

 Day 3 (panning round 2):
    1.    Block the S100B-coated ELISA well (2.10.) with 5% milk in 

TBS (same as 2.1.)  
    2.    Inoculate 2 ml LB with a single colony of ER2738 (1.1.), once 

cells start to grow visible, inoculate 50 ml LB medium (same in 
day 2; 2.).  

    3.    Isolate ampli fi ed phages that were precipitated overnight (2.9.) by 
centrifugation at 10,000 g for 10 min. Decant the supernatant care-
fully, resuspend the pellet in 1 ml of TBS. Transfer to a microcen-
trifuge tube and centrifuge at maximal speed for 5 min and transfer 
the supernatant into a clean 2 ml centrifuge tube. Add 1/5 volume 
of PEG/NaCl, mix and incubate on ice for 10 min. Pellet the phages 
by centrifugation and resuspend in 200  μ l TBS. This is your stock 
of ampli fi ed phages (see Note 12). Resuspend in TBS and deter-
mine phage count by UV spectrometry and dilute to 10 12  phages/
ml in TBS, 2 mM CaCl 

2
  (see Note 13).  

    4.    Check the phage titer plates from (2.7.) and determine the number 
of phages eluted in panning round 1. Ensure that almost all plaques 
are blue (see Note 14).  

    5.    Add 100  μ l of diluted ampli fi ed phages (3.3.) to the blocked S100B 
well and incubate for 30 min (same as in day 2; 4.).  

    6.    Wash the well six to ten times with TBST, 2 mM CaCl 
2
  (same as in 

2.5.).  

    7.    Elute phages by adding 100  μ l TBS containing 5 mM EDTA and 
incubate for 30 min (same as in day 2; 6.).  

    8.    Use 10  μ l of the eluted phages (3.7.) to determine the phage titer 
(same as in day 2; 7.).  

    9.    Use 50  μ l of phage eluate (3.7.) to infect 20 ml of early to mid-log 
ER2738 cells (3.2.). Let cell grow for 4–5 h. (same as in day 2; 8.).  

    10.    Clarify the cell supernatant from (3.9.) by centrifugation and 
add PEG/NaCl for precipitation, keep at 4°C overnight (same 
as in day 2; 9.).  
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    11.    Coat one ELISA well with 100  μ g/ml S100B (same as in day 
1; 2.).     

 Day 4 (panning round 3):

    1.    Block the S100B-coated ELISA well (3.11.) with 5% milk in 
TBS (same as in day 2; 1.).  

    2.    Inoculate 2 ml LB with a single colony of ER2738 (1.1.), once 
cells start to grow visible, inoculate 50 ml LB medium (same as in 
day 2; 2.).  

    3.    Isolate ampli fi ed phages (3.10.), resuspend in TBS and determine 
phage count by UV spectrometry and dilute to 10 12  phages/ml 
(same as in day 3; 3.).  

    4.    Check the phage titer plates from the second round of panning 
(day 3; 8.) to determine the number of phages elute in panning 
round 2. Ensure that the vast majority of plaques are blue (same as 
in day 3; 4.).  

    5.    Add 100  μ l of diluted phages to the blocked S100B well and incu-
bate for 20 min (same as in day 2; 4.).  

    6.    Wash the well ten times with TBST, 2 mM CaCl 
2
  (same as in day 

2; 5.).  

    7.    Elute phages with 100  μ l TBS, 5 mM EDTA for 10 min (same as 
in day 2; 6.).  

    8.    Use 10  μ l of the eluted phages (day 4; 7.) to determine the phage 
titer (same as in day 2; 7.).  

    9.    Store the remaining eluted phages at 4°C (see Note15).     

 Day 5 (amplifying individual phage clones):

    1.    Inoculate 2 ml LB with a single colony of ER2738 (1.1.), once 
cells start to grow visible, inoculate 100 ml LB medium (same 
as day 2; 2.).  

    2.    Check the phage titer plates of the plates from the third round 
of panning (4.8.) and determine the number of phages eluted 
in panning 3. Ensure that the vast majority of plaques is blue 
(same as day 3; 4.).  

    3.    Choose a phage titer plate that has well separated phage 
plaques. Pick 48 single, blue colonies off the titer plates (4.8) 
(see Note 16) and amplify single phage clones in 2 ml LB for 
5 h (see Note 17). Spin samples down brie fl y, transfer superna-
tant to fresh tube and centrifuge at maximum speed for 5 min. 
Remove the upper 80% of the supernatant. These are your 
ampli fi ed phage clones.  

    4.    Precipitate ampli fi ed phages from clari fi ed supernatants (day 5; 
3.) by adding 1/5 volume PEG/NaCl for precipitation, keep 
at 4°C until next day (same as day 2; 9.).  
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    5.    Coat 48 wells of an ELISA plate with 100  μ l S100B (100  μ g/
ml) (same as day 1; 2.).     

 Day 6 (Phage ELISA; Note 18):

    1.    Block all wells of the ELISA plate (5.5) with 5% milk (same as 
day 2; 1.).  

    2.    Isolate the precipitated phages (5.4), resuspend in 200  μ l TBS and 
measure phage count by UV spectrometry, adjust to 10 12  phages/
ml (same as day 3; 3.).  

    3.    Add 100  μ l of each of the 48 single clone phage solutions (day 6; 
2.) to an ELISA plate well coated with S100B and blocked and one 
well only blocked, but not coated with S100B. Allow phages to 
bind for 30 min.  

    4.    Remove the phages and wash six times with TBST containing 
2 mM CaCl 

2
 .  

    5.    Dilute the HRP/Anti-M13 antibody 1: 5,000 in TBS and add 100  μ l 
to each well of the plate. Incubate for 30 min and wash the plate six 
times with TBST.  

    6.    Prepare 20 ml of ODP substrate according the manufacturer’s 
recommendations.  

    7.    Add 200  μ l ODP substrate solution to each well and allow the HRP 
reaction to proceed until a suitable color intensity has developed 
(see Note 19).  

    8.    Measure the absorbance in each well with a plate reader at 
490 nm.  

    9.    Analyze ELISA data and identify phage clones that show high 
absorbance in S100B-coated wells and low absorbance in wells 
not coated with S100B (see Note 20).  

    10.    Inoculate 2 ml LB with a single colony of ER2738 (same as 
day 2; 2.).     

 Day 7 (ssDNA preparation for sequencing):

    1.    Dilute the ER2738 overnight culture (day 6; 10) 100-fold and 
let grow for about 2 h until OD 600  between 0.1 and 0.5.  

    2.    Use the single phage clones that were identi fi ed in phage 
ELISA as having speci fi c binding activity for S100B (day 6; 9). 
Use these phages to infect 3–5 ml of ER2738 cells. Let cells 
grow for 5 h (see Note 21).  

    3.    Use a commercial kit to isolate ssDNA isolation from M13 and 
isolate ssDNA, determine ssDNA concentration by UV (see 
Note 22).  

    4.    Submit ssDNA samples for sequencing using the -96gIII 
sequencing primer (see Note 23).      
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      1.    Check the quality of your sequencing data by looking at the 
sequencing chromatograms in the region of the peptide insert 
and eliminate all sequences that suggest multiple sequences in 
the region of the peptide insert (see Note 24).  

    2.    Align the DNA sequences and identify the region that repre-
sents the inserted peptide sequence.  

    3.    Identify and  fl ag identical nucleotide sequences that were 
picked up multiple times (see Note 25).  

    4.    Reverse translate these region into amino acid sequences.  
    5.    Analyze amino acid distribution in corresponding positions of 

the peptide. Identify identical and homologous amino acids in 
corresponding positions. Identify sequences with identical 
amino acid sequence and analyze codon usage in identical posi-
tions (see Note 26).  

    6.    Deduce one or several consensus peptide sequences either 
manually or with the help of bioinformatic tools (recently 
reviewed by Huang et al.  (  40  ) ).      

  Monovalent display of selected peptide on MBP. 
 In the Ph.D. phage display system, three to  fi ve copies of peptide 
are displayed on the tip of the phage. This can lead to avidity effects 
when measuring binding af fi nities. The NEB system allows 
straightforward cloning of the inserted peptide sequence to the 
N-terminus of maltose-binding protein (MBP)  (  24  ) . The peptide–
MBP fusion protein is usually highly expressed and highly soluble 
and ensures monovalent display of the peptide. It is thus suitable 
for determination of binding af fi nities by ELISA,  fl uorescence 
polarization, surface plasmon resonance, or any other technique. 

 Chemically synthesis selected peptides 
 Selected peptide sequences can be synthesized chemically for 
af fi nity measurements or for use as peptide-based inhibitors.   

 

     1.    Strain maintenance 
 The recommended strain ER2738 provided together with the 
NEB Ph.D.—phage library kit should be used. The F ¢  strain 
F ¢   proA    +    B    +     lacI    q     D  (lacZ)M15 zzf::Tn10( Tet    R    )/fhuA2 glnV  
 D  (lac-proAB)  thi-1  D  (hsdS-mcrB)5  grows rapidly and is well 
suited for M13 ampli fi cation. Other F ¢  strains (e.g., XL-1 blue, 
TG1) may be suitable as well, but should not be the  fi rst 
choice. 
 M13 phages only infect F +   E. coli  cells, ER2738 cells contain an 
F-factor that also carries a tetracycline resistance gene. Therefore, 

  3.2.  Next Steps: 
Analyze the Returned 
DNA Sequences

  3.3.  Possible Further 
Experiments

  4.  Notes
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ER2837 cells should be grown on selective plates containing 
20  μ g/ml tetracycline. Tetracycline can be included in liquid 
cultures as well, but it is not necessary. For long-term storage, 
freeze ER2738 cells as glycerol stocks (14% glycerol).  

    2.    Immobilizing target protein 
 Any protocol used for immobilizing antigens for ELISA assays 
can be used to immobilize target proteins for phage display 
af fi nity panning. It is convenient to use 96-well, high-binding 
ELISA plates. Plates wells should be sealed with sealant tape 
(clear packaging tape works  fi ne too) to prevent evaporation.  

    3.    Blocking plate wells 
 Other blocking buffers, including 3% bovine serum albumin 
(BSA) in TBS or PBS, with or without 0.1% Tween 20, or any 
of several commercially available ELISA blocking buffers may 
also be used. 

 After overnight immobilization, the target protein is removed 
with a pipettor and the wells are washed three times with TBS 
(see also Note 6). To block,  fi ll the wells to the top with blocking 
solution, do not seal the plate. After blocking, wash the plate six 
times with TBST to remove the blocking buffer proteins.  

    4.    Washing plate wells 
 Wells are being wash by  fi lling the well entirely with washing 
buffer (e.g., TBST) and then  fl icking the plate upside down 
into a sink. The time between  fi lling the well and emptying it 
can be varied when phages are being eluted. After the bulk of 
the wash buffer is poured out, the plate is padded onto a stack 
of dry paper towels. It is important to remove liquid com-
pletely from the well and it is sometimes advisable to let the 
plates rest on the paper towels for a few seconds to allow drain-
age of residual  fl uid from the plate. Plates are usually padded 
onto the paper towels about  fi ve times. Do not pad onto wet 
areas of the paper towel stack.  

    5.    Preparing ER2738 cells for infection with phages 
 Tetracycline does not need to be included in liquid cultures. 
ER2738 cultures for infection with phages are needed either 
for phage ampli fi cation after rounds of panning (usually in the 
afternoon) or for the isolation of single phage clones (usually 
in the morning). ER2738 cells ready for phage infection in the 
afternoon can be grown from a single colony on an LB-agar 
plate. Use a sterile pipettor tip to pick a single colony off a 
LB-agar-Tet plate and drop the tip into a 16 × 160 mm glass 
tube containing 2 ml LB. Incubate the culture on a rotating 
wheel or shaking incubator at 37°C for several hours until an 
OD 600  between 0.1 and 0.5. To have fresh ER2738 culture 
ready for infection in the morning it is possible to dilute an 
overnight culture 100-fold (200  μ l into 20 ml LB in a 100 ml 
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sterile  fl ask on a shaker). The culture will have grown to OD 600  
between 0.1 and 0.5 within about 2 h.  

    6.    Af fi nity binding of phages to immobilized target protein 
 100  μ l of phages are added to the blocked well containing the 
target protein and allowed to incubate at room temperature 
with mild rocking motion (if possible). The length of the time 
allowed for phages to bind to the plate is a parameter in the 
panning protocol and typical incubation times vary between 
5 min and 1 h.  

    7.    Washing after phage binding 
 The conditions used for washing after binding of phages deter-
mines the stringency of the panning procedure. Parameters 
that should be considered are the composition of the wash 
buffer (e.g., calcium vs. no calcium, detergent concentration, 
ionic strength, etc.), as well as the time allowed between  fi lling 
the well with wash buffer and removing it (the longer the incu-
bation time during washes, the more phages will dissociate 
from the target). Of course, the number of washes is critical 
too. Typical conditions use a few seconds between  fi lling the 
well and emptying it out and approximately six to ten wash 
steps. The stringency of the wash protocol can be increased in 
subsequent rounds of panning.  

    8.    Eluting bound phages 
 Addition of EDTA to the elution buffer can be used to 
selectively release phages that display peptides with 
 calcium-dependent binding to CBPs. Phages displaying cal-
cium-independent binders will remain bound to the plate 
(including phages bound to blocking proteins). 
 If calcium-independent binding peptides are desired, then EDTA 
should be included in the washing buffer. Calcium-independent 
binding phages can be eluted under acidic conditions (0.1 M 
glycine, pH 2.2). After elution of the phages, the pH needs to be 
adjusted back to neutral by adding    1 M Tris–HCl pH 9.  

    9.    Phage titer 
 Linearity between the number of infectious phages and plaques 
obtained requires that more cells are available for infection 
than phages. Therefore, phages must be serially diluted and 
then added to cells for infection in order to determine the 
number of plaque forming units (pfu) correctly.

    9.1    Start an ER2738 culture from a plate and incubate with shak-
ing until OD600 ~0.5 has been reached.  

    9.2.    Pre-warm LB/IPTG/Xgal plates at 37°C for 1 h or longer.  
    9.3.    Melt top-agar in a hot water bath (or microwave) and then 

maintain liquid at 45–48°C.  
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    9.4.    Prepare four to six serial tenfold dilution of phages to be 
tittered in LB. Dilution can be done in 1.5 ml microcentri-
fuge tubes using 1 ml LB.  

    9.5.    Dispense 3 ml top agar into sterile glass tubes and keep liquid 
at 45°C.  

    9.6.    Dispense 200  μ l of ER2738 cell in mid-log phase into micro-
centrifuge tubes  

    9.7.    Infect the cells from step 5 with 10  μ l of each of the dilution 
from step 4, vortex and let sit at ambient temperature for 
5 min. Do infections in dublicate.  

    9.8.    Transfer all 210  μ l of cells from step 7 into the 45–48°C warm 
top agar, vortex and poor immediately onto a pre-warmed 
LB/IPTG/Xgal plate. Tilt the plate to spread the top-agar 
evenly.  

    9.9.    Once the top agar has solidi fi ed, invert plates and incubate at 
37°C overnight.  

    9.10.     Count phage plaques on plates that have approximately 100 
plaques. Plaques will appear blue.  

    9.11.     Calculate the plaque forming units (pfu) per 10  μ l of original 
stock solution of phages using the appropriate dilution 
factor.  

    9.12.     Ampli fi ed phages ( see  below) usually have 10 8 –10 11  pfu/µl; 
typical panning eluates have 10–10 4  pfu/µl.      

    10.    Phage ampli fi cation 
 Phages eluted in an af fi nity capture experiment need to be 
ampli fi ed. The ampli fi ed phages will be used in the next round 
of panning. 

 Grow 20 ml of ER2738 in a 100 ml  fl ask to early or mid log 
growth phase (OD 600  <0.5). Add the phages and let grow for 
4–5 h. It is important to have more cells then phages, otherwise 
some phages will not be able to infect cells and will not be 
ampli fi ed. As a rough estimate, an  E. coli  culture with an OD 600  
of 1 has a cell density close to 10 9  cells/ml. Do not grow the 
culture for longer then 5 h. The Ph.D. phage display system has 
a tendency to be genetically instable and eliminate the inserted 
peptide sequence from the phage genome, thus producing 
phages that do not display the correct peptide sequences any 
longer.  

    11.    Precipitating ampli fi ed phages 
 Phage particles are isolated from the cell culture supernatant by 
precipitation with PEG and NaCl. The higher the phage dilu-
tion, the longer the time needed for effective precipitation. Allow 
the phages to precipitate from cell culture supernatants to for at 
least 2 h on ice, or better, let the sample sit at 4°C overnight.  
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    12.    Phage isolation 
 Addition of PEG/NaCl to the resuspended phage pellet should 
result in visible clouding. The phage pellet should be white. 
Contamination with cell debris can be removed by repeating 
the PEG/NaCl precipitation step. 
 The phage stock can be stored at 4°C for several weeks.  

    13.    Phage count by UV 
 The UV absorbance of phage preparation is dominated by the 
ssDNA absorbance and can be used as a quick way to approxi-
mate the phage concentration. The approximate absorbance 
coef fi cient of wild Fd and M13 phages per nucleotide is 
  ε   269  = 6750 ± 300 M −1  cm −1   (  41  ) . This can be used to estimate 
the number of phages using the following formula:

     
= 269
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b     

  E  = measured absorbance at 269 nm 
  N  = Avogadro number = 6.022 × 10 23  mol −1  
  b  = number of base pairs in the packaged phage genome = 7,325 
for Ph.D.-12 
   ε   = average molar extinction coef fi cient per base, use 
  ε   269  = 6,750 M −1  cm −1 
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    14.    Checking for wild-type phage contamination 

 Phage plaques should be blue. Wild-type phages will result in 
clear plaques. 

 The M13KE phage genome has been engineered to include 
the lacZ α -peptide, thus allowing blue/white screening of 
phage-infected colonies or plaques. However, these alterations 
also reduce infectivity of the phages and increase the time 
needed for replication. Wild-type M13 phages will overgrow 
M13KE phages quickly once a contamination has occurred. 
Wild-type phage lack the lacZ α -peptide and result in colorless 
colonies/plaques, which are often also larger and less well 
de fi ned at the edges than M13KE-infected colonies/plaques. 
 Contamination of display phage with wild-type phage can be 
monitored by plating on LB/ITPG/Xgal plates, were blue 
colonies indicate display phage-infected colonies. 

 If infection with wild-type phages has occurred or is sus-
pected it is necessary to thoroughly clean all contaminated 
equipment and to sanitize and to discard all infected reagents. 
Incubators should be cleaned with 70% ethanol, diluted 
bleach, or heat sterilized is possible. Reagents and media 
should be sanitized with diluted bleach prior to disposal. 
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Media bottles and  fl asks should be heat sterilized in a drying 
oven at 150–200°C overnight if possible or sanitized with 
bleach. Pipettors should be cleaned, soaked in 70% ethanol or 
isopropanol, or autoclaved. 

 To prevent wild-type phage contaminations from the 
beginning it is important to work cleanly, to sanitize the work 
bench areas, and to discard ER2738 liquid cultures promptly. 
Bacterial liquid cultures should be sanitized with bleach and 
discarded. Plates containing ER2738 cells should be discard as 
soon as they are no longer needed. All plates should be sealed 
tightly with para fi lm at all times during storage. Stacks of 
para fi lm sealed plates from phage titer determinations should be 
taped to avoid plate lids from falling off and discard promptly. 
Biological and biohazards waste containers should be emptied 
routinely to eliminate them as a potential source of contamina-
tions. Also, to prevent cross-contaminations and spreading wild-
type phages all pipette tips should be aerosol resistant  fi lter tips.  

    15.    Number of panning rounds 
 Additional round of panning can be performed, however, usu-
ally three round of panning yield suf fi cient enrichment of 
target-speci fi c peptides. Eluted phages can be stored as 50% 
glycerol stock at −20°C for several years and can be retrieved 
for ampli fi cation is necessary.  

    16.    How many clones to pick 
 Processing 48 samples for phage isolation is time consuming 
and it might be easier to practice with fewer samples initially. 
The total number of clones depends on the results of the 
phage ELISA ( see  below).  

    17.    Picking phage clones 
 The output plate from panning round 3 of panning should not 
be incubated for longer than 18 h at 37°C and then stored at 
4°C for not longer than 3 days. With a sterile pipette tip, pick 
into the center of a blue plaque and drop the tip into 2 ml of 
LB medium in a sterile tube.  

    18.    Phage ELISA 
 Phage ELISA are used to screen individual phage clones for 
binding to the target protein. A phage ELISA is similar to a 
regular ELISA in which the primary antibody is replaced by 
the display phage and the secondary antibody is a labeled anti-
body directed against g8p of the M13 coat. A good anti-M13 
antibody labeled with horseradish peroxidase (HRP) is avail-
able from GE Healthcare (HRP/Anti-M13 monoclonal 
conjugate prod # 27-9421-01). Typically, a phage ELISA is 
done after the last round of af fi nity selection. It is also possible 
to perform phage ELISA on ampli fi ed phage pools obtained 
after each round of panning.  
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    19.    HRP substrates in ELISA 
 ODP is more sensitive as an HRP substrate compared to ABTS. 
If color development is too quick, or background is too high 
wash the plate a few times with TBST, 2 mM CaCl 2  and apply 
the HRP substrate again. Alternatively repeat the phage ELISA 
and increase washing steps. Color development can be stopped 
by adding 100  μ l of a 1% SDS solution (ABTS substrate) or 
50  μ l 2.5 M sulfuric acid (OPD substrate).  

    20.    ELISA screen hit-rate 
 It is normal to have a certain number of phage clones that do 
not show speci fi c binding af fi nity for the target protein (low 
absorbance reading in S100B-coated wells) or that show bind-
ing to the protein used for blocking, or the plastic of the ELISA 
plate (high absorbance in S100B-coated and no-coated wells). 
The percentage of phage clones that show speci fi c binding can 
vary between 20 and 80%. Figure  3  shows an example of typi-
cal phage ELISA results.   

    21.    Growing many ER2738 cultures in parallel 
 It is convenient to grow cell in heat sterilized glass tube 
(16 × 160 mm) on a rotating wheel placed in a 37°C incubator. 

  Fig. 3.    Example results from a phage ELISA assay. OPD was used as HRP substrate and 
absorbance reading for clones A1 to A8 are shown. The two bars for each clone corre-
spond to the absorbance reading in wells coated with S100B and blocked ( left bar, red ) 
and wells blocked without coating of S100B ( right bars ,  yellow ). Clones A1, A2, A3, and 
A6 do not show speci fi c binding of phages for S100B. Clones A4, A5, and A7 show better 
binding to wells coated with S100B then to wells without S100B. Clone A5 shows the best 
binding properties for S100B.  Clone A8 is an example of phages that bind equally well to 
wells coated with S100B or without S100B. This suggests binding of the phages to the 
blocking protein.       
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However, it is not advised to use more than 2.5 ml of medium 
per tube to ensure suf fi cient aeration.  

    22.    Isolation of M13 ssDNA 
 The kit from Qiagen (Qiaprep Spin M13Kit prod# 27704) 
works well, but products from other companies are acceptable 
too. Yields for ssDNA from M13 are generally lower then 
yields expected for high copy number plasmids isolated from 
an equal volume of cell culture. Also ssDNA yields can vary 
two- to tenfold between phage clones. 

 Determine the concentration of isolated ssDNA by UV 
spectrometry (OD 260  of 1 = 33 ng/ μ l) or the agarose gel elec-
trophoresis. Yields are frequently in the 20–100 ng/ μ l range 
when using 2.5 ml culture and eluting ssDNA in 50 µl elution 
buffer.  

    23.    Sequencing of M13 ssDNA 
 Depending on the sequencing technology, sequencing of 
ssDNA requires less template (100 ng) than sequencing of dou-
ble-stranded plasmids. M13 phages contain the (+)DNA strand. 
New England Biolabs provides two reverse primers, -28gIII and 
-96gIII. Depending on the sequencing instrument, the -28gIII 
primers can lead to incomplete reads within the randomized 
peptide region (see Tables  1  and  2 ). The -96gIII primer yields 
better sequencing results because the regions  fl anking the ran-
domized sequence are readable.    

   Table 1 
  Analysis of selected phages: DNA sequencing results   

 Sequencing outcome     Primers used  Number of sequences 

 Sequences reliable in the randomized region  -96gIII 
 -26gIII 

 15 
 0 

 Sequences not reliable in the randomized region  -96gIII 
 -28gIII 

 2 
 9 

 Sequences without read  -96gIII 
 -28gIII 

 4 
 1 

 Sequences indicating multiple sequences in the 
randomized region 

 -96gIII 
 -28gIII 

 4 
 included in “not reliable” 

 Sequences without randomized insert  -96gIII  1 

 Total number of clones sequenced  -96gIII 
 -28gIII 

 26 
 10 

  36 samples of single-stranded phage DNA were prepared (see day 7) and sequenced using either sequencing primers, 
-28gIII and -96gIII. Sequences that reliably covered the region of the displayed peptide were only obtained with primer 
-96gIII. Sequences obtained with -26gIII started very close to the displayed peptide coding region and were considered 
not-reliable. A total of  fi ve sequences gave no usable sequencing trace and four sequences indicated multiple sequences in 
the region encoding the displayed peptide. One sequence was found to not contain the display peptide sequence inserted  
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   Table 2 
  Analysis of selected phages: Amino acid sequences   

 Frequency 

  Sequences reliable in the      randomized region obtained using primer -96gIII  

 >Seq1  NVKKLLFAIPLVVPFYSHS HLNILSTLWKYR 
GGGSAETVESCLAKSHTENS 

 (6/36) 

 >Seq2  NVKKLLFAIPLVVPFYSHS KLLTLSNWPNIR 
GGGSAETVESCLAKSHTENS 

 (4/36) 

 >Seq3  NVKKLLFAIPLVVPFYSHS HLPTSSLFDTTH 
GGGSAETVESCLAKSHTENS 

 (2/36) 

 >Seq4  NVKKLLFAIPLVVPFYSHS HLRLQDALPTRP 
GGGSAETVESCLAKSHTENS 

 (2/36) 

 >Seq5  NVKKLLFAIPLVVPFYSHS HLSWRDLQVQSY 
GGGSAETVESCLAKSHTENS 

 (1/36) 

  Sequences starting within or very close the randomized region obtained using primer -28gIII  

 >Seq6  NVKKLLFAIPLVVPFYSHS HLPQNFTKLSP-  (1/36) 

 >Seq7  NVKKLLFAIPLVVPFYSHS HLPQNFTKLS--  (1/36) 

 >Seq8  NVKKLLFAIPLVVPFYSHS HLPQNFTKL---  (1/36) 

 >Seq9  NVKKLLFAIPLVVPFYSHS GSSHRLSWSQ--  (1/36) 

 >Seq10  NVKKLLFAIPLVVPFYSHS GHSQFASPSTAL  (1/36) 

  Sequences not reliable in the randomized region obtained using primer -96gIII  

 >Seq11  NVKKLLFAIPLVVPFYSHS WH*GKISPLQVF  (1/36) 
  Alignment of peptide    sequences obtained after sequencing 36 clones after three rounds of panning the Ph.D.12 library 
against S100B. The region underlined in yellow is part of the leader peptide sequence and removed in the periplasmic 
space. The region in green represents the sequences from the random 12-mer peptide library and peptides fused to the 
N-terminal part of g3p (blue) via a short GGG linker 
 Using primer -96gIII, 15 sequences were obtained that allow to reliably deduce the amino acid sequence of the 
displayed peptide. Within this group of  fi ve distinct sequences, some occur multiple times. For example, Seq1 was found 
six times, whereas sequence 5 was found only once among the total of 36 samples sequenced 
 Using primer -28gIII sequences staring within or very close to the displayed peptide coding region were obtained. 
Sequences 6, 7, and 8 seem to  fi t the consensus pattern seen in sequences obtained with primer -96gIII. However, 
sequences 9 and 10 do not  fi t this pattern and do not represent reliable sequences. Sequence 11 is a case in which a stop 
codon (*) appears within the sequence. Sequences that cannot be considered reliable should not be used when deducing 
a consensus sequences 
 The majority of reliable sequences (11/16) shows the His-Leu dipeptide sequence at the N-terminus, which suggests 
strong phenotypic selection for this sequence. Further analysis of codon usage revealed that while all His residues were 
encoded by CAT, the leucine residues were encoded by CTT as well as by CTG codon 
 The sequences isolated in this screen are in agreement with, but not identical to, previously reported S100B binding 
peptide consensus sequences of the format +OXO*XOO (+: positive charge residue, O: hydrophobic residue, X: vari-
able residue, *: hydrophilic residue)  (  42  )   

    24.    Contaminated DNA sequences 
 It can happen that a phage clone is contaminated with a second 
(minor) phage clone. Such contaminations are easy to recog-
nize in the sequencing chromatograms but will be missed when 
exclusively relying on the sequence  fi le in text format. Figure  4  
shows an example of a contaminated DNA sequence.   
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    25.    Multiple identical DNA sequences 
 Multiple phage clones with identical nucleotide sequence orig-
inate from the same single phage clone. This clone may be 
represented multiple times because of superior infectivity, faster 
replication times compared to other clones, or possibly because 
of tighter binding to the target protein. If the same nucleotide 
sequence is picked up multiple times, one should consider that 
the phage clone has overgrown other binding clones at some 
stage of the panning and ampli fi cation scheme.  

    26.    Codon usage 
 Phenotypic selection pressure will select homologous or iden-
tical peptide sequences, independent of codon usage. In other 
words,  fi nding the same amino acid sequence to be encoded by 
different gene sequences is very strong evidence for successful 
phenotypic selection. Similarly, homologous amino acid sub-
stitutions indicate phenotypic selection (see Table  2 ). Finding 
the same nucleotide sequence multiple times may indicative of 
overrepresentation of one dominant clone.          
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problem cannot be detected if only the text based sequencing results is considered. Manual checking of the sequencing 
chromatogram to ensure contamination free sequencing results is important.       
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    Chapter 15   

 RAGE-Mediated Cell Signaling       

     Ari   Rouhiainen      ,    Juha   Kuja-Panula   ,    Sarka   Tumova   , and    Heikki   Rauvala      

  Abstract 

 RAGE (receptor for advanced glycation end products) is a multi-ligand receptor that belongs to the immu-
noglobulin superfamily of transmembrane proteins. RAGE binds AGEs (advanced glycation end prod-
ucts), HMGB1 (high-mobility group box-1; also designated as amphoterin), members of the S100 protein 
family, glycosaminoglycans and amyloid  b  peptides. Recent studies using tools of structural biology have 
started to unravel common molecular patterns in the diverse set of ligands recognized by RAGE. The distal 
Ig domain (V1 domain) of RAGE has a positively charged patch, the geometry of which  fi ts to anionic 
surfaces displayed at least in a proportion of RAGE ligands. Association of RAGE to itself, to HSPGs 
(heparan sulfate proteoglycans), and to Toll-like receptors in the cell membrane plays a key role in cell 
signaling initiated by RAGE ligation. Ligation of RAGE activates cell signaling pathways that regulate 
migration of several cell types. Furthermore, RAGE ligation has profound effects on the transcriptional 
pro fi le of cells. RAGE signaling has been mainly studied as a pathogenetic factor of several diseases, where 
acute or chronic in fl ammation plays a role. Recent studies have suggested a physiological role for RAGE 
in normal lung function and in neuronal signaling.  

  Key words:   RAGE ,  HSPG ,  Heparin ,  Toll-like receptors ,  AGE ,  HMGB1 ,  Amphoterin ,  S100 pro-
teins ,  EF-hand ,  Calcium ,   b  amyloid ,  In fl ammation    

 

 RAGE (receptor for advanced glycation end products) was initially 
isolated as the receptor of AGEs (advanced glycation end prod-
ucts) that accumulate in diabetes and during senescence as a result 
of nonenzymatic glycation and oxidation of proteins and lipids  (  1  ) . 
Since then, RAGE has been shown to bind a diverse set of ligands 
in addition to the AGEs, including HMGB1 (high-mobility group 
box-1; also designated as amphoterin), several members of the 
S100 protein family and  b  amyloid peptides. Currently, RAGE can 
be viewed as a multi-ligand or pattern recognition receptor playing 
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key roles in innate and adaptive immunity. The role of RAGE as a 
pattern recognition receptor involved in in fl ammatory diseases 
thus resembles the roles of Toll-like receptors. The goal of this 
review is to give an overview of the RAGE ligands, to consider how 
these seemingly different molecules could be recognized by RAGE, 
to outline the cell signaling events induced by RAGE ligation, and 
to summarize the known physiological and pathophysiological 
outcomes of RAGE signaling.  

 

 A gene coding for human RAGE is located to the major histocom-
patibility complex in chromosome 6  (  2  ) . The RAGE gene has 11 
exons and 10 short introns. RAGE has been described in mamma-
lia but not in other species, whereas the closest homologue, 
ALCAM, occurs also in other species  (  3,   4  ) . The regulatory 5 ¢ UTR 
of the RAGE gene has binding sites for nuclear factor- k B (NF- k B), 
speci fi city protein 1 (SP1), activator protein 1 (AP1,  (  5  ) ), E-twenty-
six 1 (Ets-1,  (  5  ) ), hypoxia-inducible factor-1 (HIF-1,  (  6  ) ), early 
growth response gene 1 (Egr-1), and thyroid transcription factor-1 
(TTF-1) that regulate the transcription of the RAGE gene  (  7,   8  ) . 
Further, additional transcription factor binding sites on the RAGE 
promoter have been described, including an activator protein 2 
(AP-2) site, and epigenetic regulation of the RAGE gene occurs via 
methylation of cytosines in the AP-2 and SP-1 binding sites of the 
RAGE promoter  (  9  ) . 

 The 3 ¢ UTR of the RAGE mRNA is differentially polyadeny-
lated, which regulates stability of the mRNA  (  10  ) . Further, the 
3 ¢ UTR has a target site for mir-30 miRNA that is able to down-
regulate the RAGE mRNA expression  (  11  ) . The RAGE tran-
script is also extensively modulated by alternative splicing to 
yield altered exons and introns, and thus different translation 
products  (  12  ) . One mechanism that regulates splicing involves 
the binding of heterogeneous nuclear ribonucleoprotein H to 
G-rich cis-elements  (  13  ) . 

 The most abundant protein form coded by the RAGE mRNA 
in humans consists of 404 amino acids. It has a signal sequence for 
secretion, three immunoglobulin domains (a V-type, a C1-type, 
and a C2-type domain), a transmembrane helix and a short cyto-
plasmic domain  (  12,   14  ) . The cytoplasmic domain does not have 
homology to any known signaling domains  (  14  ) . The extracellular 
domain binds several ligands, and the cytoplasmic domain medi-
ates intracellular signal transduction (Fig.  1 ).  

 The RAGE polypeptide can be posttranslationally modi fi ed 
by disul fi de bond formation, phosphorylation, proteolysis, and 
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 glycosylation. The disul fi de bonds are formed between the con-
served cysteines within the Ig domains  (  14  ) . Proteolysis of mem-
brane-bound RAGE can produce a soluble ectodomain, a 
transmembrane form of the cytoplasmic domain, or a soluble form 
of the cytoplasmic domain. The soluble ectodomain can be local-
ized to the extracellular space or intracellular vesicles, whereas the 
soluble C-terminus localizes to cytoplasm or nucleus  (  15–  17  ) . 
The transmembrane forms are predicted to be associated with 
membranes. Glycosylation occurs in the V1 domain that has two 

  Fig. 1.    RAGE extracellular ligands, cytoplasmic interaction partners, and signaling path-
ways. Extracellular ligands bind to the V1 domain that is the major ligand-binding domain 
of RAGE. Ligand binding induces cytosolic signaling cascades. Signaling partners in  red 
boxes  have been shown to bind directly to the RAGE cytoplasmic domain using biochemi-
cal approaches, and signaling molecules in  yellow boxes  have been shown to associate 
with RAGE using immunoprecipitation. For additional details, see the text.       
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N-glycosylation sites  (  14,   18  ) , and modi fi cation by carboxylated 
 N -glycans has been shown to promote RAGE ligand binding and 
signaling  (  18–  20  ) . 

 The three-dimensional structure of the RAGE extracellular 
domains, both crystal and solution structures, have been solved in 
several independent studies  (  4,   21–  26  ) . These structural studies 
show that the V1 and C1 domains form a compact unit together, 
whereas the C2 domain occurs as a single unit. The V1 and C1 
domains form together a large cationic surface area which mediates 
the binding of most RAGE ligands (reviewed in refs.  27,   28  ) . 

 RAGE associates constitutively to itself in the plasma mem-
brane  (  25,   29  ) . Both the soluble and the transmembrane forms of 
RAGE form oligomers via interactions between their V1 domains. 
It appears that the RAGE multimers contain four or more mole-
cules. Oligomerization of RAGE is enhanced by extracellular ligand 
binding and, conversely, oligomerization increases the binding 
af fi nity to the extracellular ligands  (  27,   30  ) .  

 

  RAGE was isolated in search for receptors of AGEs (advanced 
glycation end products), nonenzymatic glycation, and oxidation 
products of proteins and lipids  (  1  ) . Formation of AGEs is a slow 
process in which a reducing sugar, such as glucose, initially forms 
a Schiff base to the target molecule, typically to  e -amino group of 
lysine. This is followed by a complex set of reactions ending up in 
a heterogeneous group of glycated molecules that display af fi nity 
to RAGE. The reaction is accelerated under conditions of high 
glucose concentration, such as in diabetes. It appears that AGE 
formation is also accelerated by hypoxia and ischemia/reperfu-
sion, which is probably due to oxidative stress and tissue damage 
 (  31  ) . AGEs and other RAGE ligands bind to the distal V1 domain 
of RAGE (Fig.  1 ). Excessive activation of RAGE by the AGEs is 
suggested to perturb cell functions in diseases where in fl ammation 
is a pathogenetic factor, such as in atherosclerotic complications 
of diabetes.  

  Search for endogenously occurring RAGE-binding proteins from 
tissues led to isolation of amphoterin  (  32  ) . “Amphoterin” (hepa-
rin-binding p30) refers to a Janus-faced molecule both in structure 
(the polycationic N-terminal part followed by a polyanionic 
C-terminal sequence) and cellular expression (extracellular and 
intracellular localization). It was initially isolated from developing 
brain as a heparin-binding protein that enhances neurite extension 
in brain neurons  (  33  ) . Amphoterin turned out to have the same 
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amino acid sequence as the DNA-binding protein HMGB1 (high-
mobility group box-1;  (  34,   35  ) ). The designation “HMG” was 
used to refer speci fi cally to nuclear proteins, whereas “amphoterin” 
refers to an extracellularly acting protein. Extracellular functions of 
HMGB1/amphoterin are currently generally accepted within the 
HMG  fi eld and have been extensively studied during the last few 
years (reviewed in ref.  (  36  ) ). Therefore, we use the currently rec-
ommended designation HMGB1 in this chapter. 

 HMGB1 is expressed at the extracellular side of the plasma 
membrane, which was initially shown by lactoperoxidase-catalyzed 
cell surface iodination in vitro  (  33  ) . Furthermore, several anti-pro-
tein and anti-synthetic peptide antibodies were shown to detect 
HMGB1 in the cytoplasm and at the cell surface  (  35,   37  ) . 
Accumulation of HMGB1 in the extracellular space in vivo was 
shown in plasma samples of patients with sepsis  (  38,   39  ) . It appears 
that secretion from monocytes is a major source of extracellular 
HMGB1 in the context of in fl ammation  (  39,   40  ) . 

 A high extracellular level of HMGB1 can be found as a conse-
quence of cell damage, which is predictably important in pathophys-
iological contexts, and HMGB1 is currently included in the group 
of molecules designated as “DAMPs” (damage-associated molecu-
lar patterns). However, a physiologically regulated release of 
HMGB1 to the extracellular space also occurs upon many types of 
cell stimulation, such as activation by contact with the extracellular 
matrix  (  41,   42  ) . A similar shift to a peripheral location within the 
cells, followed by export to the extracellular space, is induced by 
LPS (lipopolysaccharide) and by several cytokines  (  43–  45  ) . Many 
posttranslational modi fi cations have been suggested to guide 
HMGB1 to a nonconventional secretory route, including acetyla-
tion  (  46  ) , phosphorylation  (  47  ) , methylation  (  48  ) , and poly(ADP)-
ribosylation  (  49  ) . Very recently, an autophagy-based unconventional 
secretory pathway has been suggested that facilitates export of a 
subset of cytosolic proteins to the extracellular space  (  50  ) . IL-1 b  
and HMGB1 were proposed to be secreted through this novel 
secretion pathway. 

 HMGB1 binds to RAGE at nanomolar concentrations ( K  D  
5–10 nM) that appear reasonable to explain, at least partially, bind-
ing of the extracellularly occurring HMGB1 to the cell surface. 
The major RAGE-binding area of HMGB1 has been mapped to 
the C-terminal area of the B box  (  51  ) , in particular to the V1 
domain binding (Fig.  1 ). 

 Regulation of cell motility is the most widely studied conse-
quence of HMGB1 binding to the cell surface, and has been in 
most, if not in all cases, ascribed to HMGB1/RAGE interactions. 
Neurite outgrowth is the initial form of migration response found 
for HMGB1  (  33,   37,   52–  54  ) . Furthermore, HMGB1/RAGE has 
been shown to regulate migration and invasion of tumor cells in 
several studies  (  35,   41,   42,   51,   55  ) . It also affects migration of 
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other cell types, including endothelial cells  (  56–  58  ) , granulocytes 
 (  59  ) , monocytes  (  40  ) , dendritic cells  (  60–  62  ) , smooth muscle cells 
 (  63  ) , and stem cells  (  64–  66  ) . Very recently, endothelial cell sprout-
ing due to HMGB1/RAGE interaction was shown to require the 
presence of cell surface heparan sulfate as the coreceptor of RAGE 
 (  67  ) . Whether this is the case for other migration responses induced 
by HMGB1/RAGE in various cell types, requires further studies.  

  The S100 protein family consists of small EF-hand calcium-bind-
ing proteins that interact with a diverse set of target proteins (for 
review, see ref.  68  ) . Currently, more than 20 family members are 
known. Most S100 proteins are localized in the cytoplasm where 
they have important functions as calcium sensors. Many S100 pro-
teins can be also secreted although they lack a classic-type secretion 
signal. As in the case of HMGB1, the mechanism of secretion is 
still unclear. The S100 proteins form dimers and oligomers which 
is important for their functions, especially for their extracellular 
cytokine-like functions. 

 RAGE was initially identi fi ed as a cell surface receptor for 
S100B and S100A12  (  69  )  which can compete for RAGE binding 
with the AGEs and HMGB1. It appears that most, if not all, S100 
proteins bind to RAGE, and RAGE is currently regarded as a gen-
eral S100 receptor. The different S100 proteins bind to RAGE 
with varying af fi nities, ranging from nanomolar to micromolar  K  D  
values. The V1 domain plays a crucial role in S100 binding, with 
varying contributions by the C1 and C2 domains depending on 
the speci fi c S100 protein. Interactions of the different S100 pro-
teins with RAGE have been recently reviewed in detail  (  70  )  and are 
not further discussed here. 

 Consequences of S100 binding to RAGE appear somewhat 
similar to those of HMGB1. Neurite outgrowth and other forms 
of migration responses have been documented for S100/RAGE 
interactions. Many S100 proteins have prominent extracellular 
roles in in fl ammation and cancer that are, at least partially, medi-
ated through binding to RAGE.  

  Accumulation of amyloid  b  in the extracellular space is a hallmark 
and possible pathogenetic factor in Alzheimer’s disease. RAGE 
binds amyloid  b   (  71  )  and may be involved in neurotoxic effects of 
the amyloid  b  peptides within the brain. Furthermore, RAGE has 
been shown to transport amyloid  b  from plasma through the 
blood–brain barrier into the brain  (  72  ) , possibly contributing to 
accumulation in the brain tissue. Amyloid  b  oligomers that are sug-
gested to perturb neuronal functions bind to the V1 domain of 
RAGE, whereas the amyloid  b  aggregates interact with the C1 
domain  (  73  ) . HMGB1 and S100 proteins are upregulated at sites 
of in fl ammation and may contribute, together with amyloid  b , to 
neurodegenerative changes through binding to RAGE.   

  3.3.  S100 Proteins

  3.4.  Amyloid  b 
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 Similar to the Toll-like receptors, RAGE can be viewed as a pattern 
recognition receptor  (  74  ) . However, no obvious common molecu-
lar patterns exist that RAGE would recognize in the diverse set of 
ligands that have been shown to bind to RAGE and to activate 
RAGE-dependent signaling cascades. 

 Recent structural studies have started to unravel the common 
molecular patterns recognized by RAGE. The unusually high con-
tents of lysine and arginine residues form a large positively charged 
patch on the surface of V1 and C1 domains of RAGE  (  25,   29  ) . It 
therefore appears conceivable that the V1-C1 Ig-domains of RAGE 
would bind negatively charged ligands. In AGEs,  N   e  -carboxy-
methyl-lysine (CML) and  N   e  -carboxy-ethyl-lysine (CEL) consti-
tute two major AGE structures found in tissues. Recent studies on 
the solution structure of a CEL peptide-RAGE V1 domain com-
plex have shown that the carboxyethyl moiety of CEL  fi ts inside a 
positively charged cavity of the V1 domain, and the peptide back-
bone makes speci fi c contacts with the V1 domain  (  26  ) . The geom-
etry found in these NMR studies is compatible with many CML/
CEL-modi fi ed sites of plasma proteins. 

 The structural studies cited above explain how the diverse 
CML/CEL-patterned structures of AGEs are recognized by 
RAGE. HMGB1 and its different posttranslationally modi fi ed 
forms constitute another major set of RAGE ligands, and it seems 
reasonable to consider whether HMGB1 could follow the concept 
shown for AGE/RAGE interactions. We have previously mapped 
the RAGE-binding area of HMGB1 to the C-terminal area of the 
B box (amino acid residues 150–183) using biochemical and cell 
biological approaches  (  51  ) . This 33-amino acid stretch contains 12 
cationic and 5 anionic residues and could provide electrostatic 
interactions with the V1 domain. Furthermore, the 33-amino acid 
RAGE-binding area is followed by a 30-amino acid stretch con-
taining only glutamate and aspartate residues. This polyanionic tail 
of HMGB1 could enhance HMGB1 binding to the V1-C1 domain 
of RAGE. In support of this model, the polyanionic tail of HMGB1 
has been shown to be involved in RAGE interactions in efferocyto-
sis assays  (  75  ) . Analysis of solution structures of the HMGB pep-
tide-V1 domain is however warranted to reveal the exact binding 
characteristics of HMGB1 and RAGE. 

 The S100 family consists of acidic proteins, and it appears likely 
that the highly positively charged areas at the surfaces of the RAGE 
V1 and C1 domains participate in their binding. Furthermore, the 
33-amino acid RAGE-binding area of HMGB1 bears some 
sequence homology with N-terminal regions of the S100 proteins 
 (  76  ) . Tools of structural biology are currently required to elucidate 

  4.  How Does Rage 
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binding characteristics of the S100 proteins to RAGE and  differences 
and similarities compared to AGE and HMGB1 binding. 

 As the other RAGE ligands, the amyloid  b  peptides bind the 
V1 domain (Fig.  1 ) with the positively charged patch being the 
likely binding site. Short versions of theV1 domain-binding amy-
loid  b  peptide have been recently indenti fi ed using RAGE trypto-
phan  fl uorescence and mass spectrometry analysis of non-covalent 
ligand-receptor complexes. These studies have mapped the RAGE-
binding area of the amyloid  b  peptide to residues 17–23, a hydro-
phobic sequence  fl anked by anionic residues at the C-terminal end. 
Some similarity compared to the C-terminal sequence of the 
RAGE-binding area of HMGB1 was found  (  77  ) . Further struc-
tural studies on ligand–receptor complexes are required to under-
stand the exact mode of binding.  

 

 Transfection studies showed that ligation of full-length RAGE 
induces neurite outgrowth, whereas the cytosolic domain-deleted 
RAGE is inactive  (  52  ) , demonstrating that RAGE-activated cyto-
solic signaling is required for cell motility regulation, but the iden-
tity of the cytoplasmic binding partners has been unclear. The 
formin homology protein Diaphanous-1 (Dia-1) has been recently 
shown to bind directly to the cytosolic domain of RAGE  (  78  ) . 
Furthermore, Dia-1 has been shown to activate the Rho family 
GTPases Cdc42 and Rac that were previously shown to be critical 
for the cell motility response induced by RAGE ligation  (  52,   76  ) . 
In addition to Dia-1, ERK1/2 has been reported to use the cyto-
solic tail of RAGE as the docking site  (  79  ) . 

 The RAGE/Dia/GTPase/cytoskeleton axis appears suf fi cient 
to explain the migration control by HMGB1 and possibly by other 
RAGE ligands in most cell types (Fig.  1 ). Another recently found 
feature in the migration control through RAGE is the role of inte-
grin activation  (  56,   59,   80  ) . RAGE ligation has been shown to 
induce the active conformation of the  b  1  and  b  2  integrins and to 
polarize integrin and CD44 localization for migration function. 
The small GTPase Rap1has been found to function as a cytosolic 
mediator of integrin activation due to RAGE ligation (Fig.  15.1 ). 
Very recently,  b -catenin  (  81  )  and ezrin/radexin/moesin (ERM) 
proteins  (  82  )  have been also implicated in cytoskeletal regulation 
through RAGE (Fig.  1 ). 

 RAGE activates transcription through several routes (Fig.  1 ). 
RAGE-mediated activation of the transcription factor NF- k B depends 
on the classical mitogen-activated protein kinase (MAPK) pathway 
involving the small GTPase Ras and ERK1/2  (  83  ) . In addition, two 
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other MAPK kinases, p38 MAP kinase and the stress-activated  protein 
kinase/c-Jun-NH 2 -terminal kinase (SAPK/JNK) are activated by 
RAGE  (  55  ) . Very recently, RAGE was reported to signal to the 
TIRAP-MyD88 pathway  (  84  )  that is a well-known route in the sig-
naling cascade from ligation of Toll-like receptors to NF- k B activa-
tion (Fig.  1 ). The  fi nding that RAGE is able to activate the transcription 
factors NF- k B, CREB, and Sp1 ( (  7,   51  ) , see Fig.  1 ) suggests that in 
agreement with the current literature, RAGE signaling regulates 
widely cell behavior. 

 In addition to the transcription factor pathways discussed 
above, RAGE has been reported to affect transcription through an 
epigenetic mechanism involving activation of TXNIP (thioredoxin 
interacting protein) that regulates chromatin remodeling  (  85  ) . 
The RAGE–TXNIP pathways is suggested to regulate acetylation 
and trimethylation of histone H3 (Fig.  1 ), which affects chromatin 
structure and in fl ammation in diabetic retinopathy. 

 Sustained RAGE activation due to a positive feedback loop is a 
characteristic feature in RAGE signaling  (  86,   87  ) . Ligation of 
RAGE results in activation of the transcription factor NF- k B. Since 
the RAGE promoter has an NF- k B binding site, this results in 
enhanced RAGE expression and signaling. This phenomenon is for 
example re fl ected in the expression pattern: RAGE is expressed at 
low levels in many tissues but accumulates on areas where its ligands 
are expressed. 

 One open question in RAGE signaling is to what extent the 
different RAGE ligands are able to preferably activate a certain 
signaling pathway. It seems reasonable that some speci fi city in the 
signaling pathway(s) activated would be imparted by the differ-
ences in ligand binding to the different domains of RAGE; how-
ever, supporting evidence is currently lacking. Furthermore, it is 
conceivable that the degree of oligomerization would impact the 
cytosolic signaling pathways, for example, by enhancing recruit-
ment of adaptor molecules, such as Dia-1. Further work is however 
required to understand how the ligand binding may affect the con-
formation and oligomerization of RAGE, and how these changes 
are transmitted to the cytosolic signaling pathways (reviewed in 
refs.  27,   28  ) .  

 

 Some RAGE ligands as well as RAGE itself bind to strongly to 
heparin. In fact, heparin-binding has been exploited in the isola-
tion of HMGB1  (  33  )  and of RAGE  (  71  ) . In binding assays, where 
the ectodomain of RAGE or its different domains are immobilized 
on ELISA wells, the V1 domain binds heparin with the same  K  D  as 

  6.  Cooperation of 
RAGE and HSPGS
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the whole ectodomain, whereas the ectodomain lacking the V1 
domain does not display heparin-binding activity (Fig.  2 ). This 
 fi nding is to expected based on the positively charged patch on the 
V1 domain. Furthermore, in similar assays heparin/heparan sulfate 
(HS) inhibits ligand binding to immobilized RAGE ectodomain, 
as demonstrated for amyloid  b  and heparin-BSA in Table  1 . Binding 
of heparin to the V1 domain (Fig.  2 ) and inhibition of ligand bind-
ing to the ectodomain of RAGE by polyanionic carbohydrates is 
consistent with the idea that the positively charged patch at the 
surface of the V1 domain plays a key role in ligand–RAGE interac-
tions. However, some degree of speci fi city is required, since other 
negatively charged carbohydrates including chondroitin sulfate C 
and colominic acid (polysialic acid, the type of sialic acid polymer 
found in the embryonic form of N-CAM) display little or no activ-
ity (Table  1 ). Interestingly, the ectodomain of the transmembrane 
HSPG (heparan sulfate proteoglycan) syndecan-3 ( N -syndecan) 
isolated from brain  (  88  )  is as potent or even more potent inhibitor 
than heparin in RAGE binding. Of heparin-derived fragments, 

  Fig. 2.    Binding of amyloid  b  1-42 peptide (A) and heparin-BSA (B) to RAGE and its domains. Binding assays were carried 
out as described  (  147  )  with minor modi fi cations. Brie fl y, Fc-fusion proteins of sRAGE  (  40  )  or RAGE domains  (  40  )  in a con-
centration of 5  m g/ml were bound to protein A (1  m g/ml, Sigma-Aldrich, St. Louis, MO, USA) coated wells (Maxisorb ELISA 
plates, Nunc A/S, Roskilde, Denmark). Unbound proteins were washed away, and the wells were blocked with BSA (Sigma-
Aldrich, St. Louis, MO, USA). Biotinylated amyloid  b  1-42 peptide (1–320 nM, American Peptide, Sunnyvale, CA, USA; panel 
( a )) or biotinylated heparin-BSA (0–1  m g/ml, Sigma-Aldrich; panel ( b )) were bound to the wells, and unbound ligands were 
washed away. Bound biotinylated proteins were detected with streptavidin-HRP (Sigma-Aldrich) and peroxidase substrate 
(Sigma-Aldrich), and an absorbance at 490 nm was measured. Results were analyzed using PSI-Plot (Poly Software 
International, Pearl River, NY, USA). The full-length ectodomain and the V1 domain display very similar binding characteris-
tics. Both amyloid  b  1-42 and heparin-BSA bound to the V domain of RAGE with  K  D  = 6.9 ± 1.6 nM and 67 ± 7 nm, respec-
tively.  K  D  values for full-length RAGE for amyloid  b  and heparin-BSA were 8.9 ± 1.3 nM and 67 ± 7 nm, respectively. RAGE 
lacking the V1 domain (C1C2 RAGE) bound to amyloid  b  1-42 with  K  D  = 2.2 ± 1.1  m M, however, it did not bind to heparin. 
Amyloid  b  1-42 rapidly forms  fi brils in an aqueous solution and the ability of C1C2 RAGE to bind amyloid  b  1-42 may be 
due to the binding of the C1 domain of RAGE to amyloid  b  aggregates  (  73  ).        
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 oligosaccharides with eight to ten monosaccharide units still retain 
signi fi cant inhibitory activity (Table  1 ).   

 The role of HS in RAGE signaling has been recently explored 
using biochemical and cell biological assays in vitro  (  67  ) . HMGB1-
induced ERK1/2 and p38 phosphorylation were shown to be 
abolished when cell surface HS was removed or pharmacologically 
blocked, which resulted in decreased HMGB1-induced cell motil-
ity that was analyzed using endothelial cell sprouting assays. 

   Table 1 
  Inhibition of amyloid  b  1-42 and heparin-BSA binding to RAGE by glycosamoniglycans 
and charged molecules   

 Compound 
 IC50( m g/ml) for inhibition 
of A b  binding to RAGE 

 IC50( m g/ml) for inhibition of 
heparin-BSA binding to RAGE 

 Heparin  2  5 

 Syndecan-3  1  n.d. 

 Heparan sulfate  4  15 

 Enoxaparin  4  5 

 2-O-desulfated heparin  3  4 

 6-O-desulfated heparin  10  8 

 N-desulfated heparin  >40  >70 

 Chondrotin sulfate A  >40  >150 

 Chondrotin sulfate C  20  11 

 Chondrotin sulfate E  2  5 

 Dextran sulfate  5  5 

 Sucrose octasulfate  >100  >200 

 Colominic acid  >100  >100 

 Heparin dodecasaccharide  10  5 

 Heparin decasaccharide  12  6 

 Heparin hexasaccharide  45  10 

 Heparin tetrasaccharide  >40  14 

  The inhibitory effect of glycosamoniglycans and charged molecules was tested using the microwell-binding assay as 
described in Fig.  2 . Biotinylated amyloid  b  1-42 peptide (20 nM, American Peptide, Sunnyvale, CA, USA) or (B) bioti-
nylated heparin-BSA(0.2  m g/ml, Sigma-Aldrich) were bound to wells coated with the ectodomain of RAGE in the 
presence or absence of inhibitors, and unbound ligands were washed away. Heparin oligosaccharides were from Iduron 
(Manchester, UK) and soluble Syndecan-3 was isolated as described  (  88  ) . The IC50 values for different glycosamino-
glycans and charged molecules were calculated using PSI-Plot. The soluble ectodomain of syndecan-3 and heparin were 
the best inhibitors, with the lowest IC50 values. In addition, some other sulfated oligosaccharides had an inhibitory 
effect. N-desulfation of heparin strongly reduced its inhibitory activity, whereas 2-O and 6-O desulfation only had 
milder effects. The length of the heparin oligosaccharide chain also plays a role as it directly correlated to the ability of 
the glycan to inhibit both amyloid  b  1-42 and heparin-BSA binding to RAGE  
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Interestingly, loss of the HS-RAGE interaction, but not the 
HS-HMGB1 interaction, was shown to be essential in RAGE-
signaling that promotes endothelial cell sprouting. Furthermore, 
HSPG and RAGE were shown to form constitutively complexes at 
the cell surface, which was rapidly enhanced by the addition of the 
ligand. In contrast to the role of the HSPGs in FGF ( fi broblast 
growth factor) signaling, the requirement of HS appeared absolute 
in the sense that it could not be compensated by increasing the 
concentration of the ligand. 

  Fig. 3.    RAGE associates to itself, to HSPGs, and to Toll-like receptors in the plasma 
membrane. RAGE, HSPGs, and TLRs share common ligands that may enhance association 
of the receptors. Some of the common ligands and interaction partners of RAGE, HSPGs, 
and TLRs are presented in the model shown in the  fi gure. In addition to interactions medi-
ated by soluble ligands, RAGE and HSPGs display constitutive interaction on cell surface 
mediated by the RAGE V1 domain and heparan sulfate side chains of membrane-associated 
HSPGs. RAGE-HSPG interaction is required for RAGE signaling into cells  (  67  ) . In addition to 
RAGE, HMGB1 binds to both transmembrane  (  148  )  and matrix-associated proteoglycans 
 (  149  ) . S100A8/A9 binds to heparan sulfate proteoglycans on the endothelial cell surface 
by direct interaction that is mediated by S100A9  (  94  ) . Amyloid- b  binds to both matrix-
associated  (  150  )  and transmembrane forms  (  151  )  of HSPGs. Further, TLR4 signaling can 
be induced by soluble heparan sulfates  (  152  ) , and TLR4 can bind to the secreted proteo-
glycan biglycan that induces TLR4 signaling  (  153  ) . Therefore, HSPGs may associate to 
TLRs in the plasma membrane in addition to their association to RAGE. RAGE–TLR 
complex formation induced by soluble ligands may either activate or inhibit the receptor 
complex  (  91,   95,   154  ) . Whether amyloid- b  binds directly to TLR4 is currently unknown, 
but a receptor complex of TLR4/TLR6/CD36 mediates amyloid- b -induced activation of 
macrophages  (  96  ) . Cell signaling may be also affected by soluble ectodomains of the 
receptors. The ectodomains of HSPGs, RAGE, and TLR4 can exist in soluble forms that 
are still able to bind extracellular ligands  (  1,   149,   155  ).        
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 The current data suggest a model in which RAGE oligomers 
associate to HSPGs at the cell surface (Fig.  3 ). In particular, the 
transmembrane HSPGs, syndecans, ful fi ll the requirements to 
complex with RAGE at the cell surface. However, the current data 
do not exclude the possibility that the PI-linked HSPGs, glypicans, 
would play a similar role. Whether other RAGE ligands would also 
enhance formation of HSPG-RAGE complexes, is an open ques-
tion. It seems probable to us that other heparin-HS-binding 
ligands, such as S100A/A9 and amyloid  b , would act in an analo-
gous manner to HMGB1 (Fig.  3 ). It would be also interesting to 
learn whether other cell types in addition to endothelial cells 
require HSPG in RAGE-dependent migratory responses and 
whether all or only some RAGE-dependent signaling pathways are 
affected by HSPGs.   

 

 In addition to RAGE, Toll-like receptors (TLR2 and TLR4) have 
been suggested to bind HMGB1 and to mediate its effects in 
in fl ammatory conditions  (  89  ) . The proin fl ammatory activity of 
HMGB1 is strongly enhanced when HMGB1 is complexed with 
DNA/lipids  (  90,   91  ) . This type of complexes enhance in fl ammation 
in a manner that depends on both RAGE and Toll-like receptors. 
Furthermore, the oxidation status of HMGB1 has been reported 
to strongly in fl uence on the receptor binding and in fl ammatory 
activity  (  92,   93  ) . As in the case of HSPG-RAGE cooperation, 
HMGB1 alone or in complex with DNA/lipids binds to both 
receptors and could recruit Toll-like receptors (such as TLR4) to 
RAGE multimers at the cell surface (Fig.  3 ). Other ligands display-
ing dual binding activity to the receptors, such as S100 proteins 
 (  94,   95  ) , amyloid  b   (  71,   96  ) , and DNA fragments released upon 
tissue injury  (  23,   91  )  could act in a similar manner (Fig.  3 ). 
Experimental evidence of the Toll-like receptor/RAGE assemblies 
at the cell surface has been recently shown  (  95  ) . 

 Besides regulation of in fl ammatory responses, RAGE and Toll-
like receptors may cooperate in other pathophysiological mecha-
nisms. Excessive extracellular expression of HMGB1 was recently 
shown to cause an amnesic effect  (  97  ) . The HMGB1-induced 
amnesia was shown to require both RAGE and TLR4. 

 In addition to their cooperation as cell surface receptors, 
RAGE and TLR 2/4, have been recently found to cooperate in 
cytosolic signaling  (  84  ) . Ligand binding to RAGE results in phos-
phorylation of Ser391 in the cytosolic moiety of the receptor by 
PKC z . The phosphorylated cytosolic tail then binds TIRAP and 
MyD88, which are known to act as adaptor proteins for TLR2 
and TLR4 and transduce the signal to downstream molecules 

  7.  Cooperation of 
RAGE and Toll-Like 
Receptors
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(Fig.  1 ). In this scenario, the functional interaction of RAGE and 
Toll-like  receptors would explain why engaging either of the two 
receptors causes similar outcomes in various physiological and 
pathophysiological settings.  

 

 The signaling pathways stimulated by RAGE ligation (Fig.  1 ), such 
as the pronounced activation of NF- k B, are consistent with a role 
in in fl ammatory responses. Furthermore, many RAGE ligands, 
such as the S100 proteins and HMGB1, have been shown to play 
key roles in in fl ammation. Polymorphisms of the RAGE gene that 
have been recently described (see below) provide additional evi-
dence for involvement in human in fl ammatory conditions. 

 The key  fi nding suggesting a role for RAGE signaling in acute 
in fl ammation comes from search of mediators of sepsis in human 
 (  39  ) . HMGB1 was found to accumulate at high levels in human 
plasma after the early secretion of proin fl ammatory cytokines, and 
neutralization of HMGB1 was reported to confer protection even 
at the late stage of sepsis  (  98  ) . Studies using RAGE null mice in 
sepsis models displayed a signi fi cant protection compared to the 
wild-type mice, and use of soluble RAGE as a decoy receptor also 
lead to enhanced survival rate  (  99  ) . The studies in animal models 
clearly implicate RAGE in injurious hyperin fl ammatory mecha-
nisms and suggest that the effects of HMGB1 are, at least partially, 
mediated by RAGE signaling. 

 Stroke is another acute state where HMGB1-induced RAGE 
signaling has been shown to play a pathogenetic role. Ischemic 
injury of stroke causes tissue damage, and in fl ammatory mecha-
nisms cause further injury in the penumbra around the ischemic 
core. Tissue injury is strongly reduced by RNAi-mediated down-
regulation of HMGB1 expression  (  100  )  or by HMGB1-neutralizing 
antibodies  (  101  ) . RAGE involvement is suggested by the  fi nding 
that disruption of the RAGE gene confers protection in an animal 
model of stroke  (  102  ) . 

 In addition to acute in fl ammatory conditions, sustained activa-
tion of RAGE has been implicated in several diseases where chronic 
in fl ammation plays a pathogenetic role, such as diabetes and its 
vascular complications  (  86,   87  ) . In particular, chronic RAGE acti-
vation caused by the positive feedback loop in the signaling mecha-
nism (see above) has been suggested as a pathogenetic factor in 
atherosclerosis and its complications  (  86,   87,   103,   104  ) . Several 
RAGE ligands, such as the AGEs, S100 proteins and HMGB1, are 
likely to act as ligands inducing sustained RAGE activation in 
chronic in fl ammatory conditions. 

  8.  Pathophysio-
logical Outcomes 
of RAGE Signaling
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 Search for amyloid  b  receptors identi fi ed RAGE as a binding 
component and mediator of neurotoxicity of amyloid  b   (  71,   73  ) . 
Furthermore, RAGE has been reported to mediate inhibition of 
long-term potentiation (LTP) by amyloid  b   (  105  ) , suggesting a 
role for RAGE signaling in memory impairment in Alzheimer’s 
disease. Furthermore, in fl ammation is an important component in 
neurodegenerative diseases where RAGE and its ligands are sug-
gested to play important roles  (  28  ) . 

 RAGE signaling has been also implicated in multiple sclerosis 
using the mouse model of EAE (experimental allergic encephalo-
myelitis). In these studies, S100-induced RAGE signaling has been 
shown to recruit damage-provoking T cells into brain  (  31,   106  ) . 
RAGE signaling is therefore suggested to play key roles in T cell-
mediated adaptive immune response. 

 HMGB1 is highly expressed in tumor cells, regulates their 
motility, localizes to leading edges of cells, and promotes plasmin-
based proteolytic activity  (  35,   41,   42  ) . HMGB1 has been therefore 
suggested to regulate invasive migration  (  107  ) , which apparently 
depends on RAGE signaling  (  52  ) . Furthermore, HMGB1-induced 
RAGE signaling has been found to enhance cancer progression in 
implanted and spontaneously occurring tumors  (  55  ) . Furthermore, 
S100 proteins are implicated in cancer in a plethora of studies  (  70  ) . 
In addition to regulating tumor cells, HMGB1 is suggested to be 
important for angiogenesis that enhances tumor spread  (  57,   58  ) . 
Involvement of RAGE appears probably since HMGB1 induces 
homing of endothelial cells in a RAGE-dependent manner  (  56  ) . 
Chronic in fl ammation is known to predispose to cancer, and tumor 
development is suggested to become enhanced due to in fl ammation 
induced by RAGE signaling  (  108  ) .  

 

 RAGE signaling has been extensively described as a malefactor in 
various diseases, as brie fl y outlined above. Only very few studies 
have addressed the physiological function and possible bene fi cial 
roles of RAGE signaling. 

 The RAGE knockout mice appear healthy without any overt 
phenotype  (  99,   109  ) . Hyperactivity and increased sensitivity to 
auditory stimuli have been recently reported in RAGE knockout 
mice  (  110  ) , suggesting that RAGE is required in neuronal signal-
ing in brain. In the peripheral nervous system, RAGE appears 
bene fi cial in neurite outgrowth required for regeneration after 
injury, as has been shown for the sciatic nerve  (  53,   54  ) . Further, 
bone remodeling is altered in RAGE knockout mice due to 
decreased bone resorption by osteoclasts  (  111  ) . 

  9.  What Is the 
Physiological 
Function of RAGE 
Signaling?
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 RAGE is expressed at low levels in normal healthy tissues 
except for lung where high expression levels are detected, which 
would be compatible with a role in tissue homeostasis (see also 
Subheading  10  below). Blockade of RAGE has been reported to 
result in disturbed cell–matrix contacts in lung cells  (  112  ) . Based 
on the apparent ability of RAGE to bind glycosaminoglycans via 
the positively charged cluster in the V1-C1 domain (see above), 
the role of RAGE as a receptor for HSPGs and other glycosamino-
glycans present in the extracellular matrix appears reasonable and 
warrants further studies. Furthermore, HMGB1 binds to HSPGs, 
is expressed in cell matrices, and promotes cell migratory responses 
as a matrix-bound ligand  (  107  ) . 

 It has become clear that RAGE-signaling regulates the innate 
immune system (see above), which acts as the  fi rst-line defense 
against foreign invaders. It seems reasonable that RAGE does not 
only participate in harmful chronic in fl ammation, but is also 
required for the protective function of in fl ammation, for example, 
in migration of immune cells to the sites of infection and injury.  

 

 The RAGE gene has several single nucleotide polymorphisms 
(SNPs) that affect the structure, expression, or functions of RAGE. 
Studies on the SNPs of the RAGE gene have provided important 
clues to physiological and pathophysiological roles of RAGE sig-
naling. We will summarize below the data reporting association of 
the RAGE SNPs to biological functions and diseases. 

 The highest expression level of RAGE in adults is in the lungs. 
Two genome-wide studies were recently reported associating six 
genetic loci to natural variation of lung function estimated by 
spirometric measurements  (  113,   114  ) . One of these loci is RAGE 
(designated as AGER and AGER-PPT2). The G82S SNP of the 
RAGE gene associated to lung function in these studies promotes 
glycosylation of the second N-glycosylation site in the V1 domain; 
glycosylation at this site has been previously shown to affect RAGE 
ligand binding and signaling  (  18,   23,   115  ) . RAGE thus appears to 
play a role in normal lung biology, perhaps affecting development/
remodeling of lung (see also above, Subheading  9 ). 

 In addition to the normal variation of lung function, the RAGE 
polymorphism discussed above has been associated to susceptibil-
ity to develop chronic obstructive pulmonary disease  (  116  ) . A 
polymorphism in the promoter of RAGE has been associate to 
lung cancer  (  117  ) . Another lung disease linked to RAGE SNPs is 
-374T/A in the promoter region that is a risk for invasive aspergil-
losis  (  118  ) . This SNP enhances the promoter activity of the RAGE 

  10.  Polymorphisms 
of RAGE
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gene in vitro and increases the expression of RAGE in monocytes 
in vivo  (  118,   119  ) . 

 Since RAGE was identi fi ed as a receptor for AGEs produced 
in hyperglycaemic conditions, the RAGE SNPs have been inten-
sively studied in the  fi eld of diabetes. In these studies, multiple 
RAGE SNPs have been associated to diabetes or diabetic compli-
cations. Two SNPs, -429T/C in the promoter and G82S that 
cause enhanced RAGE expression and signaling, respectively, 
have been described as risk factors of diabetes and diabetes related 
complications  (  119–  126  ) . However, Balasubby et al.  (  127  )  
showed an opposite association of G82S with diabetic retinopa-
thy in Indian patients. 

 In addition to diabetes and diabetes associated diseases, the 
G82S SNP is a risk factor in many other diseases, where autoim-
mune reactions or chronic in fl ammation play a signi fi cant role 
 (  128–  133  ) . One mechanism that may explain the effects of the 
G82S polymorphism is increased in fl ammation that is predicted by 
increased expression of proin fl ammatory cytokines and other 
in fl ammatory biomarkers  (  129,   134–  136  ) . Furthermore, plasma 
sRAGE levels are decreased in individuals carrying the G82S allele 
 (  133,   137–  139  ) . Soluble RAGE that is normally present in plasma 
is a biomarker of in fl ammation, for example, its levels are decreased 
in severe pancreatitis without organ failure  (  140  ) . Whether the 
downregulation of plasma sRAGE in individuals carrying the G82S 
allele mediates in fl ammation or whether it is just an indicator of 
in fl ammatory reactions is currently poorly understood. The con-
centrations of sRAGE do not necessarily correlate with the levels of 
the transmembrane form of RAGE  (  118  ) . Theoretically, sRAGE 
may act in vivo as a decoy receptor suppressing the in fl ammation-
enhancing activity of the transmembrane RAGE. Alongside these 
studies, there are some reports that were unable to show any asso-
ciation of the G82S SNP to diseases, or even showed an opposite 
association  (  127,   141–  143  ) . 

 One of the  fi rst physiological ligands for RAGE, HMGB1, was 
isolated from brain and shown to induce neurite outgrowth in cor-
tical neurons  (  33  )  in a RAGE-dependent manner  (  32  ) . Furthermore, 
HMGB1 is highly expressed in brain during organogenesis and 
affects forebrain development  (  144  ) . Of brain diseases, the RAGE 
G82S SNP has been described to associate to Alzheimer’s disease 
and schizophrenia  (  128,   145  ) , which may relate to the regulation 
of development/plasticity or in fl ammation in brain. 

 The association of the -374A/T SNP in the RAGE promoter 
to vascular complications was recently studied in a meta-analysis by 
Lu and Feng  (  146  ) . The meta-analysis revealed that the allele -374A 
is protective for vascular complications in diabetes as suggested by 
earlier studies  (  142  ) , whereas it is a risk factor for infections  (  118  ) . 
Further molecular and cellular studies on the consequences of the 
polymorphism are required to understand these associations.  
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 Studies using tools of structural biology have recently shown that 
the positively charged surface in the V1 domain of RAGE binds a 
pattern of negatively charged residues in AGEs. The V1 domain of 
RAGE binds in addition several other ligands, and one key ques-
tion is whether other RAGE ligands are recognized in a similar 
manner compared to the AGEs. It seems probable that the charged 
surface of the V1 domain participates in binding of most if not all 
RAGE ligands. However, other types of interactions speci fi c for 
each ligand are likely to be found that are important to initiate 
signaling cascades due to RAGE ligation. Studies using approaches 
of structural biology, biochemistry, and cell biology will be impor-
tant to understand the details of ligand binding. These studies are 
likely to identify novel RAGE antagonists to be tested for the treat-
ment of diseases where RAGE-signaling plays a role. 

 RAGE associates to itself and to other membrane proteins, 
such as HSPGs and Toll-like receptors, in the plasma membrane. 
Such receptor assemblies are likely to have a key role in the signal-
ing mechanism of RAGE but have been so far addressed only in 
very few studies. It will be important to learn what ligands pro-
mote such receptor assemblies and, vice versa, how association of 
RAGE to itself or other membrane receptors affects ligand bind-
ing. Further, recruitment of adaptor proteins, such as Dia-1, and 
the signaling pathways activated by the different ligands are likely 
to be affected by the con fi guration of the receptor assembly used 
by the different cell types. As the details of ligand binding to 
RAGE itself, understanding the receptor assemblies used in RAGE 
signaling is likely to pave the way for novel pharmaceutical 
interventions. 

 RAGE has been studied for many years as a key cell surface 
receptor involved in disease mechanisms but its physiological func-
tion has been unclear. Recent extensive genome-wide association 
studies on RAGE polymorphisms for lung function and the role of 
RAGE in maintaining normal lung cells have implicated RAGE in 
lung biology and respiratory health. Furthermore, variation of the 
RAGE gene is currently leading to novel mechanistic insights into 
susceptibility to chronic pulmonary diseases. 

 It is probable that RAGE signaling is required for physiological 
regulation in other tissues in addition to lung. One obvious candi-
date would be nervous system development/plasticity but very few 
studies have so far addressed the role of RAGE in the nervous sys-
tem. Behavioral alterations found in the RAGE knockout mice and 
the roles of the RAGE ligands HMGB1and S100 proteins in brain 
development/plasticity provide clues to such functions that cur-
rently warrant further studies.      

  11.  Concluding 
Remarks
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    Chapter 16   

 RAGE Splicing Variants in Mammals       

     Katharina   Anna   Sterenczak   ,    Ingo   Nolte   , and    Hugo   Murua   Escobar         

  Abstract 

 The receptor for advanced glycation end products (RAGE) is a multiligand receptor of environmental 
stressors which plays key roles in pathophysiological processes, including immune/in fl ammatory disor-
ders, Alzheimer’s disease, diabetic arteriosclerosis, tumorigenesis, and metastasis. Besides the full-length 
RAGE protein in humans nearly 20 natural occurring RAGE splicing variants were described on mRNA 
and protein level. These naturally occurring isoforms are characterized by either N-terminally or 
C-terminally truncations and are discussed as possible regulators of the full-length RAGE receptor either 
by competitive ligand binding or by displacing the full-length protein in the membrane. Accordingly, 
expression deregulations of the naturally occurring isoforms were supposed to have signi fi cant effect on 
RAGE-mediated disorders. Thereby the soluble C-truncated RAGE isoforms present in plasma and tissues 
are the mostly focused isoforms in research and clinics. Deregulations of the circulating levels of soluble 
RAGE forms were reported in several RAGE-associated pathological disorders including for example ath-
erosclerosis, diabetes, renal failure, Alzheimer’s disease, and several cancer types. 

 Regarding other mammalian species, the canine  RAGE  gene showed high similarities to the corre-
sponding human structures indicating RAGE to be evolutionary highly conserved between both species. 
Similar to humans the canine RAGE showed a complex and extensive splicing activity leading to a manifold 
pattern of RAGE isoforms. Due to the similarities seen in several canine and human diseases—including 
cancer—comparative structural and functional analyses allow the development of RAGE and ligand-speci fi c 
therapeutic approaches bene fi cial for human and veterinary medicine.  

  Key words:   RAGE ,  Isoforms ,  Mammalian variants ,  Comparative genetics ,  Receptor for advanced 
glycation end products    

 

 The receptor for advanced glycation end products (RAGE) is a 
~50 kDa cell-membrane bound protein that was  fi rstly character-
ized in 1992  (  1  ) . This receptor has the ability to speci fi cally bind 
molecules (ligands) which are present in the surrounding extracel-
lular environment. RAGE was named after one of its  fi rst  discovered 
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ligands—the advanced glycation end products (AGEs). Following 
the characterization of RAGE further additional ligands were 
found including High Mobility Group 1 protein (HMGB1, for-
merly known as amphoterin), proteins of the S100/calgranulin 
family, amyloid-beta, and Mac-1  (  1–  5  )  and thus the protein was 
referred to as a multiligand receptor of environmental stressors. In 
humans, RAGE is a cell surface molecule belonging to the immu-
noglobulin superfamily and being encoded on genomic level on 
chromosome HSA 6p21.3  (  1,   6,   7  ) . The human  RAGE  gene con-
sists of 11 exons and 10 introns resulting in the 404 aa RAGE 
protein. The protein is structurally subdivided into three domains: 
the extracellular domain (ED), the highly hydrophobic  a -helix 
transmembrane domain (TM), and the cytosolic domain (CD). 
The extracellular domain itself is subdivided into the variable (V) 
domain—that is essential for ligand binding—and two constant 
(C) domains. The terminal highly acidic cytosolic domain (CD) is 
essential for RAGE signaling  (  8  )  which is induced by speci fi c bind-
ing of a RAGE ligand to its receptor. This interaction leads to sig-
nal transduction pathways within the cell activating, i.e., 
mitogen-activated protein (MAP) kinases, regulating cell growth, 
proliferation, and in fl ammation  (  1,   3,   9–  15  ) . The RAGE protein is 
basically expressed in a wide range of cell types and organs and 
with the exception of the lung, where RAGE expression is con-
stantly high, the expression levels of RAGE remain low during life-
time. However, in terms of in fl ammatory-related pathophysiological 
states high levels of RAGE ligands were described which in turn 
increase RAGE expression levels due to a positive feedback loop 
thereby intensifying RAGE-mediated cellular effects. Thus, RAGE 
levels were associated with various diseases including diabetic arte-
riosclerosis  (  16,   17  ) , impaired wound healing  (  18  ) , Alzheimer’s 
disease  (  5,   19,   20  ) , immune and in fl ammatory disorders  (  3,   8,   21, 
  22  ) , and various cancers  (  23–  27  ) . 

 Besides the above-mentioned RAGE protein which is com-
posed of the three domains (ED, TM, CD)—also called full-length 
RAGE—further naturally occurring RAGE isoforms were detected 
on mRNA and protein level. These isoforms are characterized by 
mRNA transcripts with missing or additional exons/introns or 
parts of them resulting from alternative splicing of the  RAGE  pre-
mRNA. In general, the alternative splicing of pre-mRNA tran-
scripts is a central mechanism in the regulation of gene expression 
through the generation of multiple different transcripts from a 
single gene enabling diversity of proteins found in organisms, 
highly exceeding the number of genes encoding them. The  fi rst 
human RAGE isoforms were found in 1999 and further studies 
which followed during the last decade resulted in identi fi cation of 
altogether 19 human  RAGE  transcript isoforms  (  28–  34  ) . The vari-
ants were discussed to function as possible receptor regulators by 
acting as competitive inhibitors of the full-length receptor, either 
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by ligand binding or displacing the full-length protein in the 
 membrane  (  32,   35  ) . Deregulation of the naturally occurring 
 protein isoforms was supposed to have signi fi cant effect on RAGE-
mediated diseases. 

 Structurally, these isoforms are characterized by either 
N-terminally or C-terminally truncated proteins and were detected 
in different types of tissues and cell lines initially without a compli-
ant nomenclature containing the following isoforms: hRAGEsec 
 (  28  ) , sRAGE1, sRAGE2, sRAGE3  (  29  ) , N-truncated and Secretory 
 (  30  ) ,  D 8-RAGE  (  31  ) , Rage D , NtRAGE D , sRAGE D   (  32,   33  ) , and 
RAGE_v4-RAGE_v13  (  34  ) . Hudson et al. summarized these 
human isoforms and introduced a uniform nomenclature accord-
ing to the Human Gene Nomenclature Committee (HGNC)  (  34  ) . 
In so doing, the RAGE variants were renamed into RAGE_v1 to 
RAGE_v19  (  34  )  and we will refer to this nomenclature. 

 Regarding the biological relevance of RAGE isoforms, the sol-
uble C-truncated RAGE isoforms, which circulate in plasma and 
tissues and competitively bind RAGE ligands, represent the splic-
ing variants mostly focused on in research and clinics. Generally 
two mechanisms were reported for the generation of soluble RAGE 
variants by either alternative splicing or shedding of the full-length 
receptor from the membrane  (  36–  39  )  leading to soluble RAGE 
showing the ability to bind ligands. Recombinant soluble RAGE 
successfully prevented or reversed RAGE-mediated effects in sev-
eral disorders such as diabetic and nondiabetic atherothrombosis, 
ischemia/reperfusion injury, collagen-induced arthritis, neurode-
generation and in terms of cancer, tumor cell migration, and inva-
sion  (  23,   40  ) . Deregulations of the circulating levels of soluble 
RAGE forms were reported in several RAGE-associated pathologi-
cal disorders including for example chronic in fl ammatory diseases 
such as atherosclerosis, diabetes, renal failure, and the aging pro-
cess  (  41  ) , Alzheimer’s disease  (  42  ) , oesophageal cancer, lung can-
cer, chondrosarcoma, prostate tumor, and brain tumor  (  43–  46  ) . 

 Regarding other mammalian species, the canine and murine 
 RAGE  genes were also found to undergo extensive alternative 
splicing and discussed as a possible mechanism for receptor regula-
tion  (  47,   48  ) . Within the following chapter, we concentrate on the 
canine  RAGE  transcript isoforms that have been characterized in 
several tissues and cell lines of different origins.  

 

  The characterization of the canine RAGE gene and protein showed 
high similarities to the corresponding human structures indicating 
the receptor to be highly evolutionary conserved between mam-
malians. Similar to the human  RAGE  gene, the canine counterpart 

  2.  The Canine 
 RAGE  Gene
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of the Canine RAGE 
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consists of 11 exons and 10 introns encoding a 404 aa full-length 
protein which is composed of the three domains ED, TM, and CD 
resembling the human full-length RAGE protein  (  49  )  (Fig.  1 ). 
The chromosomal assignment localized the canine  RAGE  gene on 
the canine chromosome CFA12 that shares structural similarities 
with the human chromosome HSA 6  (  49–  51  )  which itself bears 
the human  RAGE  gene. Moreover, the short 5 ¢ UTR showed 100% 
identity to the human corresponding part of the gene indicating 
possibly similar mechanisms in the regulation of the translation and 
protein biosynthesis between both species  (  49  ) . Comparison of 
human RAGE protein with other mammalians including dog, rat, 
mouse, cattle showed high identities between all species analyzed 
with the highest index between humans and dogs when comparing 
the amino acid sequences  (  49  ) . Consequently, RAGE-mediated 
pathological effects, which were reported in humans, could show 
the same underlying mechanisms in other mammalians especially 
the dog. Regarding the regulation of the full-length receptor by 
alternative splicing, similar mechanisms were reported in dogs and 
mice  (  47,   48,   52  )  underlying the evidence of similar function and 
pathology of RAGE between mammalians.   
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  Fig. 1.    Characterization of the canine receptor for advanced glycation end products (RAGE) (according to  (  49  ) ). The canine 
RAGE was characterized on genomic, cDNA, and protein level. The canine  RAGE  gene consists of 11 exons and 10 introns 
with a total genomic length of 2,835 bp. The complete  RAGE  cDNA spans 1384 bp in total and is composed of an 18 bp 
5 ¢ UTR, a 1215 bp CDS, and a 151 bp 3 ¢ UTR. The canine RAGE protein is composed of 404 aa and with a molecular weight 
of 43 kDa. The full-length protein is composed of the extracellular domain (ED), the transmembrane domain (TM), and the 
cytosol domain (CD). The ED includes the ligand-binding V domain and two C domains. Acc. No. = Accession Number.       
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  Similar to the human RAGE, the canine  RAGE  gene undergoes 
extensive alternative splicing leading to the generation of a wide 
range of structurally differing mRNA transcript isoforms  (  48  ) . 
These variants were characterized by a systematic screening of dif-
ferent canine tissues for  RAGE  transcript isoforms including non-
neoplastic tissues, tumor tissues, and various cell lines derived from 
primary tumors. The non-neoplastic tissues included pancreas, 
spleen, testis, and thyroid tissue samples. The tumor samples 
included neoplasias such as histiocytoma, malignant lymphoma, 
malignant melanoma, mastocytoma, and thyroid carcinoma. The 
canine cell lines used within the study included CT1258 (prostate 
adenocarcinoma), MTH53A (non-neoplastic tissue of the mam-
mary gland), MTH52C (malignant small-cell carcinoma of the 
mammary gland), and ZMTH3 (pleomorphic adenoma of the 
mammary gland). For the characterization, RNA isolations were 
performed followed by copy DNA (cDNA) syntheses, gene-speci fi c 
polymerase chain reactions (PCRs), gel electrophoreses, cloning, 
and sequencing of the generated clones. The PCR assay used 
speci fi cally ampli fi ed the complete coding sequence of the canine 
 RAGE  gene beginning at the starting codon and ending with the 
termination codon for translation. In total, 24 previously not 
described  RAGE  isoforms could be characterized showing differ-
ent structural characteristics within the different sample groups 
(non-neoplastic, neoplastic, cell lines)  (  48  ) .  

  Analyses of the sequence data showed a manifold set of different 
structural variances between the  RAGE  transcript variant clones 
initially caused by alternative splicing of  RAGE  pre-mRNA. 
Generally, modi fi cations such as insertions of introns, deletion of 
exons, or parts of them could be found. 

 One recurrent noticeable structural character was the insertion 
of intron 1, which was found in non-neoplastic samples and in 
neoplastic and cell line samples as well. The solely insertion of 
intron 1 was found in the following samples: cell lines CT1258 and 
ZMTH3, histiocytoma, malignant lymphoma, mastocytoma (Acc. 
Nos.: EU428803, EU428809, EU428793, EU428795, 
EU428800) (Fig.  2 ). The translation into a protein would lead to 
a membrane bound RAGE protein isoform without the ability to 
bind ligands due to a missing V domain within the ED. The inser-
tion of intron 1 leads to a frameshift within the coding sequence. 
As a result, a premature stop codon in exon 2 is generated leading 
to termination of translation. Further downstream the mRNA 
sequence an alternative start codon located within exon 6 could be 
potentially used for the translation into an alternative protein. As 
the ligand-binding V domain is encoded within the exons 2–4, this 
alternative protein isoform would miss this domain within its ED. 
The resulting protein would exist in form of a truncated ED, a 
viable TM and CD, thus representing a truncated RAGE protein at 

  2.2.  Characterization 
of Canine  RAGE  
Transcript Isoforms

  2.3.  Structural Setup 
of the Canine  RAGE  
Isoforms
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its N-terminus when compared to the full-length RAGE. This pro-
tein, if expressed, could act as competitive inhibitor of the full-
length RAGE through the displacement of the latter within the cell 
membrane. Importantly, this protein isoform would not be able to 
induce cellular pathways, although it possesses a viable CD due to 
the missing interaction with extracellular ligands. Interestingly, this 
isoform corresponds to human RAGE_v2 isoform (formerly known 
as N-truncated RAGE, Nt-RAGE, N-RAGE) showing similar 
mechanisms in splicing of  RAGE  within both species.  

 Besides the sole insertion of intron 1, additional modi fi cations 
would lead, if translated, into N-truncated membrane-bound non 
ligand-binding isoforms. These modi fi cations include insertions of 
intron 2 and/or intron 5 and/or deletions of exons 7, 8, and 9. 
All of these isoforms would, if translated, show a truncated extra-
cellular domain with a viable TM and CD. Such isoforms were 
found in non-neoplastic thyroid, the cell line ZMTH3, histiocy-
toma, malignant lymphoma, malignant melanoma, mastocytoma 

Canine RAGE transcript isoforms encoding putative membrane-bound
non ligand-binding proteins 

1 2 3 4 5 6 7 8 9 10 11
Detected in (Acc. No.): CT1258 (EU428803), ZMTH3 (EU428809), Histiocytoma (EU428793),

Malignant Lymphoma (EU428795), Mastocytoma (EU428800)

1

1 2 3 4 5 6 10 11
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1 2 3 4 5 6 7 8 9 10 11
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Detected in (Acc. No.): Thyroid (EU428791)

Exon Intron

  Fig. 2.    Characterization of canine RAGE transcript isoforms encoding putative membrane-bound proteins (according to 
 (  48,   49  ) ). These isoforms encode, if translated, putative N-truncated membrane-bound non-ligand-binding RAGE protein 
isoforms. The putative proteins could be characterized by truncated extracellular domains (ED)—missing the ligand bind-
ing V domain—followed by viable transmembrane domains (TM) and cytosol domains (CD). These isoforms could act as 
competitive inhibitors of the full-length RAGE by displacing the latter in the cell membrane. The isoforms show insertions 
of intron 1 and/or intron 2 and/or intron 5. Further modi fi cations include deletions of exon 7 and/or exon 8 and/or exon 9. 
The variants were detected in non-neoplastic thyroid tissue, the cell lines CT1258 and ZMTH3 and in histiocytoma, malig-
nant melanoma and mastocytoma tumor samples. Acc. No. = Accession Number.       
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(Acc. Nos.: EU428790, EU428791, EU428808, EU428810, 
EU428798) (Fig.  2 ). 

 In addition to the already mentioned modi fi cations, other 
combinations of insertions of introns such as 1, 2, 8 and/or dele-
tions of exon 8 or of a part of it encode proteins, when translated, 
which represent N-terminally truncated nonsense-mutated iso-
forms showing an incomplete TM and a viable CD. These non-
sense isoforms indicate proteins with no distinct cellular localization 
or apparent function and were detected in non-neoplastic pancreas 
and spleen, the cell lines CT1258, MTH53A, MTH52C, in histio-
cytoma, malignant lymphoma, and thyroid carcinoma (Acc. Nos.: 
EU428787, EU428788, EU428802, EU428805, EU428806, 
EU428807, EU428792, EU428794, EU428801) (Fig.  3 ).  

 Generally, the more alterations within a transcript, the more 
likely this isoform does not encode a viable protein. Due to fatal 
frame shifts and the alteration of the original genetic information 
and structure, premature stop codons or instability of the respec-
tive mRNA molecule impede translation into native protein. It 
seems more likely that these extremely altered mRNAs undergo 
cellular degradation processes. Further  RAGE  isoforms could be 
detected which did not encode any putative viable proteins or parts 
of them in the cell line CT1258, malignant melanoma, and masto-
cytoma (Acc. Nos.: EU428804, EU428797, EU428799) (Fig.  4 ). 
Consequently, these variants most likely represent mRNAs under-
going cellular degradation without expression on protein level.  

Canine RAGE transcript isoforms encoding putative non-sense
proteins 
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  Fig. 3.    Characterization of canine RAGE transcript isoforms encoding putative nonsense proteins (according to  (  48,   49  ) ). 
These isoforms encode, if translated, putative N-truncated nonsense RAGE protein isoforms with no distinct cellular local-
ization and function. The putative proteins could be characterized by truncated extracellular (ED) and transmembrane 
domains (TM) followed by viable cytosol domains. The isoforms show insertions of intron 1 and/or intron 2 and/or intron 8. 
Further modi fi cations include deletion of exon 8 or a 16 bp long part of exon 8. The variants were detected in non-neoplastic 
pancreas and spleen tissue, the cell lines CT1258, MTH 53A, and MTH52C and in histiocytoma, malignant lymphoma, and 
thyroid carcinoma samples. Acc. No. = Accession Number.       
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 Besides the above-mentioned modi fi cations leading to pro-
teins truncated at the N-terminus, also  RAGE  isoforms could be 
detected which, when translated into viable proteins, would result 
in C-truncated isoforms. Such modi fi cations include deletion of 
exon 8 or 16 bp of exon 8 which were found in non-neoplastic 
testis tissue and malignant lymphoma (Acc. Nos.: EU428789, 
EU428796) (Fig.  5 ). Due to a frame shift within the mRNA, pre-
mature stop codons would be generated in either exon 7 or exon 
10 terminating the downstream translation of exons 10 and 11. 
As the TM and CD are encoded in those exons this modi fi cations 
would lead, when translated, into C-truncated RAGE isoforms 
with viable EDs but missing TM and CDs. Such isoforms repre-
sent soluble, non-membrane-bound isoforms. Soluble RAGE acts 
as competitive inhibitor of the full-length RAGE by binding of 
RAGE ligands due to a viable V-domain within the ED without 

Canine RAGE transcript isoforms non-encoding putative proteins  

1 2 4 5 9 10 11
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  Fig. 4.    Characterization of canine RAGE non-encoding transcript isoforms (according to  (  48,   49  ) ). These isoforms do not 
encode any viable part of the RAGE protein and undergo most probably cellular degradation processes. The isoforms show 
insertions of intron 1 and/or intron 5 and/or intron 6 and/or intron 8 and/or intron 10. Further modi fi cations include dele-
tions of exon 3 and/or exon 6 and/or exon 7 and/or exon 8. The variants were detected in the cell line CT1258, and in 
malignant melanoma and mastocytoma tumor samples. Acc. No. = Accession Number.       
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Canine  RAGE transcript isoforms encoding putative non membrane-bound
soluble ligand-binding proteins 
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  Fig. 5.    Characterization of canine RAGE transcript isoforms encoding putative non-membrane-bound soluble proteins 
(according to  (  48,   49  ) ). These isoforms encode, if translated, putative C-truncated non-membrane-bound soluble ligand-
binding RAGE protein isoforms. The putative proteins could be characterized by a viable extracellular domain and missing 
transmembrane (TM) and cytosol domain (CD). These soluble RAGE isoforms could act as competitive inhibitors of full-
length RAGE by binding of RAGE ligands—due to a viable V domain within the ED—without induction of cellular pathways. 
The isoforms show modi fi cations including deletion of exon 8 or 16 bp of exon 8. The variants were detected in non-neo-
plastic testis tissue and in malignant lymphoma tumor samples. Acc. No. = Accession Number.       
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initiating cellular effects. Thus, soluble C-truncated RAGE 
 isoforms are able to reverse RAGE-mediated effects and represent 
a valuable therapeutic tool in the impairment of RAGE-mediated 
pathophysiological processes. Interestingly the isoform found in 
non-neoplastic testis tissue resembles the human RAGE_v3 iso-
form (formerly known as  D 8-RAGE) showing similar splicing 
within both species.    

  The 24 previously not described characterized canine splicing vari-
ants showed a wide set of modi fi cations including insertions and/
or deletions of exons and introns or parts of them. The resulting 
transcripts encode, if translated, C- or N-terminally truncated pro-
tein isoforms and nonsense isoforms. A small number of detected 
transcripts did not encode any viable part of the RAGE protein and 
represent, most likely, targets for RNA degradation. Generally, the 
insertion of intron 1 was a remarkable recurrent modi fi cation, 
which was found in all samples analyzed with exclusion of non-
neoplastic testis and thyroid tissue samples. The presence of the 
respective transcripts varied in the different samples which was 
comparable to  fi ndings in humans showing a different range of 
variants depending on the sample source  (  34  ) . 

 A closer look at speci fi c canine variants showed two transcript 
isoforms that resemble human RAGE_v2 and RAGE_v3 splicing 
variants. The canine intron 1 containing isoform thereby resembles 
human RAGE_v2 (formerly known as nt-RAGE, N-RAGE, 
N-RAGE, N-truncated RAGE) and was found in both cell line 
and tumor samples (see Chapter 2 for Acc. Nos.). The canine    tran-
script missing exon 8 corresponds to human RAGE_v3 (formerly 
known as  D  8 -RAGE) and was found in non-neoplastic testis tissue 
(Acc. No.: EU428789). 

 These resembling structures between human and canine RAGE 
transcript variants indicate similar mechanisms in  RAGE  splicing 
and thus the biology of the receptor. However, bioinformatic anal-
yses by Hudson et al. revealed that the human RAGE_v2 and 
RAGE_v3 variants represent targets of the nonsense-mediated 
decay (NMD) machinery for degradation of mRNA inhibiting the 
expression on protein level  (  34,   53  ) . If this is also true for the 
respective canine splicing variants further studies will be needed 
showing their expression on protein level.  

 

 Taken together, the analysis of the canine  RAGE  gene and its tran-
script isoforms showed high similarities to the corresponding 
human structures indicating RAGE to be evolutionary highly 
 conserved between both species. Similar to humans, canine  RAGE  

  3.  Comparison 
of Human and Canine 
 RAGE  Splicing 
Variants

  4.  Conclusion
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showed a complex and extensive splicing activity leading to a mani-
fold pattern of transcript isoforms. The elucidation of the biologi-
cal impact of this isoforms and their role in the regulation of the 
full-length receptor needs further analyses. Until now, reports are 
rare due to missing speci fi c canine antibodies or ELISA assays for 
detection of speci fi c viable alternatively spliced RAGE isoforms.      

      References 

    1.    Neeper M et al (1992) Cloning and expression 
of a cell surface receptor for advanced glycosy-
lation end products of proteins. J Biol Chem 
267:14998–15004  

    2.    Chavakis T et al (2003) The pattern recogni-
tion receptor (RAGE) is a counterreceptor for 
leukocyte integrins: a novel pathway for 
in fl ammatory cell recruitment. J Exp Med 198:
1507–1515  

    3.    Hofmann MA et al (1999) RAGE mediates a 
novel proin fl ammatory axis: a central cell sur-
face receptor for S100/calgranulin polypep-
tides. Cell 97:889–901  

    4.    Hori O et al (1995) The receptor for advanced 
glycation end products (RAGE) is a cellular 
binding site for amphoterin. Mediation of neu-
rite outgrowth and co-expression of rage and 
amphoterin in the developing nervous system. 
J Biol Chem 270:25752–25761  

    5.    Yan SD et al (1996) RAGE and amyloid-beta 
peptide neurotoxicity in Alzheimer’s disease. 
Nature 382:685–691  

    6.    Sugaya K et al (1994) Three genes in the 
human MHC class III region near the junction 
with the class II: gene for receptor of advanced 
glycosylation end products, PBX2 homeobox 
gene and a notch homolog, human counter-
part of mouse mammary tumor gene int-3. 
Genomics 23:408–419  

    7.    Vissing H et al (1994) Localization of the 
human gene for advanced glycosylation end 
product-speci fi c receptor (AGER) to chromo-
some 6p21.3. Genomics 24:606–608  

    8.    Schmidt AM et al (2001) The multiligand 
receptor RAGE as a progression factor amplify-
ing immune and in fl ammatory responses. 
J Clin Invest 108:949–955  

    9.    Deora AA et al (1998) A redox-triggered ras-
effector interaction. Recruitment of phosphati-
dylinositol 3 ¢ -kinase to Ras by redox stress. 
J Biol Chem 273:29923–29928  

    10.    Huang JS et al (2001) Role of receptor for 
advanced glycation end-product (RAGE) and 
the JAK/STAT-signaling pathway in AGE-
induced collagen production in NRK-49F cells. 
J Cell Biochem 81:102–113  

    11.    Huttunen HJ, Fages C, Rauvala H (1999) 
Receptor for advanced glycation end products 
(RAGE)-mediated neurite outgrowth and acti-
vation of NF-kappaB require the cytoplasmic 
domain of the receptor but different down-
stream signaling pathways. J Biol Chem 274:
19919–19924  

    12.    Huttunen HJ, Kuja-Panula J, Rauvala H 
(2002) Receptor for advanced glycation end 
products (RAGE) signaling induces CREB-
dependent chromogranin expression during 
neuronal differentiation. J Biol Chem 277:
38635–38646  

    13.    Kislinger T et al (1999) N(epsilon)-
(carboxymethyl)lysine adducts of proteins are 
ligands for receptor for advanced glycation end 
products that activate cell signaling pathways 
and modulate gene expression. J Biol Chem 
274:31740–31749  

    14.    Lander HM et al (1997) Activation of the 
receptor for advanced glycation end products 
triggers a p21(ras)-dependent mitogen-acti-
vated protein kinase pathway regulated by oxi-
dant stress. J Biol Chem 272:17810–17814  

    15.    Yan SD et al (1994) Enhanced cellular oxidant 
stress by the interaction of advanced glycation 
end products with their receptors/binding 
proteins. J Biol Chem 269:9889–9897  

    16.    Cipollone F et al (2003) The receptor RAGE 
as a progression factor amplifying arachido-
nate-dependent in fl ammatory and proteolytic 
response in human atherosclerotic plaques: 
role of glycemic control. Circulation 108:
1070–1077  

    17.    Park L et al (1998) Suppression of accelerated 
diabetic atherosclerosis by the soluble receptor 
for advanced glycation endproducts. Nat Med 
4:1025–1031  

    18.    Goova MT et al (2001) Blockade of receptor 
for advanced glycation end-products restores 
effective wound healing in diabetic mice. Am J 
Pathol 159:513–525  

    19.    Lue LF et al (2001) Involvement of microglial 
receptor for advanced glycation endproducts 
(RAGE) in Alzheimer’s disease: identi fi cation 
of a cellular activation mechanism. Exp Neurol 
171:29–45  



27516 RAGE Splicing Variants in Mammals

    20.    Lue LF et al (2005) Preventing activation of 
receptor for advanced glycation endproducts in 
Alzheimer’s disease. Curr Drug Targets CNS 
Neurol Disord 4:249–266  

    21.    Hofmann MA et al (2002) RAGE and arthritis: 
the G82S polymorphism ampli fi es the 
in fl ammatory response. Genes Immun 3:
123–135  

    22.    Chavakis T, Bierhaus A, Nawroth PP (2004) 
RAGE (receptor for advanced glycation end 
products): a central player in the in fl ammatory 
response. Microbes Infect 6:1219–1225  

    23.    Taguchi A et al (2000) Blockade of RAGE-
amphoterin signalling suppresses tumor growth 
and metastases. Nature 405:354–360  

    24.    Huttunen HJ et al (2002) Receptor for 
advanced glycation end products-binding 
COOH-terminal motif of amphoterin inhibits 
invasive migration and metastasis. Cancer Res 
62:4805–4811  

    25.    Bartling B et al (2005) Down-regulation of the 
receptor for advanced glycation end-products 
(RAGE) supports non-small cell lung carci-
noma. Carcinogenesis 26:293–301  

    26.    Bhawal UK et al (2005) Association of expres-
sion of receptor for advanced glycation end 
products and invasive activity of oral squamous 
cell carcinoma. Oncology 69:246–255  

    27.    Ishiguro H et al (2005) Receptor for advanced 
glycation end products (RAGE) and its ligand, 
amphoterin are overexpressed and associated 
with prostate cancer development. Prostate 
64:92–100  

    28.    Malherbe P et al (1999) cDNA cloning of a 
novel secreted isoform of the human receptor 
for advanced glycation end products and char-
acterization of cells co-expressing cell-surface 
scavenger receptors and Swedish mutant amy-
loid precursor protein. Brain Res Mol Brain 
Res 71:159–170  

    29.    Schlueter C et al (2003) Tissue-speci fi c expres-
sion patterns of the RAGE receptor and its 
soluble forms—a result of regulated alternative 
splicing? Biochim Biophys Acta 1630:1–6  

    30.    Yonekura H et al (2003) Novel splice variants 
of the receptor for advanced glycation end-
products expressed in human vascular endothe-
lial cells and pericytes, and their putative roles 
in diabetes-induced vascular injury. Biochem J 
370:1097–1109  

    31.    Park IH et al (2004) Expression of a novel 
secreted splice variant of the receptor for advanced 
glycation end products (RAGE) in human brain 
astrocytes and peripheral blood mononuclear 
cells. Mol Immunol 40:1203–1211  

    32.    Ding Q, Keller JN (2005) Evaluation of rage 
isoforms, ligands, and signaling in the brain. 
Biochim Biophys Acta 1746:18–27  

    33.    Ding Q, Keller JN (2005) Splice variants of the 
receptor for advanced glycosylation end prod-
ucts (RAGE) in human brain. Neurosci Lett 
373:67–72  

    34.    Hudson BI et al (2008) Identi fi cation, 
classi fi cation, and expression of RAGE gene 
splice variants. FASEB J 22:1572–1580  

    35.    Geroldi D et al (2005) Decreased plasma levels 
of soluble receptor for advanced glycation end-
products in patients with essential hyperten-
sion. J Hypertens 23(9):1725–1729  

    36.    Parkin E, Harris B (2009) A disintegrin and 
metalloproteinase (ADAM)-mediated ectodo-
main shedding of ADAM10. J Neurochem 
108:1464–1479  

    37.    Raucci A et al (2008) A soluble form of the 
receptor for advanced glycation endproducts 
(RAGE) is produced by proteolytic cleavage of 
the membrane-bound form by the sheddase a 
disintegrin and metalloprotease 10 (ADAM10). 
FASEB J 22:3716–3727  

    38.    Zhang L et al (2008) Receptor for advanced 
glycation end products is subjected to protein 
ectodomain shedding by metalloproteinases. 
J Biol Chem 283:35507–35516  

    39.    Santilli F et al (2009) Soluble forms of RAGE 
in human diseases: clinical and therapeutical 
implications. Curr Med Chem 16:940–952  

    40.    Vazzana N et al (2009) Soluble forms of RAGE 
in internal medicine. Intern Emerg Med 
4:389–401  

    41.    Maillard-Lefebvre H et al (2009) Soluble 
receptor for advanced glycation end products: 
a new biomarker in diagnosis and prognosis of 
chronic in fl ammatory diseases. Rheumatology 
(Oxford) 48:1190–1196  

    42.    Emanuele E et al (2005) Circulating levels of 
soluble receptor for advanced glycation end 
products in Alzheimer disease and vascular 
dementia. Arch Neurol 62:1734–1736  

    43.    Jing R et al (2010) Receptor for advanced gly-
cation end products (RAGE) soluble form 
(sRAGE): a new biomarker for lung cancer. 
Neoplasma 57:55–61  

    44.    Jing RR et al (2010) Tissue-speci fi c expression 
pro fi ling of receptor for advanced glycation 
end products and its soluble forms in esopha-
geal and lung cancer. Genet Test Mol 
Biomarkers 14:355–361  

    45.    Takeuchi A et al (2007) Endogenous secretory 
receptor for advanced glycation endproducts as 
a novel prognostic marker in chondrosarcoma. 
Cancer 109:2532–2540  

    46.    Kalea AZ et al (2010) Alternatively spliced 
RAGEv1 inhibits tumorigenesis through sup-
pression of JNK signaling. Cancer Res 70:
5628–5638  



276 K.A. Sterenczak et al.

    47.    Kalea AZ et al (2009) Alternative splicing of 
the murine receptor for advanced glycation 
end-products (RAGE) gene. FASEB J 23:
1766–1774  

    48.    Sterenczak KA et al (2009) Cloning, charac-
terisation, and comparative quantitative expres-
sion analyses of receptor for advanced glycation 
end products (RAGE) transcript forms. Gene 
434:35–42  

    49.    Murua Escobar H et al (2006) Cloning and char-
acterization of the canine receptor for advanced 
glycation end products. Gene 369:45–52  

    50.    Breen M et al (1999) Reciprocal chromosome 
painting reveals detailed regions of conserved 
synteny between the karyotypes of the domes-

tic dog (Canis familiaris) and human. Genomics 
61:145–155  

    51.    Yang F et al (1999) A complete comparative 
chromosome map for the dog, red fox, and 
human and its integration with canine genetic 
maps. Genomics 62:189–202  

    52.    Harashima A et al (2006) Identi fi cation of 
mouse orthologue of endogenous secretory 
receptor for advanced glycation end-products: 
structure, function and expression. Biochem J 
396:109–115  

    53.    Khajavi M, Inoue K, Lupski JR (2006) 
Nonsense-mediated mRNA decay modulates 
clinical outcome of genetic disease. Eur J Hum 
Genet 14:1074–1081    



    Part V 

  Ca 2+ -Binding Proteins in Human Diseases 
and As Drug Targets         



279

Claus W. Heizmann (ed.), Calcium-Binding Proteins and RAGE: From Structural Basics to Clinical Applications, 
Methods in Molecular Biology, vol. 963, DOI 10.1007/978-1-62703-230-8_17, © Springer Science+Business Media New York 2013

    Chapter 17   

 Screening for Novel Calcium-Binding Proteins that Regulate 
Cardiac Hypertrophy: CIB1 as an Example       

     Joerg   Heineke         

  Abstract 

 Calcium-binding proteins have a crucial function in the regulation of cardiac contractility as well as in the 
regulation of cardiac signal-transduction. Because they sense calcium concentrations and at the same time 
bind speci fi c signaling molecules, some of these proteins are critically involved in the establishment of 
signaling microdomains, which are insulated from the large cytosolic calcium  fl uctuations involved in car-
diac excitation–contraction coupling. In this regard, we have recently identi fi ed the calcium-binding pro-
tein CIB1 as an important regulator of pathological cardiac hypertrophy and transition to heart failure. It 
is almost certain that more, currently unknown calcium-binding proteins with similar regulatory function 
in cardiac signaling exist. Here, I suggest screening strategies to identify these calcium-binding proteins 
with impact on cardiac hypertrophy and provide a detailed protocol for the identi fi cation of protein inter-
action partners. I also describe cell culture-based models for cardiomyocyte hypertrophy as well as mouse 
models for pathological or physiological hypertrophy and strategies to analyze the impact of candidate 
genes on the development of    hypertrophy.  

  Key words:   Calcium ,  Heart ,  Hypertrophy ,  Screening ,  CIB1 ,  Calcium-binding proteins, EF-hand    

 

 Cardiac hypertrophy describes    a postnatal growth process of car-
diac myocytes, which leads to enlargement of the heart. Depending 
on whether growth is induced by either pathological stimulation 
or physiologically occurring stimuli, this hypertrophy is termed 
“pathological” or “physiological.” Pathological stimuli that trigger 
hypertrophy are on the one hand those leading to pressure overload 
(like chronic arterial hypertension, aortic valve stenosis) as well as 
those leading to volume overload (like myocardial infarction or aortic 
valve insuf fi ciency) of the heart  (  1  ) . Pathological hypertrophy is 

  1.  Introduction
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often associated with myocardial  fi brosis and reactivation of the 
so-called embryonic gene program (e.g., re-expression of ANP 
and BNP) in ventricular cardiac myocytes. Importantly, patholog-
ical cardiac growth is coupled with increasing cardiac dysfunction 
and development of heart failure. In contrast, physiological hyper-
trophy is triggered by regular strenuous exercise (e.g., in athletes) 
or during pregnancy  (  1  ) . Physiological hypertrophy is purely 
adaptive and not associated with the development of heart failure, 
cardiac dysfunction, cardiac  fi brosis, or embryonic myocardial 
gene-expression  (  1  ) . Pathological cardiac hypertrophy is viewed as 
an important treatment target during heart failure and various sig-
naling pathways within cardiomyocytes have already been 
identi fi ed, although speci fi c molecular treatment strategies remain 
elusive. 

 Within cardiac myocytes calcium participates in multiple cru-
cial cellular functions, such as the regulation of signal-transduction 
as well as the induction of muscle contraction. Entrance of calcium 
through the voltage-dependent L-type channel upon membrane 
depolarization triggers a massive release of calcium from the sarco-
plasmatic reticulum (SR) and its subsequent binding to troponin C 
to trigger interaction of myosin and actin  fi laments and cardiac 
contraction during systole  (  2  ) . In that regard, cytosolic calcium 
levels between systole (cardiac contraction) and diastole (cardiac 
relaxation)  fl uctuate between 1  m M in systole and 100 nM in dias-
tole with every heartbeat. Therefore, targeted activation of signal-
ing molecules, for example during pathological loading of the 
heart, has to be tightly controlled and insulated from these con-
stant variations in cytosolic contraction-related calcium. In fact, it 
has even been suggested that “contractile calcium” is not at all 
contributing to the activation of signaling molecules regulating 
cardiac hypertrophy upon pathological cardiac overload (e.g., 
chronic arterial hypertension)  (  3,   4  ) . Indeed, enhancement of the 
contractile calcium pool by genetic means (resulting in increased 
activity of the SR calcium pump SERCA) did not result in cardiac 
hypertrophy  (  3  ) . This implies the existence of a separate calcium 
pool that is responsible for activation of hypertrophy-related sig-
naling molecules and that has therefore been termed “signaling 
calcium”  (  4  ) . It has been suggested that signaling calcium acts in 
microdomains in which calcium-dependent kinases or phosphatases 
are exposed to exceedingly high local concentrations of calcium in 
addition to their respective molecular targets. Calcium-binding 
proteins play a critical role within signaling microdomains. One 
such molecule is calmodulin, which is a prototypical calcium sensor 
with four canonical calcium-binding EF-hand domains  (  5  ) . With 
its relatively low af fi nity, calcium only binds to calmodulin at high 
calcium concentrations and consequently induces a conformational 
switch within the molecule that enables binding of target  molecules. 
Calcium/calmodulin-binding partners with hypertrophy-inducing 
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properties include the calmodulin-dependent kinase II (CamKII), 
the transcriptional co-activator CAMTA2, as well as the phos-
phatase calcineurin. CamKII is a serine–threonine kinase with a 
broad spectrum of substrates. Upon calcium release from the 
nuclear envelope CamKII becomes activated by calcium/calmodu-
lin to phosphorylate HDAC5, leading to its nuclear export and 
derepression of pro-hypertrophic gene-expression  (  6  ) . Therefore, 
CamKII overexpression in the mouse heart induces, while genetic 
deletion of CamKII d  (the main isoform in the heart) protects from, 
cardiac hypertrophy and failure  (  7–  10  ) . Calmodulin-binding tran-
scription activator 2 (CAMTA2) is highly expressed in heart and 
brain and activates hypertrophic gene-expression by association 
with the cardiac homeodomain protein Nkx2-5 in cardiac myo-
cytes  (  11  ) . While cardiomyocyte-speci fi c overexpression of 
CAMTA2 leads to severe cardiac hypertrophy, homozygous dele-
tion of CAMAT2 in mice blunts hypertrophy due to cardiac pres-
sure overload or stimulation by angiotensin II infusion  (  11  ) . 
Finally, calcium/calmodulin binding to the phosphatase calcineu-
rin shifts the C-terminal auto-inhibitory domain off the catalytic 
site of calcineurin, rendering the molecule active to dephosphory-
late its substrates  (  12  ) . The most prominent calcineurin substrates 
belong to the family of nuclear factor of activated T cells (NFAT). 
Upon their dephosphorylation by calcineurin, NFATs translocate 
to the nucleus to activate pro-hypertrophic gene-expression  (  12  ) . 
In that regard it was shown that constitutive overexpression of 
activated calcineurin or activated NFAT leads to cardiac hypertro-
phy in mice, while in turn genetic deletion of the stress-responsive 
isoform of calcineurin (calcineurin A b ) inhibits the development of 
myocardial hypertrophy  (  13,   14  ) . Calcineurin consists of two sub-
units: Calcineurin A (CnA), which is bound by calcium/calmodu-
lin and contains the catalytic center in its N-terminal region, and 
calcineurin B (CNB), a small 4 EF-hands containing molecule with 
high af fi nity for calcium. CnA is not stable without CNB and even 
constitutively active calcineurin depends on calcium-bound CNB 
 (  15,   16  ) . We recently discovered CIB1 as another calcium-binding 
protein with crucial function for CnA activation  (  16  ) . CIB1 is 
ubiquitously expressed, although a particularly high expression has 
been observed in the heart. It was originally identi fi ed to bind to 
the cytoplasmic domain of the integrin  a IIb in platelets, where it 
inhibits activation of the  a IIb b 3 integrin complex  (  17  ) . CIB1 is a 
22-kDa protein containing four EF-hand domains, but only the 
third and fourth C-terminal EF hand domains bind calcium at 
physiological concentrations  (  18  ) . It can be myristoylated at the 
N-terminus and plasma-membrane localization of the protein has 
been demonstrated in multiple cell types  (  19,   20  ) . Indeed, CIB1 
binds and in fl uences multiple signaling proteins in vicinity of the 
plasma-membrane, including sphingosine kinase 1, focal adhesion 
kinase, p21-activated kinase, and calcineurin  (  17,   19,   21–  23  ) . 
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We have recently shown that CIB1 directly interacts with CNB and 
supports the recruitment of calcineurin to the sarcolemma (the 
plasma-membrane of cardiac myocytes) as well as its activation 
 (  16  ) . CIB1 also binds to the L-type calcium channel during patho-
logical hemodynamic overload and thereby sets up a microdomain, 
in which calcineurin is anchored close to its local calcium source 
and its main target NFAT at the membrane  (  16  ) . Importantly, 
ablation of CIB1 protected the mouse heart from pathological 
hypertrophy and the development of heart failure, thus rendering 
CIB1 a potential target of future therapeutic strategies  (  16  ) . 

  Because the existence of more calcium-binding regulatory proteins 
with crucial functions in cardiomyocyte (microdomain) signaling 
and induction of myocardial hypertrophy or heart failure is very 
likely, adequate strategies need to be employed to enable fast, 
ef fi cient, and reliable identi fi cation of these proteins. Most likely 
this will contribute not only to our understanding of calcium-
dependent signal-transduction in cells with large variations in cyto-
solic calcium concentrations but also to the development of new 
medical therapies counteracting hypertrophy and heart failure. As 
an unbiased approach, multiple different screening procedures 
could be used for this endeavor:

    1.    Gene-expression pro fi ling in order to identify calcium-binding 
proteins that are up- or down-regulated in isolated cardiac cells 
or whole hearts under different conditions. For example, one 
could sample myocardial gene-expression in different mouse 
models of cardiac hypertrophy (e.g., mouse models of myocar-
dial infarction, physiological hypertrophy, or transverse aortic 
constriction to induce cardiac pressure overload, which will 
lead to pathological hypertrophy and transition to heart failure 
as described in detail below) and compare it between various 
disease stages and the un-diseased state. Gene-expression anal-
ysis can be applied in this regard to myocardial tissue or speci fi c 
cells isolated from the heart (e.g., cardiomyocytes, endothelial 
cells,  fi broblasts) or of course to cultured myocardial cells. 
Besides analyzing different disease states, one could also ana-
lyze the impact of reduced or enhanced activation of certain 
pro- or anti-hypertrophic signaling molecules (e.g., transcrip-
tion factors, signaling kinases, or phosphatases). For this, one 
could over-express or down-regulate the respective molecule 
in cell culture using adenoviral or lenti-viral overexpression or 
si/shRNA-based techniques for downregulation. For mouse 
models, one could sample tissue or cells from systemic or cell-
speci fi c knockout mice or transgenes with cell-speci fi c overex-
pression. Expressed genes with signi fi cant down- or 
upregulation (e.g., by twofold or more) in hypertrophy or 
induced by pro-hypertrophic signaling molecules should be 

  1.1.  Screening for 
Novel Calcium-Binding 
Proteins
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screened for calcium-binding protein motifs like EF-hand 
motifs, calmodulin-binding domains, or calcium-binding C2 
domains (for example on the NCBI Web site:   http://www.
ncbi.nlm.nih.gov/cdd?term    ), in order to identify novel cal-
cium-binding signaling proteins with impact on cardiac hyper-
trophy. By this approach, we previously identi fi ed CIB1 as an 
important regulator of pathological hypertrophy  (  16  ) : We 
over-expressed the pro-hypertrophic transcription factor 
GATA4 in primary isolated neonatal rat cardiomyocytes 
(NRCM, a well-established, reliable in vitro model of cardio-
myocyte hypertrophy, described in detail below) and compared 
the gene-expression with NRCMs over-expressing a control 
protein (lac-Z). Transcriptional pro fi ling by micro-array 
revealed 2–2.5-fold upregulation of CIB1 mRNA, which we 
later independently con fi rmed by Northern-Blot and on the 
protein level by Western-blot  (  16  ) . We extended our expres-
sion analysis to show that CIB1 was also up-regulated in mouse 
hearts during pathological hypertrophy due to aortic constric-
tion (a good model of pathological hypertrophy and heart fail-
ure in vivo, described in detail below), but not in physiological 
hypertrophy (induced by chronic swimming exercise in mice, 
also described in detail below)  (  16  ) . Besides micro-array-based 
transcriptome pro fi ling, one could also employ next-genera-
tion sequencing approaches, or proteomic methods (e.g., 
DIGE). Since all these techniques require very specialized, 
expensive equipment and knowledge they are almost always 
performed by core-facilities and the only thing the researcher 
has to do is design the experiment and then submit the samples 
to the facility. Because of this fact, I describe possible experi-
mental setups here, instead of giving detailed protocols of the 
transcriptional pro fi ling methods itself. 

 Of course, lack of expression changes would not at all 
mean that the respective calcium-binding protein is not impor-
tant during cardiac hypertrophy; therefore two other screening 
approaches are subsequently brie fl y described.  

    2.    One could screen for protein interactions to identify (novel) 
calcium-binding proteins with impact on cardiac hypertrophy. 
In this regard the “interactome” (all interaction partners of a 
given protein) of hypertrophy-inducing transcription factors 
or signal-transduction proteins (e.g., particular kinases or 
phosphatases) could be of high interest. For example, a yeast-
two hybrid screen with the pro-hypertrophic transcription fac-
tor GATA4 as bait revealed the transcription factor NFAT3 as 
previously unknown interaction partner of GATA4  (  14  ) . 
Because NFAT was known at that time already as being acti-
vated by the phosphatase calcineurin in T-cells, the impor-
tance of calcineurin for NFAT activation and hypertrophy in 
cardiomyocytes was discovered as a result of that initial yeast-

http://www.ncbi.nlm.nih.gov/cdd?term
http://www.ncbi.nlm.nih.gov/cdd?term
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two hybrid screen  (  14  ) . In addition, the small non-catalytic 
subunit of calcineurin (CNB) was identi fi ed as an important 
binding partner of CIB1 when CIB1 was used as bait in a 
yeast-two hybrid screen  (  16  ) . Since yeast-two hybrid screens 
are commercially available now (for example the “Matchmaker” 
system from Clontech), I will not describe the yeast-two 
hybrid screen in detail here. As alternative approach, one 
could use a GST-fusion protein pulldown analysis to identify 
new interaction    partners. For this procedure, a GST-fusion 
protein of the pro-hypertrophic molecule of interest needs to 
be cloned, synthesized, and puri fi ed. Subsequently, this GST-
fusion protein as well as GST (both coupled to sepharose 
beads) are separately incubated with cardiac protein lysates 
(either from hearts or cardiomyocytes). After washing, the 
proteins bound to the beads are released by a denaturing step 
and analyzed side by side with SDS-PAGE gel analysis and 
subsequent Coomassie staining. Speci fi c interaction partners 
will show up as a speci fi c band as the results of the GST-fusion 
protein pulldown, but not of the GST pulldown. Bands of 
interest are excised and sent for mass-spectrometry analysis to 
identify the protein. The method is described in detail below. 
To con fi rm the results of the screen, one needs to perform 
independent immunoprecipitations or GST-pulldown experi-
ments to con fi rm the interaction.  

    3.    In order to identify novel calcium-binding proteins with impact 
on hypertrophy one could also conduct a “functional” screen. 
For this approach, a large amount of clones (e.g., a particular 
cDNA library) are tested for their ability to induce cardiomyo-
cyte hypertrophy or hypertrophic signaling. As an example, 
pools of cDNA clones were tested for their ability to activate 
the ANF (atrial natriuretic factor) promoter, which typically 
becomes activated in cardiomyocyte hypertrophy  (  11  ) . In 
detail, 2000 cDNA pools (each containing around 100 cDNA 
clones) were co-transfected into COS cells with an ANF pro-
moter construct, which was coupled to a luciferase cassette 
 (  11  ) . One clone that was found to activate the ANF promoter 
by more than 20-fold was CAMTA2, a calcium/calmodulin-
binding protein, which was subsequently identi fi ed as a strong 
inducer of cardiomyocyte hypertrophy in vitro and in mouse 
hearts in vivo  (  11  ) . Besides screening in COS cells one could 
directly use neonatal rat cardiac myocytes to perform a func-
tional screen. However, because of the low transfection 
ef fi ciency of cardiomyocytes (usually 1–2%), one has to deliver 
the cDNA clones for example via lentiviral gene-transfer. In 
addition to cDNA libraries, also shRNA libraries could be used 
to target cardiac myocytes in a screening procedure. In that 
case, a loss of function approach could reveal calcium-binding 
proteins that are required to mount a hypertrophy response. 
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Besides using ANF-luciferase as a readout in cardiac myocytes, 
cell size could also be used as an alternative, although an auto-
mated software-based approach for cell-size measurements 
needs to be in place for that.     

 In the following sections, I give a detailed overview on models of 
cardiomyocyte hypertrophy in vitro and in vivo and I also suggest 
a protocol for a GST-pulldown protein interaction screen.   

 

     Course, small 90° angled forceps (2×) (Roboz).  
  Dressing forceps (Roboz).  
  Spring scissors (Roboz).  
  10×ADS buffer: 1.164 M NaCl, 54 mM KCl, 56 mM dextrose, 

109 mM NaH 2 PO 4 , 4.057 mM MgSO 4 , 200 mM HEPES, 
adjust pH to 7.3 with 1 M NaOH. Dilute 1:10 with H 2 O and 
adjust pH again for 1×ADS.  
  1×ADS buffer ( red ): Add 2% phenol red to 1×ADS.  

  Enzyme solution (200 ml, for the preparation of 85–120 hearts): 
88 mg collagenase, type 2 (Worthington Biochemical 
Corporation). 20 mg pancreatin (Sigma-Aldrich),  fi ll up to 
200 ml with 1×ADS,  fi lter sterile.  

  Percoll Gradient (for 10 gradients): Percoll stock: 40.5 ml Percoll 
reagent (GE Healthcare) + 4.5 ml 10×ADS, top Percoll: 16 ml 
Percoll stock + 24 ml 1×ADS, bottom Percoll: 26 ml Percoll 
stock + 14 ml 1×ADS (red).  

  Plating medium: 400 ml DMEM high Glucose, 100 ml Medium 
199, 10% Horse serum, 5% FBS, 1% Glutamine, 1% Penicillin/
Streptomycin.  

  Maintenance Medium: 400 ml DMEM high Glucose, 100 ml 
Medium 199, 1% Glutamine, 1% Penicillin/Streptomycin.     

     MiniVent (ventilator, Harvard Apparatus).  
  Iso fl urane vaporizer (Vetequip Inc.).  
  Face mask for mice (Vetequip Inc.).  
  Electric Shaver (GE).  
  Operating table (equipped to be heated, Harvard Apparatus).  
  Buprenorphine (Merck).  
  Bandaging tape.  
  1½ 20 gauge angiocatheter, blunted (BD).  
  Blunt scissors (Roboz).  
  Spring scissors (Roboz).  
  Course, small 90° angled forceps (2×) (Roboz).  
  Dressing forceps (Roboz).  
  Chest retractor (Fine Science Tools).  

  2.  Materials

  2.1.  Neonatal Rat 
Cardiac Myocytes as a 
Model of Cardiac 
Hypertrophy In Vitro

  2.2.  Transverse Aortic 
Constriction and 
Swimming Exercise 
as Mouse Models 
of Hypertrophy In Vivo
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  Needle holder (Roboz).  
  27 Gauge needle 90° curved, blunted (BD).  
  7–0 silk suture material for constriction (Johnson & Johnson).  
  7–0 prolene suture material for chest closure (Johnson & 

Johnson).  
  40 cm (width) × 60 cm (length) × 40 cm (height) plastic basin.  
  Water heater.  
  Thermometer.     

     100 mM IPTG (Sigma-Aldrich).  
  Cold Buffer: 50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1 mM 

EDTA, 10% glycerol.  
  100 mM PMSF in Isopropanol.  
  Glutathione Sepharose 4B beads (GE Healthcare).  
  Binding Buffer: 20 mM HEPES (pH 7.6), 75 mM NaCl, 0.05% 

NP40.  
  Protease Inhibitor Tablet (complete, from Roche).  
  SDS-PAGE Resolving Gel (12%, 80 ml).  
  26.4 ml H 2 O, 32.0 ml 30% Acrylamide/Bis    (37.5:1), 20 ml 1.5 M 

Tris–HCl (pH 8.8), 0.8 ml 10%SDS, 0.8 ml 10% ammonium 
persulfate, 0.032 ml    TEMED.  

  SDS-PAGE Stacking Gel (10 ml).  
  6.8 ml H 2 O, 1.7 ml 30% Acrylamide/Bis (37.5:1), 1.25 ml 1.5 M 

Tris–HCl (pH 6.8), 0.1 ml 10%SDS, 0.1 ml 10% ammonium 
persulfate, 0.01 ml TEMED.  

  40% Acrylamide (Roth).  
  5×Western Sample Buffer: 10% SDS (w/v), 10 mM DTT or  b -mer-

capto-ethanol, 0.2 M Tris–HCl, pH6.8, 0.05% Bromophenol 
blue (w/v).  

  Coomassie staining solution: 0.2 g Coomassie Brilliant Blue R-250, 
30% methanol, 10% acetic acid, H 2 O to a total volume of 
200 ml.  

  Coomassie destaining solution: 30% methanol, 10% acetic acid in 
H 2 O.      

 

  For gene-expression pro fi ling, GST-pulldown screens, as well as 
for the conduction of a functional screen it is crucial to establish a 
good cell culture-based model of cardiac hypertrophy in the lab. In 
addition, this will also be indispensable for the examination of can-
didate genes obtained from screens, for example to test their impact 
on cardiac hypertrophy. 

 Preparation of neonatal rat hearts (a typical preparation will 
use a maximum of 100 rat hearts, although the prep can easily be 
downscaled to isolate hearts from only 50 rats):

  2.3.  GST-Pulldown 
Screen for the 
Identi fi cation 
of Protein-Binding 
Partners

  3.  Methods

  3.1.  Neonatal Rat 
Cardiac Myocytes 
as a Model of Cardiac 
Hypertrophy In Vitro
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    1.    Newborn rats (1–3 days old) are held with large forceps and 
are quickly decapitated and transferred to lie on their back 
onto a clean paper towel. 4–10 neonates are processed at one 
time.  

    2.    The neonate is  fi xed with large forceps and the thorax is cut 
along the sternum with a small scissors, but care has to be 
taken not to open the abdominal cavity.  

    3.    The tweezers are used to spread open the thorax and by care-
fully pushing downwards release the heart, which is captured 
by a small curved forceps and immediately transferred to a 
Petri dish containing cold 1×ADS buffer on ice (between 30 
and 50 hearts can be collected in one dish like this).  

    4.    After all hearts have been collected, the atria and vessels are 
removed from the base of the heart and the ventricles are trans-
ferred to a fresh Petri dish with cold 1×ADS on ice.  

    5.    The hearts are cut into about eight pieces each within the Petri 
dish and then transferred to a 50 ml Falcon (max. 50 hearts/
Falcon). 
 Predigestion of the hearts  

    6.    The super fl uous 1×ADS is removed and ice-cold enzyme solu-
tion is added to the Falcons containing the hearts (0.3 ml/
heart).  

    7.    The Falcons are rotated (6–7 revolutions/min) at 37°C for 
10 min. FBS is thawed during this time.  

    8.    After the heart pieces settle on the ground of the Falcon, the 
supernatant is removed and discarded. 
 Digestion of hearts  

    9.    Fresh enzyme solution is given into the Falcons containing the 
heart pieces. Incubation is conducted at 37°C with rotation for 
20 min.  

    10.    After the heart pieces settle, the supernatant (containing the 
cells) is removed and transferred into a 15 ml Falcon containing 
2 ml of FBS. New enzyme solution is added to the heart pieces 
and the digestion is repeated. Together, the digestion proce-
dure should be performed  fi ve to six times. See also Note 1 .   

    11.    The Falcon containing the supernatant with cells and FBS is 
centrifuged in a tabletop centrifuge at 700 rpm (94 ´ g) for 
5 min at room temperature. The supernatant is removed and 
discarded and the cells are resuspended in 1 ml FBS using a 
blue (1 ml) pipette tip. Subsequently, the cells are transferred 
to a 50 ml Falcon, in which all cells are collected and stored in 
a tissue culture incubator at 37°C (with the lid only loosely 
closed) during the digestion procedure.  

    12.    After the last digest, the 50 ml Falcon with all collected cells is 
centrifuged at 700 rpm for 7 min. The cells are then  resuspended 
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using a pipette tip with 1 ml 1×ADS. Add 1×ADS to obtain a 
total volume of 20 ml 1×ADS (if only 50 hearts were pro-
cessed, ADS should be added only to a total volume of 10 ml; 
the total volume required in this step can be calculated as the 
amount of Percoll gradients × 2 ml).  

    13.    During the incubation times of the digest, one should gelati-
nize the tissue culture plates (with 1% Gelatine, which is incu-
bated brie fl y on the plates before it is removed and the plates 
are dried under the cell culture hood) and set up the Percoll 
gradients (see next paragraph). 

 A Percoll gradient is used in order to separate the cardio-
myocytes from the non-myocyte cells (i.e.,  fi broblasts and 
endothelial cells).  

    14.    The Percoll gradients have to be carefully prepared (preferably 
during the digestion procedures). The number of Percoll gra-
dients depends on the amount of rat hearts used in the begin-
ning. Roughly 1 gradient is needed per 10 hearts (and therefore 
10 gradients are needed, when 100 hearts are used in the 
beginning). For each gradient 4 ml of top-Percoll (white) are 
dispensed at the bottom of a 15 ml Falcon. Then 3 ml of bot-
tom-Percoll solution are carefully placed under the top-Percoll 
by bringing the pipette tip to the bottom of the Falcon and 
slowly releasing the pipette’s content (see Fig.  1 ).   

    15.    2 ml of cells are very carefully loaded on top of each gradient 
before the gradients are centrifuged    at 3,000 rpm (1,730 ´ g) 
for 30 min at room temperature. It is important to inactivate 
the brakes of the centrifuge to enable a very slow reduction of 
speed by the centrifuge and therefore keep the gradients and 
the cell separation intact.  

    16.    Two main layers of cells can be observed (Fig.  1 ). The top 
layer (between 1×ADS and top-Percoll) is formed by non-

Top-Percoll

Bottom-Percoll

1xADS

Cardiomyocytes

Non-Cardiomyocytes

5ml mark

2ml mark

  Fig. 1.    Schematic representation of the Percoll gradient after centrifugation.       
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myocytes. When these cells are not needed, this layer is removed 
by a sterile glass pipette with suction (approximately until the 
5 ml mark of the Falcon, see Note 2). The next cell layer con-
tains the cardiomyocytes and should be taken up with a 5 ml 
pipette and transferred to a 50 ml Falcon (up to a maximum of 
5 gradients per Falcon). The 50 ml Falcons need to be  fi lled up 
until the 40 ml mark with 1×ADS before they are centrifuged 
at 700 rpm for 7 min. The supernatant is then discarded, while 
the cells are resuspended in 1 ml 1×ADS with a blue (1 ml) tip 
and Falcons are subsequently  fi lled up to the 30 ml mark. 
Another centrifugation is performed at 700 rpm, for 7 min, 
after which the supernatant is discarded and the cardiomyocyte 
pellet resuspended in 1 ml plating medium, before more plat-
ing medium is added to a total of 0.3 ml/heart.  

    17.    In order to count the cells, two 10  m l aliquots of the cell sus-
pension are each supplemented with 10  m l trypan blue and the 
non-blue cells (the dead cells are stained blue by trypan blue) 
are counted by a hemocytometer. In order to determine the 
cell concentration, the result from the hemocytometer still 
needs to be multiplied by 2 (because of the dilution by trypan 
blue). The cells are then seeded onto gelatinized cell-culture 
plates at a cell density of roughly (212 cells/mm²). For the 
analysis of cardiac hypertrophy, cardiomyocyte density should 
be between 60 and 70% (see also Note 3).  

    18.    The cells are kept in plating medium overnight, before they are 
twice washed in PBS and switched to serum-free maintenance 
medium on day 2 of culture.     

 Hypertrophy can be induced in these primary cardiomyocytes by 
adding growth factors or serum (see Table  1 ) to the culture 
medium on day 3 of culture (i.e., after 24 h without any serum). 

   Table 1 
  Different pro-hypertrophic agents, their  fi nal concentration 
in cell culture media, and potential suppliers are listed   

 Pro-hypertrophic agent  Supplier 
 Final concentration 
in culture media 

 Phenylephrine  Sigma-Aldrich  20  m M 

 Endothelin-1  Sigma-Aldrich  100nM 

 Isoproterenol  Sigma-Aldrich  10  m M 

 Fetal bovine serum (FBS)  Invitrogen/Life technologies  2% 

 IGF-1  R&D systems  20 ng/ml 
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Typically, cardiomyocyte hypertrophy emerges 24–48 h in growth 
factor-stimulated versus unstimulated cells (i.e., cells kept in main-
tenance medium without added serum or growth factors). 
Hypertrophy can be quanti fi ed by measuring cardiomyocyte cell 
size using an imaging software (e.g., Image J from the NIH Web 
site), preferably after immunostaining for a cardiomyocyte-speci fi c 
marker (like  a -actinin). As another characteristic of hypertrophy 
the protein/DNA ratio is increased and can be measured. Finally 
one should analyze the typical changes in gene-expression that are 
associated with cardiomyocyte hypertrophy (increased mRNA 
expression of ANP, BNP,  a -skeletal Actin, and  b -MHC and 
decreased expression of  a -MHC and SERCA2a); this is typically 
done by standard Northern Blot or quantitative real-time PCR. In 
order to test whether any identi fi ed calcium-binding protein par-
ticipates in the regulation of cardiac hypertrophy, one could start 
by either over-expressing or down-regulating this gene and evalu-
ate the effect on hypertrophy. In our lab, overexpression is typi-
cally achieved by infecting the cells with a recombinant adenovirus 
(generated with the help of the Adeasy system from Stratagene), 
while downregulation is achieved by transfecting speci fi c siRNAs 
(obtained for example from Sigma-Aldrich) with the use of a 
 standard transfection reagent (e.g., Fugene6 from Roche or 
Lipofectamine 2000 from Invitrogen). As an example, speci fi c 
downregulation of CIB1 by siRNA reduced the hypertrophic 
response after phenylephrine (PE) stimulation in neonatal rat car-
diac myocytes, while adenoviral CIB1 overexpression increased 
hypertrophy during PE stimulation  (  16  ) .   

  In order to enable screening or analysis of a given candidate gene 
in vivo, mouse models for pathological as well as physiological 
hypertrophy need to be in place. Importantly, these protocols  fi rst 
need to be approved by the local animal care facilities before they 
can be applied. 

  This method was originally described by Rockmann et al. and is 
illustrated here in Fig.  2  (Fig.  2a  contains a schematic representa-
tion of the procedure)  (  24  ) . For best results 8–12-week-old mice 
should be used. Before starting the procedure, mice are depilated 
at the ventral thoracic skin and also receive an intraperitoneal injec-
tion of buprenorphine (0.1 mg/kg) for intra- and postoperative 
analgesia. 

    1.    Mice are anesthetized by 3% iso fl urane and 600 ml/min oxy-
gen  fl ow in an induction chamber for 3–5 min, before being 
transferred onto their back on the operating table while stay-
ing connected to the mask anesthesia apparatus. The forelegs 
are held down by bandaging tape. In order to expose the tra-
chea, a midline incision is made just cranial to the manubrium 

  3.2.  Transverse Aortic 
Constriction and 
Swimming Exercise as 
Mouse Models of 
Hypertrophy In Vivo

  3.2.1.  Transverse Aortic 
Constriction (TAC)
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with a small scissors and the skin is subcutaneously under-
mined towards the symphysis of the mandible. The skin is 
incised and the muscles overlying the trachea are moved away 
from the midline with small tweezers. The mouse is then 
quickly moved away from the mask anesthesia apparatus into 
a position with a good light source still on its back with the 
head to the right. The trachea is  fi xed with a toothed curved 

27G needle

Heart

Atria
7-0 silk

Right common carotid
Left common carotid

Ascending aorta

Aorta

a c

b d

Innominate artery

Trachea

Right thymus lobe

Atria

Left thymus lobe

Right atrium

Ascending aorta

Innominate artery

Left thymus lobe

Left thymus lobe

e
f

Aortic arch

Forceps positioned under the
aortic arch to pull the 7-0 silk
under the aorta.

The chest is closed with 2
7-0 prolene sutures

  Fig. 2.    ( a ) Schematic representation of the TAC procedure. ( b ) Positioning of the intubated mouse on the operating table for 
TAC surgery. ( c – f ) Anatomical and procedural details during TAC surgery. The  black arrow  demonstrates where a passage 
under the aortic arch should be initiated. See also text for details.       
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forceps and at the same time, a 1½ 20 gauge angio-catheter 
with a blunted tip is inserted into the trachea through the 
mouth with the mouse’s head bent far backwards towards the 
table. A slight resistance is felt when the catheter passes the 
vocal cords and one will clearly observe the catheter moving 
into the trachea. The plastic end of the catheter at the mouth 
is held by two  fi ngers, while the metal rot part of the angio-
catheter is quickly removed and the angio-catheter tubing is 
carefully connected to the ventilator with the mouse on its 
back on the operating table. The ventilator is set to a stroke 
volume of 0.2 ml (in smaller female mice 0.175 ml is recom-
mended) and a rate of 200 strokes/min. One should clearly 
see regular excursions of the thorax. The mouse is  fi xed on its 
back with the head towards the surgeon on the operating table 
by white bandaging tape (Fig.  2b ).  

    2.    Blunt scissors or a scapel can be used to remove fascia and sub-
cutaneous tissue overlying the sternum. The skin is cut open 
over the sternum towards the xiphoid process. Subsequently, 
the sternum is carefully split along 2/3 of its length to the base 
of the heart and one has to be extremely careful not to deviate 
from the midline more than 2 mm, because this would lead to 
the laceration of the internal mammary arteries, which typically 
leads to death of the mouse. The splitting of the sternum with 
the use of small spring scissors is begun at the thoracic inlet 
and proceeds in four to  fi ve small bites. Then a rip retractor is 
placed so that the surgeon can see the thymus overlaying the 
great vessels and the base of the heart (Fig.  2c ).  

    3.    Small 90° curved tweezers are used for the following steps. 
The thymus is grasped slowly and gently at its caudal end and 
is gently lifted before split into right and left halves. The right 
half of the thymus is moved away to the right side where it 
stays out of the operating  fi eld. The left half of the thymus 
should be carefully removed from the transverse aortic arch 
and the pericardium at the base of the heart to which it is 
attached to. One should then clearly see the base of the heart, 
the ascending aortic arch, as well as the innominate and right 
carotid arteries (see Fig.  2d ).  

    4.    Next, small 90° curved tweezers are used to create a passage 
dorsal of the ascending aortic arch (starting at the tip of the 
black arrow as depicted in Fig.  2d ). For this, the closed twee-
zers are moved downwards at the left side of the trachea 
towards the base of the heart and are repeatedly moved under 
the ascending aortic arch between the innominate and left 
carotid arteries. When the aortic arch is completely tunnelled, 
the tweezers are inserted under the aorta and carefully opened 
to grasp a 7–0 silk to place it along under the aorta (Fig.  2e ).  
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    5.    A 90° bent blunted 27-gauge needle is put on top of the aorta 
and a  fi ne needle holder is used to place a triple looped sur-
geons knot on the aorta including the 27-gauge needle (see 
Note 4). The knot is tied and quickly another single knot is 
added to secure the  fi rst knot. This should ideally be done 
within 10 s and then the needle is carefully pulled out of the 
knot.  

    6.    Before closing the chest wall, trapped air should be removed 
from the thoracic cavity by massaging it with thumb and index 
 fi nger, in order to avoid pneumothorax. The chest wall is then 
closed with two to three simple interrupted 7–0 prolene sutures 
and great care should again be applied not to lacerate the inter-
nal mammary arteries (Fig.  2f ). The skin and subcutaneous tis-
sue are closed with surgical glue after the edges of the wound 
are apposed.  

    7.    The iso fl urane can then be discontinued so that ventilation of 
the mouse occurs with 100% room air; the  fi xation of the 
mouse can be released and care should be taken not to extu-
bate the mouse during that process. Respiration needs to be 
carefully monitored as the mouse will increasingly try to 
breathe on its own. The mouse can be brie fl y disconnected 
from the ventilator and if respiratory efforts progressively slow 
down, the mouse can be reconnected to the ventilator. If not, 
the mouse is transferred to an oxygen-enriched, 37°C incuba-
tor for full recovery.     

 During sham operation the exact same procedure is performed, 
but no ligature is placed. With some practice, mortality rates for 
TAC surgery in wild-type mice can be as low as 10–20%. In gen-
eral, cardiac hypertrophy will develop within 1–2 weeks and car-
diac dysfunction within 6–8 weeks after TAC surgery, although the 
development of cardiac dysfunction strongly depends on the 
genetic background of the mice: while FVBN mice never develop 
cardiac dysfunction after TAC, C57/Bl6 mice do. In order to test 
the impact of certain calcium-binding proteins, one should gener-
ate or obtain general or preferable cell-speci fi c (e.g., cardiomyo-
cyte speci fi c) knockout mice or over-expressing transgenic mice of 
the respective gene. If one wants to analyze the development of 
cardiac hypertrophy, TAC and sham surgery have to be performed 
in the respective knockout or transgenic mice as well as littermate 
control/wild-type mice; mice have to be sacri fi ced 2 or 3 weeks 
after TAC in order to analyze cardiac hypertrophy as described 
below. For the analysis of cardiac dysfunction, one should follow 
left ventricular dimensions and function by weekly echocardiogra-
phy (starting 2 weeks after surgery) and mice should be sacri fi ced 
between 6 and 12 weeks after TAC or sham operation. For exam-
ple, we analyzed cardiac hypertrophy in  Cib1  homozygous (−/−) 
and heterozygous (+/−) knockout mice in comparison to  wild-type 
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mice (+/+) and discovered that the  Cib1  mutant mice develop 
 signi fi cantly less cardiac hypertrophy after 2 weeks of TAC. In 
addition, weekly echocardiography revealed that the  Cib1  −/− 
mice were signi fi cantly protected against cardiac dysfunction 
between 3 weeks and 6 weeks after TAC  (  16  ) .  

  Physiological hypertrophy is a purely adaptive response and is 
associated with activation of adaptive signaling cascades within 
cardiac myocytes and other cell types in the heart  (  1  ) . It is there-
fore recommended, once a novel calcium-binding protein with 
impact on pathological hypertrophy has been identi fi ed, to also 
carefully test whether this protein might also in fl uence the devel-
opment of physiological hypertrophy. For example, if inhibition of 
the protein of interest does also inhibit physiological hypertrophy, 
interference with adaptive signaling could render such a protein 
unsuitable as a future therapeutic target of cardiac hypertrophy. 
 Cib1  −/− mice, while being protected from pathological hyper-
trophy, developed normal physiological hypertrophy and there-
fore CIB1 could be a good treatment target for the therapy of 
pathological hypertrophy and heart failure  (  16  ) .

    1.    Fresh water needs to be  fi lled in the water tank for mouse 
swimming for each session and the water depth should be 
15–20 cm, while the water temperature needs to be brought to 
30–32°C. Importantly, mice have to be constantly supervised 
during swimming to be able to rescue them from drowning, 
although that is rarely necessary (see Note 5).  

    2.    In order to slowly accustom the mice to swimming, the swim-
ming time is gradually increased: on the  fi rst day, mice swim 
for 10 min twice a day, which is gradually increased by 10 min 
per session each day; therefore on day 2, mice swim twice for 
20 min, day 3 twice for 30 min, until on the 9th day mice swim 
twice for 90 min (see also Note 6).  

    3.    From the 9th day until the 21st day, mice swim twice per day 
for 90 min. Mice are sacri fi ced on day 22 and hypertrophy is 
quanti fi ed.      

  The most important measure of cardiac hypertrophy is also very 
easy to obtain: the heart weight. After removal of the heart from 
the mouse, it is washed in sterile, cold 1×PBS, and forceps are used 
to carefully squeeze the heart to remove blood from its chambers. 
The heart is then transferred to a clean paper towel and excess tis-
sue (e.g., epicardial fat) and the big vessels are removed from 
the base of the heart. It is then washed again, before being care-
fully dried on a paper towel and weighed. The heart weight is usu-
ally well in proportion with body weight or other measures of body 
size. Therefore, heart weight is expressed as a ratio with body 
weight (heart weight/body weight, HW/BW in mg/g) or tibia 

  3.2.2.  Chronic Swimming 
as a Model of Physiological 
Hypertrophy

  3.2.3.  Quanti fi cation 
of Hypertrophy In Vivo
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length (heart weight/tibia length, HW/TL in mg/mm). While 
the normal HW/BW ratio is about 4.5–5.0, it increases after TAC 
typically by 30–60%, while during chronic swimming exercise it 
increases only by 10–20%. In addition to the whole heart, one can 
also weigh the left or right ventricle or the atria separately and also 
normalize these measures to body weight or tibia length. It is 
important to note that hypertrophy can occur as either eccentric or 
concentric hypertrophy. During eccentric hypertrophy cardiomyo-
cytes preferably grow in length (leading at the whole heart level to 
ventricular dilation), while during concentric hypertrophy cardio-
myocytes preferably become thicker (leading at the whole heart 
level to increased ventricular wall thickness and reduced chamber 
size). In order to quantify these differential cardiomyocyte growth 
responses one can measure the maximal cardiomyocyte transverse 
(thickness) or longitudinal (length) diameter at the level of the 
nucleus in transverse cardiac, histological sections, in which the 
cardiomyocyte plasma-membrane is marked either by immunos-
taining for a membrane protein (e.g., dystrophin) or by wheat-
germ-agglutinin—FITC/TRITC (labelling myocyte membranes 
through interaction with the glycocalix; Sigma-Aldrich)—and 
nuclei are stained by a nuclear dye (e.g., DAPI). This in situ detec-
tion of cardiomyocyte size should preferably be done after in situ 
 fi xation and relaxation of hearts (by injecting a 4% paraformalde-
hyde, 50 mM KCl solution in PBS into the apex at a rate of 1 ml/
min for 1 min while carefully holding and thereby closing the big 
vessels at the base of the heart, then releasing the heart at the aorta, 
and repeating injection before the whole heart is placed into that 
solution), subsequent embedding in paraf fi n, and preparation of 
10  m m thick transverse paraf fi n sections. One could also isolate 
cardiomyocytes from adult hearts and measure the dimensions of 
the isolated cells, although the description of this method is beyond 
the scope of this chapter (see for example  (  25  ) ). 

 In addition to cardiac size, pathological hypertrophy (but not 
physiological hypertrophy) is characterized by reactivation of the 
embryonic gene-program, which includes upregulation of ANP, 
BNP,  a -skeletal actin, and  b -myosin heavy chain (MHC) mRNAs 
and downregulation of  a -MHC as well as SERCA2a mRNAs. We 
typically quantify these in total heart RNA with quantitative real-
time PCR.   

  In order to  fi nd an interaction partner of a given cardiac signaling 
protein or a calcium-binding protein, one could generate a recom-
binant GST-fusion protein, for example by cloning the cDNA of 
interest into a GST containing cloning vector (e.g., pGEX-4T-1 
from Amersham). After generation of the GST-fusion protein it is 
coupled to Sepharose beads and is incubated with cardiac protein 
lysate. Subsequently, after careful washing, the interacting proteins 
are resolved by SDS-PAGE gel electrophoresis. As a control, a 

  3.3.  GST-Pulldown 
Screen for the 
Identi fi cation of 
Protein-Binding 
Partners
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pulldown with recombinant GST-only protein is performed. 
Proteins that interact with the GST-protein of interest fusion pro-
tein, but not with the GST-only protein, are sent for identi fi cation 
to mass-spectrometry analysis (see also Fig.  3 ). One drawback of 
this method is that proteins with low cellular expression cannot 
easily be identi fi ed. Therefore, it is recommended to incubate the 
GST-fusion proteins with high amounts of protein lysate (1–3 mg 
or even more) and also, if possible, to use lysate of a particular 
subcellular fraction (e.g., nuclear, mitochondrial, membrane, 
cytoskeletal, cytosolic), in which the particular interacting partner 
is suspected.  

 Generation of a GST-fusion protein:

    1.    The plasmid encoding for the GST-fusion protein is trans-
formed into bacterial cells, which allow for high-level protein 
expression (e.g., BL21-cells from Invitrogen).  

    2.    On the next day, a single bacterial colony is picked and trans-
ferred into 5 ml LB medium with the appropriate antibiotic 
(depending on the plasmid that is used to generate the GST-
fusion protein) and incubated overnight in a 37°C incubator 
(with shaking at 225 rpms).  

    3.    In the morning of the following day, the 5 ml culture is trans-
ferred into 50–200 ml of pre-warmed LB medium (includ-
ing antibiotic) and is grown until the optical density of 
0.6–0.8 is reached. Then expression of the protein should be 
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induced. The substance used for induction also depends on 
the  plasmid that is used to express the GST-fusion protein. 
For plasmids containing the T7-lac operator or the trc pro-
moter, IPTG ( fi nal concentration range 0.05–2 mM, typical 
concentration 0.2 mM) is added to the bacterial culture. The 
culture is then incubated at 37°C on the shaker (225 rpm) 
for 3 h. See Note 7.  

    4.    The culture is then centrifuged for 10 min at 4,500 rpm (3,893 
´ g). The pellet can    be stored at −80°C, if necessary.  

    5.    The pellet is resuspended in 10 ml Cold buffer (after addition 
of DTT, PMSF, and protease inhibitors). 1 ml lysozyme (from 
a 10 mg/ml stock, made fresh) is then added to the culture 
followed by a 30-min incubation on ice. This is typically done 
in 50 ml Falcons.  

    6.    Soni fi cation is performed for four intervals (30 s each, we use 
the Omni Ruptor 250 from Omni International Inc. at 1/3 of 
total intensity). Keep the samples on ice between intervals.  

    7.    500  m l of 20% Triton X100 are added and incubated with rota-
tion at 4°C for 30–60 min. Lysozyme, soni fi cation, and TritonX 
serve to break up the bacterial cells and release the recombi-
nant protein.  

    8.    A centrifugation is conducted at 12,000 ×  g , 4°C for 20 min 
and the supernatant is transferred into a new tube (e.g., 15 ml 
Falcon). 800  m l of 50% Glutathione Sepharose 4B beads are 
added to the supernatant and incubated  fi rst for 20 min at 
room temperature, and then for 2 h at 4°C with rotation. 
During this step the GST-fusion protein is bound to the beads. 
See Note 8.  

    9.    Another centrifugation at 500 ×  g , 4°C for 1 min is performed. 
The supernatant is removed and the beads are washed twice 
with 1×PBS. In the end, the beads are taken up in 1,500  m l 
1×PBS.  

    10.    In order to check purity and expression level of the GST-
(fusion) proteins, 20  m l of the suspension with beads is mixed 
with 5  m l 5× Western sample buffer and heated at 95°C for 
5 min. The samples are then loaded on an SDS-PAGE gel. 
GST-only and GST-(fusion)-proteins should be run side by 
side for comparison. 
 GST-pulldown screen  

    11.    1ml protein extract (1–3 mg of protein, preferably of a subcel-
lular protein fraction), if possible in binding buffer (but other 
buffers used for protein isolation will also work, see also 
Note 9), are incubated in separate tubes with 40  m l of beads 
(50% slurry) bound to either GST-only or GST-protein over-
night at 4°C with rotation. During this incubation, potential 
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interaction partners from the lysate bind to GST-protein but 
not to the GST-only beads.  

    12.    The beads are subsequently washed three times with 1.5 ml 
Binding Buffer. The centrifugations are conducted at 500 ×  g  
for 5 min. After the last centrifugation, the supernatant is com-
pletely removed (e.g., with the help of gel-loading tips). The 
beads are taken up in 50  m l 2× Western sample buffer and 
heated at 95°C for 5 min. After the samples are cooled 
down, 2  m l of 40% Acrylamide are added and incubated for 
20–30 min at room temperature.  

    13.    The samples are subsequently loaded on a large SDS-PAGE gel 
(e.g., gel size of roughly 20 × 20 cm, see also Fig.  3  and Note 
10). GST-only and GST-protein pulldown samples are run side 
by side, with a blank line in between. In addition, a 40  m l sam-
ple (50% slurry) of GST-only as well as GST-protein beads are 
run on the same gel, in order to be able to  fi nd out the pattern 
of protein bands caused by the GST proteins.  

    14.    The gel is stained in Coomassie staining solution for 1–2 h.  
    15.    The gel is destained with Coomassie destaining solution.  
    16.    Protein bands that selectively appear in the GST-protein pull-

down lane but not in the GST-only pulldown lane or the control 
lanes in which either GST-only or GST-protein was loaded should 
be identi fi ed and cut out (see also Fig.  3 ). The proteins are then 
sent for identi fi cation by mass spectrometry to a proteomic core 
facility. It is important to work very carefully and wear gloves, in 
order to avoid contamination of the protein samples.     

 When new interaction partners of the protein of interest are 
identi fi ed, one should then verify this interaction in independent 
experiments. For example, another GST-pulldown experiment 
could be performed, in which cardiac lysate is incubated either 
with GST-only coupled Sepharose beads (as control) or GST-
protein beads. Subsequently, after careful washing of the samples, 
both are run on an SDS-PAGE gel, and the interaction partner can 
be detected speci fi cally by antibody. Alternatively, the interaction 
could be con fi rmed by co-immuno-precipitation.   

 

     1.    Digestion of the heart pieces is performed until they are 
(almost) completely gone. The amount of enzyme solution 
that is used can be progressively reduced as the amount of 
heart tissue diminishes.  

    2.    The non-cardiomyocytes (mostly  fi broblasts, but also 
endothelial cells, in fl ammatory cells, and progenitor cells) 

  4.  Notes
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can also be washed with 1×ADS (like described for the car-
diomyocytes later in the protocol) and cultured or used for 
other applications.  

    3.    If the neonatal rat cardiomyocytes grow too dense (>80% 
density), analysis and manipulation of the hypertrophic 
response are not possible. For best results, the cardiomyo-
cytes should be grown on the culture plate as isolated cells 
(no bigger cell conglomerates with a lot of cardiomyocytes 
sticking to each other).  

    4.    If one wants a milder TAC, one could also use a 25G needle 
instead of the 27G. Some strains of mice will not at all tolerate 
TAC with the 27G needle, which gives a severe TAC.  

    5.    Occasionally, mice would let themselves  fl oat for extended 
time periods, instead to actively swim. In this case, the water 
basin should be irritated a little bit, in order to motivate the 
mice to swim.  

    6.    At least 4–5 h need to be there in between the two swim ses-
sions each day.  

    7.    We typically use 50 ml of bacterial culture here, but for plas-
mids that give a low expression one can scale the volume up to 
200 ml (or even more). In addition, one should carefully test 
which incubation time and which culture conditions work best 
for any given protein produced in bacterial cells after induc-
tion. Usually, the culture is incubated for 3–4 h at 37°C. 
However, if this does not give good results, incubation of the 
culture (after induction) at room temperature (6 h to over-
night) could also be tested. It is important in this regard to 
cool down the bacterial culture (on ice) to the required tem-
perature right before induction is performed.  

    8.    Preparation of 50% Slurry with Glutathione Sepharose 4B: 
1 ml of beads is brie fl y centrifuged at 500 ×  g  and washed 
twice with 1×PBS. After the last centrifugation, the superna-
tant is completely removed and 800  m l of PBS are added to 
the beads.  

    9.    One could make the screen more stringent by increasing the 
salt concentration (various salt concentrations between 0 and 
1 M can be tried) as well as increasing the concentrations of 
NP40 as nonionic detergent (concentrations between 0 and 
2% can be tested).  

    10.    It has to be decided in which range of protein size one wants 
to look for an interaction partner, in order to decide which 
percentage gel to run. In addition, the size of the GST-only 
(around 27 kDa) as well as GST-protein needs to be taken into 
account for this decision. For example, proteins between 12 
and 45 kDa are best separated on a 15% SDS-PAGE gel, 
between 15 and 100 kDa on a 10% gel, and between 25 and 
200 kDa on an 8% gel.          
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    Chapter 18   

 In Vivo Screening of S100B Inhibitors 
for Melanoma Therapy       

     Danna   B.   Zimmer      ,    Rena   G.   Lapidus   , and    David   J.   Weber         

  Abstract 

 S100 proteins are markers for numerous cancers, and in many cases high S100 protein levels are a prog-
nostic indicator for poor survival. One such case is S100B, which is overproduced in a very large percent-
age of malignant melanoma cases. Elevated S100B protein was more recently validated to have causative 
effects towards cancer progression via down-regulating the tumor suppressor protein, p53. Towards elimi-
nating this problem in melanoma, targeting S100B with small molecule inhibitors was initiated. This work 
relies on numerous chemical biology technologies including structural biology, computer-aided drug 
design, compound screening, and medicinal chemistry approaches. Another important component of drug 
development is the ability to test compounds and various molecular scaffolds for their ef fi cacy in vivo. This 
chapter brie fl y describes the development of S100B inhibitors, termed SBiXs, for melanoma therapy with 
a focus on the inclusion of in vivo screening at an early stage in the drug discovery process.  

  Key words:   In vivo screening ,  Preclinical testing ,  Intratumoral delivery ,  Systemic delivery , 
 Pharmacokinetics ,  Pharmacodynamics ,  Maximum tolerated dose ,  Therapeutic window ,  Genetically 
modi fi ed mouse models ,  S100 proteins ,  EF-hand    

 

 In malignant melanoma (MM), the tumor marker S100B binds 
directly to wild-type p53, dissociates the p53 tetramer, enhances 
hdm2-dependent ubiquitination of p53, and down-regulates p53-
dependent tumor suppression functions  (  1–  3  ) . As a proof of prin-
ciple for drug design, inhibiting S100B with small interfering 
antisense RNA (siRNAS100B) or with several  S 100 B i nhibitor s  
(SBiXs; X = compound number) was achieved and shown to restore 
wild-type p53 at the protein level. Inhibiting S100B production 
was also found to cause an increase in the levels of p53 gene 

  1.  Introduction
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products as necessary to induce cell growth arrest and  apoptosis in 
malignant melanoma  (  2,   4–  7  ) . Also encouraging from a drug 
development standpoint is that ablation of S100B expression in 
mice via gene targeting produces unremarkable phenotypes with 
few, if any, problematic physiological consequences  (  8–  13  ) . 

 With any drug-design program, there is a need to obtain physi-
ological data at an early stage in the process to help determine 
whether a compound or a series of compounds induce off-target 
effects and/or cause other unanticipated toxicities. This is particu-
larly important for S100 inhibitors since there are over 20 structur-
ally similar proteins in the S100 protein family, and they each 
regulate several physiologically important pathways in a cell-speci fi c 
manner  (  14,   15  ) . Thus, an S100 inhibitor could have multiple 
phenotypes depending on the number of S100 proteins it blocked 
and the S100 status of the cell-type targeted. In the case of block-
ing the S100B–p53 protein–protein interaction in malignant mela-
noma, there exists a separate issue with regard to a feedback loop 
that is initiated when S100B is inhibited since the gene for S100B 
itself is up regulated by the tumor suppressor protein, when p53 
levels are restored  (  2  ) . To address these and other issues, this chap-
ter describes the discovery/development of SBiXs for melanoma 
therapy with a focus on the importance of doing in vivo screening 
of lead compounds at an early stage in the drug development pro-
cess. It is likely that such an approach of performing early in vivo 
screening could bene fi t many drug discovery programs. 

 Small molecule inhibitors have been reported for numerous 
S100 family members, some of which are in clinical trials. Inhibitors 
of the S100A10–annexin A2 interaction have not been validated 
in vivo but their predicted clinical uses include angiogenesis and 
cancer metastasis therapy  (  16,   17  ) . The anti-allergic drug cromo-
lyn disrupts S100P–RAGE interaction and reduces pancreatic 
tumor formation in animal models  (  18  ) . Interestingly, cromolyn 
also binds other S100 family members (S100A1, S100A12, and 
S100A13), but its effects on the interaction of these family mem-
bers with their target proteins have not been fully investigated. 
Other small molecules that bind S100A1 include pentamidine and 
propanolol  (  19  ) . In the case of S100A4, several phenothiazines 
block S100A4-mediated depolymerization of myosin-IIA  fi laments 
 (  20,   21  ) . S100A4 also binds anti-allergic drugs and a modi fi ed ver-
sion of azaxanthone, which is in clinical trials for treatment of met-
astatic disease states  (  21,   22  ) . Two SBiXs developed by our group 
disrupt S100B–p53 complex formation and prevent unregulated 
melanoma cell growth and are currently being tested in human and 
veterinary clinical trials as potential melanoma therapeutics. 

 For the development of SBiXs, a combination of computer-
aided drug design (CADD), high-throughput screening (HTS), 
structural biology, medicinal chemistry, and in vivo biology/drug 
testing approaches is employed. The bene fi ts of a structure-based 
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approach are taken advantage of for developing new compounds 
as well as addressing issues with regard to target speci fi city since 
the 3D structures for several S100 and S100–target complexes are 
published  (  4,   15,   19,   23–  27  ) . Likewise, structure/activity rela-
tionships (SAR) and SAR by NMR approaches are more ef fi ciently 
directed when the structures are available  (  28,   29  ) . This is espe-
cially important for the dif fi cult hurdle of inhibiting a protein–
protein interaction such as the S100B–p53 complex  (  4,   7,   27, 
  30  ) . More speci fi cally, modi fi cations on a particular scaffold that 
depend on the structure of a lead compound bound to S100B are 
achieved iteratively by using CADD-directed medicinal chemistry; 
likewise, structural studies can be used to identify multiple sites 
within the p53-binding cleft on S100B via structural biology 
approaches (NMR, X-ray), so compounds and combinations of 
compounds can be rationally linked together synthetically to 
obtain tight and highly speci fi c S100B binders (i.e., relative to 
binding S100A1 for example). Such a drug development process 
is very dependent on the latest new results, so this process occurs 
in a very iterative manner (Fig.  1 ). Once promising leads are 
identi fi ed, then it is important that they are screened for their 
in vivo ef fi cacy and toxicity. Such leads are chosen based on bind-
ing af fi nities (K D s) and/or speci fi city both in biochemical assays 
(i.e., S100B thermodynamic/kinetic data versus other S100s) and 
in cellular assays (i.e., IC 50 s). For the cellular assays, speci fi city and 
other potential off-target effects are evaluated by comparing IC 50  
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1,000 compounds
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&
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 Chemistry
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  Fig. 1.    Strategy for the discovery and development of SBiXs. An iterative process that 
includes computer-aided drug design (CADD), high-throughput screening (HTS), structure/
activity (SAR) and medicinal chemistry, 3D structure (NMR and X-ray), and a speci fi city 
 fi lter is used to engineer modi fi ed SBiXs for intratumoral in vivo screening and subsequent 
advanced leads suitable for preclinical evaluation.       
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values of isogenic cell lines plus/minus S100B present  (  31,   32  ) . 
Of the approximately 100–200 lead compounds that undergo 
extensive in vitro testing each year, eight to ten typically meet the 
criteria for early-stage in vivo screening.  

 High-throughput biochemical and cellular screens identify two 
types of lead SBiXs: FDA-approved compounds and new chemical 
entities. Since there are no effective treatments for melanoma, 
repurposing of FDA-approved lead SBiXs for melanoma therapy is 
a high priority. Ef fi cacy evaluation is the primary focus for repur-
posing approved drugs, since extensive pharmacological/toxico-
logical information is already available for many species, including 
humans. In fact, phase II human and phase I canine clinical trials 
for two FDA-approved SBiXs are underway. However, like most 
drug discovery programs, the vast majority of lead SBiXs are new 
chemical entities that require extensive development and optimiza-
tion. In vivo testing in animal models plays a fundamental role in 
developing new anticancer drugs. Prior to human testing, preclini-
cal tolerability (maximum tolerated dose, MTD), pharmacokinet-
ics (PK), pharmacodynamic (PD), and ef fi cacy assays provide key 
information that is used to improve advanced leads. For example, 
a compound may need to be more lipophilic to pass through the 
cell membrane and reach its target or side groups may need to be 
added to allow for oral delivery or brain penetration. 

 In the case of accessible tumors such as melanoma, drugs can 
be delivered directly to the tumor (intratumoral) without optimiza-
tion for systemic delivery and/or minimization of toxic effects on 
normal cells. In addition, intratumoral delivery can achieve 
signi fi cantly higher drug concentrations at the site of action than 
systemic delivery. In the clinical setting, intratumoral administra-
tion has been used to deliver gene therapy constructs, complex bio-
logics, and small molecules to a variety of cancers including 
adenoviral based p53 genes in head and neck cancer  (  33  ) ; TNFalpha 
genes in rectal cancer  (  34  ) ; interleukin-2 in melanoma  (  35  ) ; immu-
nostimulant CpG in brain cancers  (  36  ) ; single treatment of a meta-
static squamous cell carcinoma lesion  (  37  ) ; BCNU in combination 
with radiotherapy in glioma  (  38  ) ; and para-toluenesulfonamide in 
non-small cell lung cancer  (  39  ) . Intratumoral delivery has been 
used in the preclinical evaluation of siRNAs  (  40  )  and immune mod-
ulators  (  41,   42  )  as well as to reduce the toxicity of approved agents 
such as melphalan  (  43  ) ; 2-deoxy- D -glucose alone and in combina-
tion with carboplatin  (  44  ) ; and paclitaxel/docetaxel in mammary, 
bladder, prostate, and head and neck cancers  (  45–  48  ) . Our S100B 
inhibitor drug development program includes an intratumoral 
in vivo screen of lead SBiXs before preclinical testing of advanced 
leads. While in vivo testing prior to medicinal chemistry optimiza-
tion and ADME testing is atypical, the availability of in vivo screen-
ing data early in the drug discovery process focuses resources on 
SBiXs with the greatest probability of clinical success. 
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 A major consideration for any in vivo trial is the selection of an 
appropriate animal model. Mouse models are a mainstay in animal 
testing because it is feasible to perform studies in a short period of 
time. However, no single mouse model recapitulates the complex 
genetics and biology of human melanoma  (  49–  52  ) . Therefore, the 
biological question being asked as well as the advantages and limi-
tations of the various types of models were important criteria in 
selecting an animal model for intratumoral in vivo screening of 
SBiXs. Syngeneic transplantation models involve the implantation 
of well-characterized melanoma cell lines into a syngeneic host and 
do not recapitulate many aspects of the human disease because 
characterized mouse lines do not re fl ect the heterogeneity observed 
in human tumors. Xenogeneic transplantation models involve the 
implantation of cell lines or patient-derived cells into an immuno-
compromised host. Both of these transplantation models can be 
 fl ank models in which subcutaneous tumors are grown on the 
backs of mice or orthotopic models in which tumors are grown at 
the site of origin (i.e., breast cancer cells in the mammary fat pad). 
Orthotopic models have a better chance to metastasize but are 
more dif fi cult to monitor. One disadvantage of human xenograft 
models is the fact that the host is immunocompromised and immu-
nosurvelliance has been shown to play a role in limiting metastasis 
 (  53  ) . In the case of SBiXs, S100B’s effects on immune responses in 
the CNS are well documented although little is known about its 
role in peripheral immune responses. Nonetheless, human xeno-
graft models are usually considered to be superior to genetically 
modi fi ed mouse models because the composition of the resulting 
tumor mimics the heterogeneity observed in patients. However, 
the development of multi-allelic genetically engineered mouse 
models that mimic spontaneous tumorigenesis and heterogeneity 
as well as target validation in simulated clinical trials using standard 
of care chemotherapeutics con fi rm the utility of genetically 
modi fi ed mouse models in developing cancer therapeutics  (  54  ) . 

 The RAS-induced INK4a/ARF −/−  mouse melanoma model 
 (  55  )  was chosen for in vivo screening of lead SBiXs because it has 
(1) an intact S100B–p53 signaling pathway (elevated S100B and 
wild-type p53), (2) an intact immune system, (3) tumors which 
are amenable to intratumoral delivery, and (4) a proven record in 
developing new melanoma therapies  (  55,   56  ) . The Tyr::RAS G12V /
INK4a/ARF −/−  line is bigenic and contains two genomic muta-
tions on an FVB background: a mutated H-ras G12V  transgene on 
the Y chromosome and inactivated INK4a/ARF alleles on chro-
mosome 4. This model is not commercially available and we 
maintain a breeding colony that generates experimental animals 
as well as breeders for the individual Tyr::RAS G12V  and INK4a/
ARF −/−  lines. Founders for both lines were obtained from the 
National Cancer Institute Mutant Mouse Resource (Frederick, 
MD). At 2–3 months of age experimental Tyr::RAS G12V /INK4a/
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ARF −/−  males develop spontaneous cutaneous melanomas in the 
pinna of the ears (30%), torso (23%), and tail (20%) without dis-
tant metastasis  (  55  ) . Our intratumoral in vivo screening protocol 
for modi fi ed SBiXs is a longitudinal design with a study period of 
3–8 weeks and uses the relative tumor proliferation rate (the 
tumor volume at a particular treatment interval/tumor volume at 
the time of treatment initiation) as the primary outcome (Fig.  2 ). 
Although this trial design is not optimized for garnering tolera-
bility, PK or PD information, the gross/histological pathology, 
SBiX levels, and p53 pathway reactivation in the tumors are mon-
itored and this information is useful in selecting advanced leads 
that will proceed to preclinical testing.  

 In the case of modi fi ed leads with predicted ADME properties 
favorable for systemic administration, concurrent tolerability 
(MTD) and pharmacokinetic (PK) assays are also conducted. These 
trials provide valuable pharmacological information that cannot be 
garnered from local administration trials including potential effects 
of the route of administration on tumor responsiveness  (  57  ) . MTD 
and PK studies are conducted in the same species/strain and 
employ the same dosing scheme that will be used in subsequent 
ef fi cacy studies. For example, if the expected SBiX dosing scheme 
is 2 weeks of consecutive intraperitoneal (IP) administration in 
female nu/nu mice, then the MTD experiment should be dosed IP 
daily × 14 in female nu/nu mice. The route of administration, oral 
(PO), intraperitoneal (IP), intravenous (IV), or subcutaneous 
(SC), is determined by the predicted chemical properties of the 
SBiX. In MTD experiments, animals are monitored post cessation 
of dosing for delayed toxicity for a minimum of 1 week and opti-
mally 2 weeks. In mouse models, the best indicator for toxicity is 
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  Fig. 2.    Intratumoral in vivo screening trial. The histogram depicts the mean tumor respon-
siveness for intratumoral injection of SBi931 ( red bars ) or vehicle only ( black bars ) every 
other day for 21 days.  Asterisk  denotes  p  < 0.05 when compared to vehicle only.       
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weight. MTDs for novel cancer drugs are considered an LD 10 , the 
dose at which 10% of mice in one group die or lose 20% of their 
body weight  (  58  )  (Fig.  3 ). The therapeutic index for cancer drugs 
is very small in that the MTD can be equivalent to the effective 
dose. The goal of PK studies is to select a dose and route of admin-
istration that allow the plasma/target tissue drug levels to exceed 
the IC 50  value from cellular assays and/or K D  from biochemical 
screens. SBiX levels in the tumor tissue provide useful information 
about tumor penetrance, half-life in target tissue, and the com-
pound’s ability to leave the bloodstream. Also, SBiX levels in brain 
tissue assess brain penetration and potential for use in metastatic 
disease therapy and primary brain cancers. The data from the intra-
tumoral in vivo screening, MTD, and PK trials described below 
determines if modi fi ed leads are suitable for preclinical testing, 
require additional medicinal chemistry optimization and further 
testing prior to preclinical testing, or are eliminated.   

 

     1.    SBiX stock: 100 mM in sterile dimethylsulfoxide (DMSO). 
Dissolve appropriate amount of SBiX in sterile- fi ltered DMSO 
to achieve  fi nal concentration of 100 mM. Prepare 100  m l ali-
quots and store at −20°C.  

    2.    SBiX Injection Solution: For intratumoral in vivo screening, 
the SBiX injection solution composition is dependent upon 
the tumor volume and the K D /IC 50  of the SBiX, i.e., injection 
volume  £  20% of tumor volume and [SBiX] intratumor  =  fi vefold 

  2.  Materials
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  Fig. 3.    Systemic tolerability testing/MTD. The graph depicts the percent body weight loss 
verses time for groups ( n  = 3 mice) receiving daily IP doses (mid, low, or high) of a drug for 
7 consecutive days. The decrease in mean body weight in the high-dose group was 
greater than 20% indicating that this dose exceeds the MTD.       
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over K D  or IC 50 , whichever is greater. For systemic tolerability 
studies, SBiX injection solution composition is dependent 
upon the dose and appropriate volume range for the route of 
administration. Dilutions are made in sterile phosphate-buff-
ered saline (PBS).  

    3.    Vehicle-Only Control: Dilute sterile DMSO into PBS in the same 
ratios used to prepare the SBiX injection solution in item 2.  

    4.    Avertin solution: Avertin stock solution (100%) prepared by 
dissolving tribromoethanol in tertiary amyl alcohol and stored 
in a brown glass bottle at 4°C. The avertin working solution 
(2.5%) is prepared fresh weekly by diluting 1.25 ml stock solu-
tion (100%) to 48.75 ml sterile  fi ltered PBS. After the pH is 
adjusted to 7.4, the solution is  fi ltered through a 0.22 micron 
 fi lter and stored in a brown bottle at 4°C. All containers should 
be labeled in accordance with institutional and regulatory poli-
cies regarding the use of animals.  

    5.    Syringes: 20 G × 38 mm gastric gavage needles (plastic or metal). 
 1 cc tuberculin syringes with 25G, 26G, 27G, or 30G needle.  

    6.    Calipers: TTC Digital Caliper 0–150 mm.      

 

 All experiments involving animals described in this section were 
approved by the institutional IACUC and performed in accordance 
with the NIH guidelines for the treatment of animals. Appropriate 
institutional and/or regulatory agency approval is required for 
these procedures. 

  Ten or more experimental Tyr::RAS G12V /INK4a/ARF −/−  males are 
obtained from our in-house breeding colony and randomly assigned 
to a cohort (experimental or control) when tumors  ³  20 mm 3  in 
size develop.

    1.    Assess and record the general health status using the following 
criteria: body weight, grooming, eating, drinking, alterness/
lethargy, mobility, coat (smooth vs. ruf fl ed), and posture 
(hunch vs. upright) (see Note 1).  

    2.    Assess and record the gross pathology of the tumor using the 
following criteria: erosion/invasion, redness, in fl ammation, 
and weeping (edema and presence of  fl uids) (see Note 1).  

    3.    Restrain the animal and measure the length (l) and width (w) 
of the tumor (mm) with calipers (see Note 2).  

    4.    Slowly inject the SBiX injection solution or vehicle-only  control 
directly into the tumor.  

  3.  Methods

  3.1.  Intratumoral 
In Vivo Screening
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    5.    Monitor and record the overall health status, gross tumor 
pathology, and tumor size daily.  

    6.    Administer SBiX or vehicle-only control every other day. Rotate 
the injection site to minimize in fl ammation (see Note 3).  

    7.    At the conclusion of the study period (3–8 weeks), euthanize 
animals using anesthetic overdose followed by decapitation. 
Administer 0.03 ml/g body weight of sterile Avertin (2.5% w/v) 
by ip injection. Administer additional doses of 0.15 ml as 
needed to attain a deep plane of anesthesia as determined by 
pedial and breathing re fl exes (see Notes 4–6).  

    8.    Examine and record the gross pathology of the tumor. Excise 
and weigh the tumor. Slice the tumor in half along the long 
axis. Process one-half for histological analysis (formalin  fi xation 
and paraf fi n-embedding) and the other half for biochemical/
pharmacological analyses (snap frozen).  

    9.    Examine internal organs for gross pathology and remove any 
abnormal organs for processing and histological analysis.  

    10.    Tumor response is expressed as the mean tumor proliferation 
rate ± the SEM at 7, 14, and 21 days, i.e., the tumor volume 
(V = ½ab 2 ) on day 7, 14, or 21 divided by the tumor volume at 
day 0 (Fig.  2 ).      

   MTD studies  are preferably carried out in ef fi cacy species/strain 
but can be performed in an outbred mouse followed by a small 
bridging study in ef fi cacy species/strain. Mice should be acclimated 
for at least 3 days prior to start of experiment. Three mice are the 
absolute minimum required and more than 5 are utilized if  fi ne-
tuning of the dose is    required. The dosing schedule and route of 
administration (PO, IP, SC, IV, or IM) should be chosen based on 
the desired dosing schedule/route of administration in the pro-
posed ef fi cacy experiment. Mice should be monitored for 1–2 weeks 
post cessation of dosing to monitor for long-term toxicities.

    1.    Divide mice into four groups of three to ten mice. Each group 
will receive a different dose, i.e., 10×, 5×, 2.5×, and 1× dosing. 
If the vehicle is known to be nontoxic it may be excluded from 
the MTD study.  

    2.    Novel compounds should be dosed IP, IM, SC, or IV using 
dosing schedule planned for future ef fi cacy experiment. 
Depending on the route of administration, mice are either 
restrained by hand (IP, IM, and PO) or immobilized in a mouse 
restrainer and the tail is warmed by infrared light, hot water, or 
warm ethanol (IV). Usually mice are not anesthetized for dos-
ing (see Note 7 for dosing volumes and needle    size).  

    3.    Mice should be monitored or observed daily and weighed 
3 times per week.  

  3.2.  Systemic 
Tolerability Testing 
(MTD and PK)



312 D.B. Zimmer et al.

    4.    Unacceptable toxicity is the inability of a mouse to ambulate in 
order to drink and eat in a 24-h period or 20% body weight loss 
at any time or 15% body weight loss over 72 h as compared to 
day 1 of the experiment. Animals that meet these criteria should 
be removed from the study and euthanized (see Note 8) 
(Fig.  3 ).  

    5.    When dosing is complete, mice are monitored for 2 weeks to 
detect delayed toxicities.     

  Pharmacokinetic studies  are carried out in naïve mice that may be 
tumor bearing or not. PK experiments are usually carried out with 
18 mice (unless the desire is to test more time points).

    1.    Mice are divided into six groups of three mice.  
    2.    Three mice are in the control group (time zero—no drug or 

vehicle) and 15 mice are in the treated groups (see Note 9) if 
mice will be implanted with tumor cells.  

    3.    SBiXs are usually dosed ONCE by the route of administration 
planned for the ef fi cacy experiment. The dose can range from 
10 to 50 mg/kg.  

    4.    Mice are euthanized (e.g., CO 2  inhalation) at speci fi c time 
points post dosing. For SBiXs, typical time points are 15 min, 
30 min, 1 h, 4 h, and 8 h post dosing (see Note 6).  

    5.    Blood is collected by cardiac puncture (27G needle with 1 ml 
disposable syringe) and plasma is isolated after centrifugation 
in BD microtainer heparinized tubes. Mice are placed in left 
hand and 1 cc syringe with 27 G 1/2 ″ needle is inserted under 
the sternum towards the heart. The plunger is slowly pulled 
from the barrel. If no blood is observed, the needle is pulled 
out and reinserted. The needle is removed from barrel before 
injecting blood into microtainer tube. The tube is immediately 
capped and inverted several times to prevent clotting. Samples 
are centrifuged in a tabletop centrifuge for 10 min at max 
speed. Plasma is poured off into labeled microfuge tube and 
stored at −20°C until analysis.  

    6.    Tumor, brain, or other tissue may be collected at time points 
noted. Tissue is snap frozen in an ethanol/dry ice bath and 
stored at −80°C until analysis.       

 

     1.    Any animals exhibiting clinically signi fi cant health issues should 
be evaluated for removal from the study.  

    2.    If a scruff hold blocks tumor access, then iso fl urane anesthesia 
can be used for immobilization.  

  4.  Notes
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    3.    The trial schedule can be adjusted to match the predicted phar-
macokinetics of the SBiX. Trials for SBiXs that are predicted to 
concentrate in tumor cells have used a 5-day on and 2-day off 
schedule. Trials for SBiXs that are not predicted to concentrate 
in tumors have used everyday and every other day schedules.  

    4.    The trial duration for a typical SBiX in vivo screen is 3 weeks. 
However, the trial duration can be shortened or lengthened. If 
tumors progress to complete remission and/or unexpected 
toxicities are encountered, then trial duration can be short-
ened. Trial duration for the Tyr::RAS G12V /INK4a/ARF −/−  
model should not exceed 8 weeks because animals will be 
approaching the age (5.5 months) at which 50% of the mice 
succumb to tumor growth.  

    5.    Avertin has been reported to be an irritant and the following 
steps should be taken to minimize decomposition: (1) store 
and use under sterile conditions; (2) store in the dark at 4°C; 
(3) adjust pH of solution to >5.0; (4) discard stock solution 
after 4 months; (5) discard working solution after 7 days; and 
(6) discard any solutions that become discolored or have 
precipitate.  

    6.    Other approved methods of euthanasia can be used. 

  7.   Route  Needle size and volume 

 Oral 
 (PO) 

 20G × 38 mm gastric gavage needles 
(plastic or metal) 

 Dosing volume should be 10 ml/kg and no 
more than 5 ml/kg 

 Intraperitoneal (IP)  26 or 27G needle with 1 ml disposable syringe 
 Dosing volume should be 10 ml/kg and no 

more than 5 ml/kg 

 Subcutaneous (SC)  26 or 27G needle with 1 ml disposable syringe 
 Dosing volume should not exceed 300 ul 

 Intravenous (IV)  27G to 30G needle with 1 ml disposable 
syringe 

 Dosing volume should not exceed 10 ml/kg 

 Intramuscular (IM)  27G needle with 1 ml disposable syringe 
 0.05 ml can be injected into calf muscle 

    8.    If one mouse in a group of three loses 20% body weight loss, 
this may be past the MTD since the number of animals is very 
small. The study would have to be repeated using the reported 
MTD and lower doses.  

    9.    The cell line of choice will be grown in culture using optimal 
conditions. Usually, 1 × 10 6  to 5 × 10 6  cells are injected with 
33% to 50% Matrigel ™  (BD Biosciences) on the right  fl ank 
of mice. Cells are injected in 0.15–0.2 ml of volume with a 
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27G tuberculin syringe. Tumors should be monitored 
3 times per week with electronic calipers as described earlier. 
When tumors reach approximately 400–500 mm 3 , the mice 
can be divided into six groups of three mice and the PK 
study may be initiated.          
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    Chapter 19   

 Arrayed Primer Extension Microarray for the Analysis 
of Genes Associated with Congenital Stationary Night 
Blindness       

     Kadri   Vaidla      ,    Janne   Üksti   ,    Christina   Zeitz   , and    Eneli   Oitmaa      

  Abstract 

 Arrayed primer extension (APEX) is a microarray-based genotyping method that enables to simultaneously 
analyze hundreds of known mutations in the genome. APEX-based microarrays are successfully used for 
molecular diagnostics of various genetic disorders. 

 Congenital stationary night blindness (CSNB) is a rare retinal disease caused by mutations in genes 
involved in phototransduction cascade and signaling from photoreceptors to adjacent neurons in the ret-
ina. As CSNB is clinically and genetically heterogeneous, the identi fi cation of the underlying cause of the 
disease can be challenging. In this chapter, we describe an APEX-based method for the analysis of genes 
associated with CSNB.  

  Key words:   APEX ,  CSNB ,  Microarray ,  Mutation analysis ,  Night blindness ,  Calcium    

 

 Congenital stationary night blindness (CSNB) is a rare heteroge-
neous retinal disease that is present at birth. Clinically the disease 
is characterized by vision impairment under dim light conditions 
and can be associated with other ocular defects as myopia, nystag-
mus, strabismus, and reduced visual acuity  (  1  ) . Different forms of 
CSNB are classi fi ed according to their mode of inheritance, pheno-
type, and mutated genes  (  2  ) . CSNB is caused by mutations in 
genes encoding different components of the phototransduction 
cascade or proteins involved in signaling from photoreceptors to 
adjacent neurons  (  1  ) . 

  1.  Introduction
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 To date, more than 10 different genes have been associated 
with CSNB  (  3,   4  ) . Most of the patients with mutations in these 
genes show a typical electrophysiological phenotype characterized 
by an electronegative waveform of the dark-adapted bright  fl ash 
electroretinogram (ERG), in which the amplitude of the b-wave is 
smaller than that of the a-wave  (  5  ) . According to this so-called 
Schubert-Bornschein type of ERG response CSNB can be divided 
into two subtypes—incomplete (ic) and complete (c) CSNB  (  2  ) . 
icCSNB has been characterized by both a reduced rod b-wave and 
substantially reduced cone responses due to both ON- and OFF-
bipolar cell dysfunction, while the complete type is associated with 
a drastically reduced rod b-wave response due to ON-bipolar cell 
dysfunction, but largely normal cone b-wave amplitudes  (  6  ) . 
icCSNB has been associated with mutations in  CACNA1F   (  7,   8  ) , 
 CABP4   (  9  ) , and  CACNA2D4   (  10  ) , which encode for proteins 
forming the alpha subunit of a calcium channel, for a calcium-
binding protein which interacts with this subunit, and for an auxil-
iary subunit of this channel, respectively. The latter one is most 
likely important for the correct localization of the alpha subunit. 
These proteins are located at the synapses of photoreceptor cells. 
cCSNB has been associated with mutations in  NYX   (  11,   12  ) , 
 GRM6   (  13,   14  ) , and  TRPM1   (  3,   15,   16  ) —proteins expressed in 
bipolar cells and which are important for the further signaling in 
the retina  (  1,   3  ) . 

 The majority of mutations associated with CSNB have been 
identi fi ed in  CACNA1F  and  NYX  genes  (  1  ) . Still, a number of 
patients lack mutations in these genes indicating that new gene 
defects need to be discovered. 

 Because of the heterogeneity of CSNB, the identi fi cation of 
the underlying cause of the disease is complicated  (  17  ) . Clinical 
data does not always direct to the disease-causing mutated gene. 
Thus, in some cases, direct sequencing of all known genes asso-
ciated with CSNB might be requested. However, this is time-
consuming and cost-ineffective. In order to overcome the 
challenges to con fi rm the diagnosis of CSNB and to determine 
the genetic defect an arrayed primer extension (APEX)-based 
microarray for the analysis of genes associated with CSNB has 
been developed  (  17  ) . 

 APEX is a genotyping method that allows detection of hun-
dreds of known variations in the genome in a single multiplexed 
reaction  (  18,   19  ) . The APEX reaction involves the target DNA 
hybridization to the sequence-speci fi c oligonucleotides immobi-
lized on a glass slide followed by an enzymatic single base exten-
sion reaction in which DNA polymerase incorporates a dye-labelled 
terminator nucleotide to the hybridized oligonucleotide. 

 For the mutation detection by APEX method the DNA regions 
of interest are  fi rst ampli fi ed by polymerase chain reaction (PCR). 
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The ampli fi ed products are concentrated and puri fi ed with PCR 
puri fi cation columns. The fragmentation of puri fi ed products and 
functional inactivation of the unincorporated residual dNTPs are 
achieved by shrimp alkaline phosphatase (sAP) and Uracil DNA-
Glycosylase (UNG) treatment. Fragmented and denatured PCR 
products are used for the primer extension reaction on the microar-
ray. A schematic overview of the APEX-based mutation detection 
on a microarray is presented in Fig.  1 .  

 APEX array for the analysis of CSNB-associated genes is a 
robust, cost-effective, and easily modi fi able tool for a  fi rst-pass 
genetic testing  (  17  ) . Current Asper Biotech CSNB microarray cov-
ers 159 mutations from 11 genes— RHO  (MIM 180380),  PDE6B  
(MIM 180072),  GNAT1  (MIM 139330),  CABP4  (MIM 608965), 
 GRM6  (MIM 604096),  SAG  (MIM 181031),  NYX  (MIM 
300278),  CACNA1F  (MIM 300110),  CACNA2D4  (MIM 
608171),  GRK1  (MIM 180381), and  TRPM1  (MIM 603576). 
This microarray is regularly updated to cover as many known muta-
tions associated with CSNB as possible.  

  Fig. 1.    Schematic overview of the APEX method. The DNA regions of interest are  fi rst ampli fi ed by PCR. In order to achieve 
the fragmentation of the PCR products with uracile-DNA glycosylase a fraction of dTTPs are substituted with dUTPs in the 
reaction mixture. The fragmented DNA is mixed with a thermostable DNA polymerase and  fl uorescently labelled ddNTPs 
for APEX reaction. After the single base extension reaction and washing steps, the microarray signals will be detected and 
analyzed.  WT  wild type,  MUT  mutation.       
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      1.    10× PCR buffer: 750 mM Tris–HCl (pH 8.8 at 25°C), 
200 mM (NH 4 ) 2 SO 4 , 0.1% Tween 20.  

    2.    25 mM MgCl 2 .  
    3.    dNTP mix: 2.5 mM of dATP, dCTP, dGTP, 2 mM of dTTP, 

and 0.5 mM of dUTP.  
    4.    PCR primers (Metabion GmbH, Germany).  
    5.    Smart-Taq Hot DNA Polymerase (10 U/ m l) (Naxo, Estonia).  
    6.    1× Tris–borate–EDTA (TBE) Buffer: 89 mM Tris–Borate, 

10 mM EDTA (pH 8.3).  
    7.    1.5% TBE agarose gel with ethidium bromide: For a 1.5% aga-

rose gel, add 1 gram of agarose to 100 ml of 1× TBE buffer. 
Place the gel solution into the microwave oven, boil, and swirl 
the solution until agarose particles are dissolved. Cool the gel 
to 60°C, add ethidium bromide ( fi nal concentration 0.5  m g/
ml). Pour the gel into the gel casting tray, insert the comb into 
the gel, and let the gel set about 30 min.  

    8.    DNA loading dye.  
    9.    Thermal cycler.  
    10.    ddH 2 O.      

      1.    GenJet ™  PCR Puri fi cation Kit (Fermentas, Lithuania).      

      1.    UNG 1 U/ m l.  
    2.    sAP 1 U/ m l.  
    3.    10× UNG buffer: 500 mM Tris–HCl (pH 9.0), 200 mM 

(NH 4 ) 2 SO 4 .  
    4.    1.5% TBE agarose gel with ethidium bromide and 1× TBE 

Buffer.      

      1.    CSNB microarray slides (Asper Biotech Ltd., Estonia).  
    2.    Thermo Sequenase ™  DNA Polymerase 32 U/ m l (GE 

Healthcare, UK).  
    3.    Thermo Sequenase ™  Reaction Buffer: 260 mM Tris–HCl (pH 

9.5) and 65 mM MgCl 2 .  
    4.    Thermo Sequenase ™  Dilution Buffer: 10 mM Tris–HCl (pH 

8.0), 1 mM 2-mercaptoethanol, 0.5% Tween 20 (v/v), 0.5% 
Nonidet P-40 (v/v).  

    5.    Fluorescently labelled ddNTPs: 50  m M Cy3-ddCTP, 50  m M 
Texas Red-5-ddATP, 50  m M Fluorescein-12-ddGTP, 50  m M 
Cy5-ddUTP.  

  2.  Materials

  2.1.  Polymerase Chain 
Reaction

  2.2.  Column 
Puri fi cation

  2.3.  Fragmentation

  2.4.  APEX
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    6.    LifterSlip ™  cover slides 22 × 32 mm 2  (Erie Scienti fi c Company, 
NH, USA).  

    7.    0.3% Alcanox detergent solution (Alcanox Inc., NY, USA).  
    8.    Atlas Antifade (BioAtlas, Estonia).  
    9.    Genorama QuattroImager ™  (Genorama Ltd., Estonia).  
    10.    Thermal plate with humidi fi ed chamber.  
    11.    dH 2 O.       

 

      1.    Amplify the DNA regions  fl anking CSNB mutations by PCR 
in singleplex reactions. Prepare the PCR reaction mix for 
each PCR primer pair in a total volume of 25  m l containing 
30 ng of genomic DNA, 1X PCR buffer, 2.5 mM MgCl 2 , 
0.25 mM dNTP mix with dUTP (see Note 1), 5 pmol of 
forward and reverse primer, 1 U Smart Taq Hot DNA 
Polymerase, and ddH 2 O.  

    2.    Conduct the PCR ampli fi cation in a thermal cycler under the 
following conditions: 95°C for 15 min; 9 cycles at 95°C for 
20 s, 68°C for 20 s (−1°C per cycle), and 72°C for 40 s; 
18 cycles at 95°C for 20 s, 58°C for 20 s, and 72°C for 40 s; 
9 cycles at 95°C for 20 s, 56°C for 20 s, and 72°C for 40 s; and 
 fi nal extension at 72°C for 7 min.  

    3.    Control the ampli fi cation ef fi ciency by loading the samples on 
a 1.5% agarose gel in 1× TBE Buffer.      

      1.    Pool the PCR ampli fi cation products into 1.5 ml microcentri-
fuge tubes.   For 160  m l of pooled ampli fi cation product add 
160  m l of Binding Buffer mix brie fl y by pipetting.  

    2.    Transfer the solution from step 2 into the GeneJET ™  puri fi cation 
column. Centrifuge the column at 12,000 ×  g  (10,000–
14,000 rpm, depending on the rotor type) for 1 min, and dis-
card the  fl ow-through.  

    3.    Add 700  m l of Wash Buffer to the column. Centrifuge the col-
umn at 12,000 ×  g  for 1 min. Discard the  fl ow-through and 
place the puri fi cation column back into the collection tube.  

    4.    Centrifuge the empty column for 2 min at 12,000 ×  g  to remove 
any residual wash buffer (see Note 2).  

    5.    Insert the column into a new 1.5 ml microcentrifuge tube. 
Add 30  m l of Elution Buffer in the center of the column and 
incubate at room temperature for 1 min.  

  3.  Methods

  3.1.  Polymerase Chain 
Reaction

  3.2.  Concentration 
and Puri fi cation of the 
Ampli fi ed Products
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    6.    Centrifuge the column at 12,000 ×  g  for 2 min. Discard the 
puri fi cation column.  

    7.    Store the puri fi ed PCR products at −20°C.      

      1.    Prepare the UNG–sAP reaction mix containing 4  m l of 10× 
UNG Buffer, 1.2 U of UNG, and 1 U of sAP and add the 
mixture to 30  m l of puri fi ed PCR products.  

    2.    Incubate the sample at 37°C for 1 h. For product fragmenta-
tion denature the sample for 10 min at 95°C.  

    3.    Control the fragmentation ef fi ciency by loading the samples 
on a 1.5% agarose gel in 1× TBE Buffer. Use non-denatured 
samples as controls. Fragmentation is successful if no intact 
denatured PCR product is visible in the gel.      

      1.    Wash the CSNB APEX slides 1× in 95°C dH 2 O. Lift the slides 
slowly out of the water in order not to leave any droplets of 
water onto the slides (see Note 3).  

    2.    Place the slides on a prewarmed thermoplate.  
    3.    Prepare the APEX reaction mixture as follows: 

 Tube A: 35  m l of UNG–sAP-treated and fragmented 
ampli fi cation products. 

 Tube B: 5  m l of Reaction Buffer and 1.2  m l of each  fl uorescently 
labelled 50  m M ddNTP. 

 Tube C: Dilute 3.2 U of Thermo Sequenase ™  DNA Polymerase 
with 0.9  m l of dilution buffer.  

    4.    Denature the PCR products in the tube A for 10 min at 
95°C.  

    5.    Meanwhile mix the content of tube C with tube B.  
    6.    Centrifuge the tube A brie fl y and add the prepared reaction 

mixture (tube B + C) to the sample. Vortex and centrifuge 
brie fl y and apply the mixture immediately to the pre-warmed 
slides on a heated plate (see Note 4).  

    7.    Cover the slide quickly with LifterSlip ™  (see Notes 5 and 6) 
and incubate for 20 min at 58°C in the dark and humid 
chamber.  

    8.    To terminate the reaction wash slides after incubation with 
95°C dH 2 O, then in 0.3% warm Alcanox solution for 3 min, 
and twice with 95°C dH 2 O.  

    9.    Remove the slides from water; apply a droplet of Atlas Antifade 
Reagent to minimize bleaching, and cover the slide with a 
coverslip.  

    10.    Image the slides with Genorama QuattroImager ™ . Mutations 
are determined by using Genorama Genotyping Software ™  
(Genorama Ltd., Estonia).       

  3.3.  Fragmentation 
and Inactivation 
of dNTPs

  3.4.  APEX Reaction 
and Slide Imaging
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     1.    20% of dTTPs are substituted with dUTPs in order to achieve 
the fragmentation of the PCR products during UNG–sAP 
treatment. Fragmentation is necessary for the APEX reaction 
ef fi ciency.  

    2.    This step is essential as the presence of residual ethanol in the 
DNA sample may inhibit subsequent reactions.  

    3.    The surface of silanized slides is hydrophobic and no droplets 
of water should stay on the glass surface if the slides are slowly 
lifted out of the water.  

    4.    The reaction mixture should be immediately applied onto the 
microarray slide to assure that the DNA is denatured.  

    5.    The reaction mixture applied onto microarray slide should be 
covered with LifterSlip ™  as fast as possible to avoid evaporation.  

    6.    In order to remove the bubbles that may have formed, gently 
bend the slides.          
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    Chapter 20   

 Nesfatin-1: Its Role in the Diagnosis and Treatment 
of Obesity and Some Psychiatric Disorders       

     Hiroyuki   Shimizu       and    Masatomo   Mori      

  Abstract 

 We discovered a new anorexigenic protein, nesfatin/nucleobindin-2 (NUCB2), which includes an 
EF-hand, calcium-binding motif. Nesfatin/NUCB2 is converted to nesfatin-1, which may be a physiologi-
cally active form in the body. Centrally and systemically administered nesfatin-1 inhibits appetite and body 
weight gain in rodents. The mid-segment of nesfatin-1 appears to be important in the inhibition of food 
intake. Intranasal administration of the mid-segment inhibits appetite. Nesfatin-1 may also be involved in 
the regulation of gastrointestinal function and insulin secretion. We have summarized the recent progress 
in the research of nesfatin-1.  

  Key words:   Nesfatin-1 ,  Nucleobindin-2 ,  Calcium ,  EF-hand, Obesity    

 

 Adipocytes produce various kinds of bioactive substances (e.g., 
adipokines), which produce in fl ammatory changes in the adipose 
tissue, and mediate humoral information to the brain. We have 
proposed the concept of a brain–adipose axis that involves an 
endogenous molecule that is expressed in both the hypothalamus 
and adipose tissue, exists in the general circulation, and is involved 
in the regulation of the feeding behavior and the determination of 
size and/or number of adipocytes  (  1  ) . Adipokines play important 
roles in the transmission of the adiposity signal to the brain. Several 
adipokines, which modify the set-point for appetite, have been 
recently discovered. The clinical importance of these adipokines 
has been investigated in people with obesity. We have discussed the 
recent progress in the research of nesfatin/nucleobindin-2 
(NUCB2) with a calcium-binding motif.  

  1.  Introduction   
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 Troglitazone, a peroxisome proliferator-activated receptor- g  (PPAR 
 g ) agonist, improves insulin sensitivity, and might modify satiety in 
type 2 diabetes patients  (  2  ) . We attempted to identify a new PPAR 
 g -regulated protein, which modulates the feeding behavior of 
rodents. We performed a subtraction-cloning assay, and found that 
the expression of a new anorexigenic protein increased after trogli-
tazone addition; we named this protein NEFA/NUCB2-encoded 
satiety- and fat-in fl uencing protein (nesfatin)  (  3  ) , similar to NEFA/
NUCB2, which is a secreted protein with unknown function with 
2 units of sequence similar to the EF-hand calcium-binding motif. 
Nesfatin/NUCB2 is composed of a signal peptide of 24 amino 
acids and a protein structure containing 396 amino acids (Fig.  1 ). 
The amino acid sequence of nesfatin/NUCB2 is highly conserved 
between humans, mice, and rats. Nesfatin/NUCB2 possess 2 or 3 
potential cleavage sites for prohormone convertase (PC) that are 
 fl anked by a pair of basic amino acids, Lys (K)-Arg (R) or Arg 
(R)-Arg (R). The possible processed fragments are designated as 
nesfatin-1, nesfatin-2, and nesfatin-3 (Fig.  1 ). Nesfatin-3 includes 
a calcium-binding motif. In addition, we have recently found that 

  2.  Nucleobindin-2: 
From Nuclear 
Factor to Bioactive 
Peptide

Nesfatin-1

human

rat

mouse

VPIDIDKTKVQNIHPVESAKIEPPDTGLYYDEYLKQVIDVLE

rat

mouse

-TDKHFREKLQKADIEEIKSGRLSKELDLVSHHVRTKLDEL

1 42

43

VPIDVDKTKVHNVDPVESARIEPPDTGLYYDEYLKQVIEVLE

VPIDVDKTKVHNTEPVENARIEPPDTGLYYDEYLKQVIEVLEE

-TDPHFREKLQKADIEEIRSGRLSQELDLVSHKVRTRLDEL

-TDPHFREKLQKADIEEIRSGRLSQELDLVSHKVRTRLDEL

Amino acid sequence of Nesfatin-1

−24 1 8285 163 166 338 341 396

human
82

KR RR

Nesfatin/NUCB2 (Human, Rat, Mouse)

KR(mouse)

Nesfatin-2 Nesfatin-3

  Fig. 1.    Molecular structure of nesfatin/nucleobindin-2 (NUCB2), and comparison of the 
amino acid sequences of human, rat, and mouse nesfatin-1.       
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an increase in NUCB2 expression by troglitazone addition could 
be explained by the stabilization of NUCB2 mRNA levels through 
the activation of ERK1/2 pathway  (  4  ) .   

 

 Nesfatin/NUCB2 is expressed in the appetite-control hypotha-
lamic nuclei such as the paraventricular nucleus (PVN), arcuate 
nucleus (ARC), supraoptic nucleus (SON) of the hypothalamus, 
lateral hypothalamic area (LHA), and zona incerta of rats  (  3  ) . In 
addition, immunoreactivity of nesfatin-1 was found in the brain-
stem nuclei such as the nucleus of the solitary tract (NTS) and 
the dorsal nucleus of vagus  (  3,   5  ) . Selective reduction of nesfa-
tin/NUCB2 mRNA expression in the PVN of rat was found 
under starved conditions, and refeeding restored the expression 
levels, while no signi fi cant changes were observed because of 
starvation in other hypothalamic nuclei. Intracerebroventricular 
injection of nesfatin/NUCB2 to male Wistar rats showed a dose-
dependent reduction in food consumption for 6 h after the injec-
tion. Immunohistochemical analysis showed that nesfatin/
NUCB2 is present in the cytoplasm of the neuronal cell, but not 
in the nucleus, where it was co-localized with PC-1/3 and PC-2. 
Intracerebroventricular infusion of nesfatin-1, an amino-termi-
nal fragment derived from NUCB2, showed a dose-dependent 
reduction in food intake by 6 h. In contrast, intracerebroven-
tricular infusion of other possible fragments processed from nes-
fatin/NUCB2, nesfatin-2, nesfatin-3, and nesfatin-2/3 showed 
no promotion of satiety. These data indicates that the calcium-
binding motif, present in nesfatin-3, is not involved in the inhi-
bition of appetite induced by nesfatin/NUCB2. Furthermore, 
intracerebroventricular infusion of the antibody against nesfa-
tin-1 increased food intake during the light period. In addition, 
the cerebrospinal  fl uid of rat showed nesfatin-1-like immunore-
activity, which indicated that nesfatin/NUCB2 is physiologically 
cleaved in the central nervous system. Conversion of nesfatin/
NUCB2 to nesfatin-1 by PC is indispensable for its inhibition of 
feeding behavior in rats. 

 Chronic infusion of nesfatin-1 into the third ventricle of rat 
consistently reduced body weight gain, and the weight of white 
adipose tissue weight on sacri fi ce. On the other hand, rats gained 
body weight after the initiation of chronic intracerebroventricular 
administration of antisense morpholino oligonucleotide against 
the gene encoding nesfatin/NUCB2. These data strongly indi-
cated that nesfatin/NUCB2 is involved in the physiological regu-
lation of feeding behavior in rats. 

  3.  Possible 
Involvement in the 
Regulation of 
Feeding Behavior
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 In addition to its role as a satiety peptide, nesfatin-1 may 
 mediate anxiety- and/or fear-related responses in the brain  (  6  ) . 
Intracerebroventricular injection of nesfatin-1 showed a dose-
dependent reduction in the percentage of time spent on the open 
arms of the elevated plus maze, increased latency to approach, and 
increased fear-potentiated startle response and the time spent freez-
ing to both context and conditioned cues in a conditioned emo-
tional response test. However, further studies are required to 
determine the effects of peripheral administration of nesfatin-1 or 
its analogues. 

 Results from two groups showed that nesfatin-1 crosses the 
blood–brain barrier of mice without saturation  (  7,   8  ) . Thus, endog-
enous and peripherally administered exogenous nesfatin-1 was 
proposed to reach the brain, and inhibit feeding behavior. 
Intraperitoneal injection of nesfatin-1 in nonstarved male ICR 
mice showed a dose-dependent decrease in 3-h food intake during 
the dark cycle (IC 50  = 0.35 nmoles/g body weight)  (  9  ) . In addi-
tion, subcutaneous administration of nesfatin-1 inhibited food 
intake, and the anorexigenic action of nesfatin-1 continued for 
14 h after the injection. Furthermore, the duration of anorexigenic 
action was longer after subcutaneous administration than after 
intraperitoneal administration. For determining the chronic effects 
of nesfatin-1, 10 nmoles of nesfatin-1 were intraperitoneally admin-
istered to male ICR mice twice a day. Repeated intraperitoneal 
injection of nesfatin-1 signi fi cantly inhibited body weight gain for 
6 days (vehicle: 1.10 ± 0.24 g; 10 nmoles nesfatin-1/mouse/day, 
0.11 ± 0.33 g;  P  = 0.03). These results suggested that peripherally 
administered nesfatin-1 could reduce food intake, and administra-
tion via the subcutaneous route appears to be the most plausible 
route for the administration of nesfatin-1-based antiobesity drugs. 

 In addition, we examined the possibility of a nasal administra-
tion of nesfatin-1 in male Wistar rats because the intranasal route 
provides an easy access to the brain, independent of the altered 
blood–brain barrier function such as “leptin resistance”  (  9  ) . 
Nesfatin-1 (10 nmoles/rat) was administered into the right and 
left nostrils of rats. Intranasal administration of nesfatin-1 
signi fi cantly inhibited food intake for 6 h  (  10  ) . Anorexigenic action 
of nesfatin-1 disappeared after 6 h of administration. Observations 
indicated that the intranasal route may be one of the possible routes 
of administration of nesfatin-1 in the future for the treatment of 
morbidly obese people. 

 Next, we sought to identify the active segment of nesfatin-1 
for the development of antiobesity drugs using nesfatin-1 ana-
logues. Because nesfatin-1 has 3 distinct segments (Fig.  2 ), we 
examined the effect of each segment (1–23, 24–53, and 54–82 
amino acid residues) on food intake in mice. Among the 3 seg-
ments of nesfatin-1, only the mid-segment (24–53 amino acid resi-
dues; M30), consisting of 30 amino acids, has an effect on appetite 
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 (  10  ) . This mid-segment has a structure similar to that of an 
 activation site of agouti gene-related protein (AgRP), and to the 
 a -melanocyte-stimulating hormone ( a -MSH). Intraperitoneally 
administered M30 had a dose-dependent (IC 50  = 0.36 nmoles/g 
body weight) anorexigenic action similar to that of nesfatin-1. 
However, a single injection of M30 into the peritoneal spaces did 
not affect the concentrations of circulating glucose and lipids, 3 h 
after injection of this dosage, despite a signi fi cant reduction of food 
intake. Thus, a region with amino acid sequence similar to that of 
the active site of AgRP was indispensable for the anorexigenic 
action of nesfatin-1. This observation is of value for the future 
development of nesfatin-1 analogues.   

 

 Nesfatin-1-induced anorexia occurred in Zucker fatty rats with a 
leptin receptor mutation. Pretreatment with anti-nesfatin-1 anti-
body did not block leptin-induced anorexia  (  3  ) . The intraperito-
neal injection of M30 decreased food intake under leptin-resistant 
conditions such as genetically obese ( ob/ob ) and genetically dia-
betic ( db/db ) mice and mice fed with a 45% high-fat diet for 28 days 
 (  11  ) . These data indicate that the hypothalamic leptin signaling 
pathway does not exist downstream of the pathway by which nes-
fatin-1 causes anorexia. In contrast, central injection of  a -MSH 
increased the expression of the nesfatin/NUCB2 gene in the PVN, 
and the reduction of food intake by nesfatin-1 was abolished by the 
administration of the melanocortin-3/4 receptor antagonist, 
SHU9119. However, intracerebroventricular administration of 
nesfatin-1 failed to show a signi fi cant change in pro-opiomelano-
cortin ( POMC ) gene expression in the ARC. On the basis of these 
observations, we concluded that nesfatin-1 signaling pathway 

  4.  Mechanism of 
the Anorexigenic 
Effect of 
Nesfatin-1
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  Fig. 2.    Amino acid sequence of three distinct fragments of nesfatin-1.       
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might be associated with the melanocortin signaling pathway in 
the hypothalamus. 

 Next, we investigated the different regions of the brain possi-
bly involved in the suppression of feeding behavior induced by 
nesfatin-1. Nesfatin/NUCB2 expression is modulated by starva-
tion and refeeding in the PVN and SON  (  3,   12  ) . Nesfatin-1 
in fl uences the excitability of a large proportion of different sub-
populations of neurons located in the PVN  (  13  ) . Nesfatin-1 neu-
rons in the PVN and SON show concomitant expression of 
oxytocin and vasopressin  (  12  ) . Double-labeling immunohis-
tochemistry revealed a colocalization of nesfatin/NUCB2 with 
vasopressin and oxytocin in magnocellular neuroendocrine neu-
rons, thyrotropin-releasing hormone (TRH), corticotropin-releas-
ing hormone (CRH), somatostatin, neurotensin, and growth 
hormone-releasing hormone (GRH) in parvocellular neuroen-
dorine neurons of the PVN  (  14  ) . Magnocellular oxytocin neurons 
are activated by feeding, and intracerebroventricular administra-
tion of oxytocin antagonist increases food intake  (  14  ) , which indi-
cates a possible role of oxytocin in the regulation of feeding 
behavior. These data indicated that oxytocin may be involved in 
the nesfatin-1-induced anorexia in the hypothalamus. 

 Nesfatin/NUCB2-immunopositive neurons are also located in 
the ARC and are colocalized with POMC/cocaine- and amphet-
amine-regulated transcript (CART)-neurons but not with neuro-
peptide Y (NPY)/AgRP-neurons  (  3,   5  ) . However, NPY neurons 
in the ARC are hyperpolarized by nesfatin-1, and glibenclamide, 
an ATP-sensitive potassium conductance antagonist, preventing 
nesfatin-1-induced hyperpolarization. This indicates that hyperpo-
larization of NPY neurons is important in the nesfatin-1-induced 
anorexia  (  15  ) . Nesfatin-1, released from POMC/CART neurons, 
may directly affect NPY/AgRP neuronal activities. In addition, 
Inhoff et al. reported  (  16  )  that nesfatin-1 may be involved in the 
desacyl ghrelin-induced inhibition of the orexigenic effect of 
peripherally administered ghrelin in a freely fed rat because nesfa-
tin/NUCB2-immunoreactive neurons in the ARC are activated by 
simultaneous injection of ghrelin and desacyl ghrelin. This newly 
proposed pathway suggests that peripherally administered desacyl 
ghrelin might block ghrelin-activated NPY/AgRP-neurons in the 
ARC via nesfatin-1-positive neurons  (  16  ) . 

 Nesfatin/NUCB2 is also coexpressed with melanin-concen-
trating hormone (MCH) in the tuberal hypothalamic neurons of 
the rat, and approximately 80% of nesfatin-1-immunoreactive neu-
rons were labeled for MCH  (  17  ) . These data suggest that nesfa-
tin/NUCB2, coexpressed in the MCH neurons may play a complex 
role not only in the regulation of food intake but also in other 
essential integrative brain functions involving MCH signaling, 
ranging from autonomic regulation, stress, mood, and cognition 
to sleep. 
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 Nesfatin/NUCB2-immunoreactive cells were choline acetyl-
transferase positive in the Edinger–Westphal nucleus and dorsal 
motor nucleus of vagus, tyrosine hydroxylase positive in the NTS, 
and 5-hydroxytryptamine positive in the causal raphe nucleus  (  5  ) . 
After intraperitoneal injection of M30, expression of c- fos  was 
signi fi cantly increased in the brainstem and NTS accompanied by a 
signi fi cant inhibition of the 3-h food intake but not in the ARC. 
Injection of the mid-segment of nesfatin/NUCB2 signi fi cantly 
increased the expression of  POMC  and  CART  genes in the nucleus 
of the NTS but not in the ARC. Nesfatin/NUCB2 was colocalized 
with CART in almost all regions of the brain that expressed 
NUCB2, including brainstem nuclei  (  18  ) . Our  fi ndings indicate 
that intraperitoneal injection of M30 causes anorexia, possibly, by 
activating the POMC and CART neurons in the NTS via a leptin-
independent mechanism.  

 

 Reverse transcriptase-polymerase chain reaction showed that nesfa-
tin/NUCB2 mRNA was expressed in various tissues of the body, 
including the brain and adipose tissue. We have shown that nesfa-
tin/NUCB2 was also detected in the rat serum and cerebrospinal 
 fl uid by Western blot analysis. The origin of circulating nesfatin-1 
in the serum remains to be determined because PC is also distrib-
uted in various tissues of the body. Thus, nesfatin-1 may be pro-
cessed and released from various tissues expressing PC-1/3 or 
PC-2 in the entire body. 

 Recently, immunoreactivity of nesfatin/NUCB2 was identi fi ed 
in the rat gastric mucosa  (  19  ) . Nesfatin/NUCB2-related peptides 
were thought to be involved in the physiological regulation of gastro-
intestinal function although whether nesfatin/NUCB2 is processed 
to nesfatin-1 in the gastric mucosa remains to be further investigated. 
Nesfatin-1 may be produced in the gastric mucosa because PC-1/3 
and PC-2 mRNAs are abundant in the gastric mucosa  (  20  ) . These 
results increased the possibility of nesfatin/NUCB2 gene expression 
being regulated by the nutritional status and indicate a regulatory 
role of peripheral nesfatin-1 in energy homeostasis. 

 In addition, the gastric vagal afferent is the major pathway 
that transmits the signal for starvation, derived from the ghrelin in 
the stomach  (  21  ) . Some nesfatin/NUCB2-immunoreactive cells 
of the gastric mucosa of the rat coexpress ghrelin  (  19  ) . Thus, the 
anorexigenic signal of peripherally administered nesfatin-1 and its 
active mid-segment, M30, may be transported to the brainstem 
via the vagal nerve. We tested the anorexigenic effects of M30 
 administered intraperitoneally in the mice pretreated with  systemic 
capsaicin injection in order to examine the possible involvement 

  5.  Peripheral 
Nesfatin/NUCB2
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of the vagal nerve in the anorexia. Intraperitoneal administration 
of M30 failed to show any anorexigenic action in capsaicin-pre-
treated mice  (  22  ) . Therefore, the vagal nerve appears to play an 
important role in the induction of anorexia by intraperitoneally 
administered M30. Signal transmission from the vagal afferent 
nerves to the neurons in the NTS is known to involve neurons 
with muscarinic and nicotinic cholinergic  fi bers. Atropine methyl 
nitrate, an antagonist for the muscarinic cholinoceptor, and brety-
lium tosylate, an adrenergic ganglion blocker, did not affect sup-
pression of food intake by intraperitoneally administered M30. In 
contrast, the nicotinic cholinergic blocker hexamethonium abol-
ished the suppression of food intake induced by M30. These data 
indicate that the nicotinic cholinergic pathway is important in 
M30-induced anorexia. 

 Nesfatin/NUCB2-immunoreactive cells are colocalized with 
insulin in the pancreatic islets of both CD1 mice and Fischer 344 
rats  (  23  ) . Nesfatin-1 enhances glucose-induced insulin secretion by 
promoting Ca 2+  in fl ux through L-type channels  (  24,   25  ) . Pancreatic 
 b -cells are well known to express both PC-1/3 and PC-2, and thus 
it is conceivable that nesfatin/NUCB2 must be processed to nesfa-
tin-1 in pancreatic  b -cells. These results indicated the possibility 
that the abundant presence of nesfatin/NUCB2-immunoreactivity 
and its colocalization with insulin suggest a potential role for nesfa-
tin/NUCB2-derived peptides in islet biology and glucose homeo-
stasis. Furthermore, nesfatin-1 has recently been reported to 
enhance glucagon secretion from mouse islets  (  26  ) . 

 Nesfatin-1 may affect insulin sensitivity in vivo. Insulin-stimulated 
glucose uptake in L6 muscle cells was inhibited by nesfatin-1 pre-
treatment, but basal and insulin-induced glucose uptake in adipo-
cytes from nesfatin-1-treated rats was signi fi cantly increased  (  25  ) . 

 We have hypothesized that nesfatin-1 from peripheral organs is 
transported to the brain by humoral and/or neural afferent path-
ways, and that central nesfatin-1 signal may modulate the balance 
of autonomic nervous system, which results in the modi fi cation of 
the different ways in which nesfatin-1 is metabolized in the periph-
eral organs (Fig.  3 ).   

 

 On the basis of our results, we believe that nesfatin-1 could be use-
ful for the diagnosis of some metabolic and psychiatric diseases. 
Furthermore, systemic or local administration of nesfatin-1, its 
fragments, or related analogues may improve metabolic abnormali-
ties by reducing excessive body fat of the patients with obesity and 
metabolic syndrome. 

  6.  Future Direction 
of Clinical 
Research
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  We have detected nesfatin/NUCB2 in human serum by Western 
blot analysis and established a sensitive and speci fi c enzyme-linked 
immunosorbent assay (ELISA) assay system for human nesfatin-1. 
In addition, we con fi rmed the existence of nesfatin-1 in human 
serum. By using our ELISA system, we have shown that circulating 
nesfatin-1 concentrations are negatively correlated with the body 
mass index (BMI) in men. This indicates the lack of “nesfatin-1” 
resistance in obese patients  (  27  ) . Several studies have reported that 
circulating nesfatin concentrations are  fl uctuating in type 2 diabe-
tes patients  (  25,   28,   29  ) . 

 Serum nesfatin-1 levels, measured using commercially avail-
able assay system, are remarkably higher in patients who are newly 
diagnosed with primary generalized epilepsy  (  30  ) . This increase of 
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  Fig. 3.    Putative nesfatin-1 pathways in the brain and peripheral organs. ( a ) Afferent path-
way: Nesfatin-1, released from peripheral organs, reaches the feeding-regulating center 
in the brain via humoral and neural pathways. ( b ) Efferent pathway: Nesfatin-1 signal from 
the brain is transported to the peripheral organs via neural pathway.       
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circulating nesfatin-1 levels might be useful to diagnose epilepsy 
and to monitor the response to antiepileptic treatment. It is not 
clear whether the commercially available assay system may detect 
nesfatin-1 as well as full-length nesfatin/NUCB2 in human serum. 
A remarkable increase in serum nesfatin levels may also be related 
to the existence of epilepsy or epileptic seizure already mentioned 
above. In addition, the circulating nesfatin-1 level is increased in 
patients with major depressive disorder  (  31  ) . The  fl uctuation of 
circulating nesfatin-1 level in the patients with psychiatric disorders 
and the possibility of using nestfatin-1 as a biomarker of these dis-
orders will be further investigated.  

  Several clinical studies have shown that the majority of people 
with obesity have a resistance to leptin. A randomized, controlled, 
dose-escalation trial of clinical leptin treatment already showed 
that high doses of leptin, over a long time, are necessary to 
signi fi cantly decrease body weight in obese adults  (  32  ) . In con-
trast, our data obtained from basic experiments indicated that 
intraperitoneally administered nesfatin-1 signi fi cantly inhibited 
food intake even in leptin-resistant animal models. Chronic infu-
sion of nesfatin-1 into the brain and chronic administration of 
nesfatin-1 into the periphery signi fi cantly decreased body weight 
gain in rodents. We believe that nesfatin-1 and its analogues are 
putative antiobesity drugs to treat leptin-resistant obese patients. 
The possibility of treatment for leptin-resistant obese people in 
the future is shown in Fig.  4   (  10  ) . The data obtained from periph-
eral administration of nesfatin-1 and M30 in mice indicate that 
the most suitable route of administration is the subcutaneous 
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route similar to that used for daily administration of insulin in 
diabetes patients. However, some obese patients may have needle 
phobia to daily repeated subcutaneous only for weight reduction, 
and long-acting nesfatin-1 analogue has to be developed so that 
an injection has to be taken only once a day. Furthermore, results 
from another study indicated that the cerebrospinal  fl uid/plasma 
ratio of nesfatin-1/NUCB2 is decreased in obese humans, which 
indicates the existence of nesfatin-1/NUCB2 resistance in obese 
people  (  33  ) . Because nesfatin-1 effectively reduced the food intake 
after intranasal administration in rats, this application may be 
another way for nesfatin-1 treatment. The nasal route is suitable 
for a frequent administration (before each meal) of nesfatin-1 to 
obese people. Although a speci fi c receptor for nesfatin-1 has not 
been identi fi ed, a nesfatin-1 receptor agonist, administered per os, 
is an option for future treatment.    

 

 In this review, we have summarized the recent progress in the 
research of nesfatin-1, processed from nesfatin/NUCB2, which 
possesses a calcium-binding motif. In particular, the data obtained 
from basic research on nesfatin-1 and M30 will help to develop 
new antiobesity drugs for effective treatment of leptin-resistant 
obese people. However, further studies are required to determine 
the effects of nesfatin-1 on the endocrine and metabolic systems 
and its psychiatric effects. The in fl uences of nesfatin-1, M30, and 
analogues, administered peripherally or intranasally, require fur-
ther research before initiating clinical trials.      
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    Chapter 21   

 Human Cell Line Authentication: The Critical First Step 
in Any Project Using Human Cell Lines       

     Robert   S.   McLaren      ,    Yvonne   Reid      , and    Douglas   R.   Storts         

  Abstract 

 Short tandem repeat (STR) typing is a standard procedure used in many laboratories for the authentication 
of human cell lines. This technology, which is based on the informativeness of known polymorphism of 
numerous loci to uniquely identify a human cell line, has allowed for direct-ampli fi cation of human DNA 
stored on FTA ®  paper. We describe an application of this technology to create a unique STR pro fi le by 
direct ampli fi cation of HCT 116 (ATCC ®  CCL-247™) cell line DNA, a cell line commonly used in colon 
research. The ability to perform direct-ampli fi cation of DNA opens up the possibility of using FTA ®  paper 
as a way to maintain long-term storage of DNA samples from a cell line and other human tissues, such as 
buccal cells.  

  Key words:   STR ,  DNA pro fi ling ,  Human cell lines ,  Authentication    

 

 The propagation and culturing of human cell lines are essential for 
biomedical research. Over the decades, there has been an increased 
demand for cell lines as research tools and models by academic and 
industrial scientists. This demand has led to an increase in 
misidenti fi ed cell lines  (  1–  6  )  and the inconsistencies in cell authen-
ticity and quality that have resulted in false and invalid data. 

 Cellular cross-contamination of cultures is a persistent prob-
lem and occurs at frequencies ranging from 16 to 35%  (  7,   8  ) . 
Contamination of cell lines continues as a result of mishandling 
and lack of best tissue culture practices  (  9,   10  )  .  

 The discovery of DNA hypervariable regions  (  11,   12  )  in the 
human genome has made it possible to uniquely identify human 
cell lines  (  13,   14  ) . The hypervariable regions, which are composed 

  1.  Introduction



342 R.S. McLaren et al.

of short tandem repeats (STRs), are distributed throughout the 
genome and represent some of the most informative markers for 
human cell line identi fi cation. 

 STR loci are polymorphic in the human population, in that 
multiple alleles exist that vary from one another in the number of 
repeats present at that locus. In a diploid cell line there are two 
copies of an allele at a given locus. These alleles have the same 
number of repeats (homozygous) or different number of repeats 
(heterozygous). With STR loci that segregate independently of 
each other it is possible to multiply the genotype frequencies 
obtained at multiple loci to estimate the DNA pro fi le frequency. 
The greater the number of loci analyzed the greater the discrimina-
tion power and the more likely one is able to distinguish between 
two closely related human cell lines. 

 The length of the individual repeat in these STR loci is usually 
quite small, varying from three to six base pairs depending on the 
STR locus making them amenable to multiplex PCR ampli fi cation. 
Multiplexing of multiple STR markers is typically achieved by sepa-
rating the ampli fi ed alleles on a capillary electrophoresis instru-
ment based on size as well as on the basis of the  fl uorescent dye 
used to label the ampli fi cation product, In this way it is possible to 
distinguish ampli fi cation products from many different STR loci in 
one multiplex PCR reaction. 

 The PowerPlex ®  18D System, which consists of 17 polymor-
phic STR markers plus amelogenin for gender determination, 
allows for direct ampli fi cation of human cell line DNA stored on 
FTA ®  paper. The FTA ®  paper enhances the long-term storage with-
out prior puri fi cation of the DNA. We provide a detailed protocol 
on the use of the PowerPlex ®  18D System for the direct ampli fi cation 
of human DNA spotted onto FTA ®  paper.  

 

 All reagents should be stored at the manufacturer’s recommended 
temperature. FTA ®  paper permits the long-term storage (at least 
14 years) of DNA at ambient temperature (20–25°C) following 
spotting of human samples as cell lines, blood, and buccal cells. 
Table  1  lists the reagents and storage temperatures used for the 
DNA typing human cells lines immobilized on FTA ®  cards. Table  2  
lists the labware required.   

 Thermal cycling is typically performed using a GeneAmp ®  PCR 
System 9700 thermal cycler (Applied Biosystems/Life Technologies, 
Inc.) which can accept the MicroAmp ®  Optical 96-well reaction 
plate. Electrophoresis of the ampli fi ed products is performed using 
either an Applied Biosystems 4-capillalry 3130 Genetic Analyzer or 
an Applied Biosystems 16-capillary 3130 xl  Genetic Analyzer. 

  2.  Materials
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Subsequent data analysis is performed using either the GeneMapper ®  
 ID  Software, Version 3.2, or the GeneMapper  ID- X Software, 
Version 1.2. The panels and bins text  fi les designed for this chem-
istry and the appropriate software platform used to analyze data 
generated with the PowerPlex ®  18D System are available for down-
load from   http://www.promega.com/resources/tools/genemap-
per-id-software-panels-and-bin-sets/    . Detailed instructions on 
using these  fi les in conjunction with either the GeneMapper ®   ID  
Software, Version 3.2, or the GeneMapper  ID- X Software, Version 
1.2, to analyze PowerPlex ®  18D System data are available in the 
PowerPlex ®  18D System Technical Manual  (  15  ) .  

   Table 1 
  Reagents for DNA typing of human cell lines   

 Reagent  Vendor 
 Recommended storage 
temperature 

 FTA ®  Micro Card  Fitzco, Inc. (now distributed 
by Whatman) 

 20–25°C 

 PowerPlex ®  18D System (see Note 1)  Promega Corporation  −20°C 

 POP-4™ Performance Optimized Polymer 
(see Note 2) 

 Applied Biosystems/Life 
Technologies, Inc. 

 4°C 

 3130 & 3100- Avant  Capillary Array 36 cm 
(see Note 3) 

 Applied Biosystems/Life 
Technologies, Inc. 

 20–25°C 

 3130 xl  and 3100 Capillary Array 36 cm 
(see Note 3) 

 Applied Biosystems/Life 
Technologies, Inc. 

 20–25°C 

 3730 Running Buffer, 10× (see Note 4)  Applied Biosystems/Life 
Technologies, Inc. 

 20–25°C 

 Hi-Di™ Formamide, 25 mL (see Note 5)  Applied Biosystems/Life 
Technologies, Inc. 

 −20°C 

   Table 2 
  Labware for DNA pro fi ling of human cell lines   

 Labware  Vendor 

 MicroAmp ®  Optical 96-Well Reaction 
Plate (see Note 6) 

 Applied Biosystems/Life Technologies, Inc. 

 MicroAmp ®  Optical 8-Cap Strip  Applied Biosystems/Life Technologies, Inc. 

 96-Well Plate Base  Applied Biosystems/Life Technologies, Inc. 

 96-Well Plate Retainer  Applied Biosystems/Life Technologies, Inc. 

 96-Well Plate Septa  Applied Biosystems/Life Technologies, Inc. 

http://www.promega.com/resources/tools/genemapper-id-software-panels-and-bin-sets/
http://www.promega.com/resources/tools/genemapper-id-software-panels-and-bin-sets/
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 The use of gloves and aerosol-resistant pipette tips is strongly rec-
ommended. To avoid contamination of the ampli fi cation setup 
area with allelic ladder and ampli fi ed product, post-ampli fi cation 
products/reactions are kept away from pre-ampli fi cation products 
and are stored in different rooms. 

      1.    Harvest cells (example cell line HCT 116, ATCC ®  CCL-247™) 
according to laboratory procedure.  

    2.    Wash cells with PBS and resuspend cells in PBS at 10 6 –
10 7  cells/mL.  

    3.    Spot 150  m L (10 6 –10 7  cells/mL) of the cell suspension onto 
an FTA ®  card.  

    4.    Distribute the cell suspension, evenly, within the circle.  
    5.    Allow the FTA ®  card to dry completely at room temperature 

(20–25°C) before use. For long-term storage, cards may be 
stored at room temperature in a desiccator.      

      1.    Determine the number of ampli fi cation reactions to be per-
formed and make suf fi cient reaction mix for the number of 
reactions plus 15% (to compensate for pipetting error and 
reagent loss due to multiple pipetting from the same tube of 
reaction mix to multiple reactions) using the reagents listed in 
Table  3  (see Note 1).   

    2.    Completely thaw, at room temperature, the reagents from the 
PowerPlex ®  18D System Pre-Ampli fi cation Components Box.  

    3.    Centrifuge brie fl y to bring all contents to the bottom of each 
tube, and then vortex each tube, three times for 5 s each.  DO 
NOT  re-spin tubes of PowerPlex ®  18D 5X Primer pair. 

 Table  3  shows the reagent volumes per ampli fi cation reac-
tion. To determine volumes for multiple reactions, multiply 
each volume by the number of reactions (including 15% extra) 
being performed.  

  3.  Methods

  3.1.  Spotting Cell Lines 
onto FTA ®  Card

  3.2.  Direct-Ampli fi cation 
of DNA from 1.2 mm 
Diameter Punches from 
FTA ®  Card

   Table 3 
  Reagents for reaction mix   

 Ampli fi cation reaction mix component  Volume per 25  m L reaction 

 PowerPlex ®  D 5× Master Mix   5  m L 

 PowerPlex ®  18D 5× Primer pair Mix   5  m L 

 Water, Ampli fi cation Grade  15  m L 
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    4.    Dispense 25  m L of the ampli fi cation reaction mix to each well 
of a MicroAmp ®  Optical 96-Well Reaction Plate.  

    5.    Use a 1.2 mm diameter Harris Punch to make a 1.2 mm diam-
eter punch from the FTA ®  card and dispense one punch per 
well containing 25  m L of ampli fi cation reaction mix. 

 It is acceptable to add the 1.2 mm diameter punch to the 
MicroAmp ®  Optical 96-Well Reaction Plate before the 
ampli fi cation reaction mix has been added.  

    6.    For the two positive control ampli fi cation reactions, add 5 ng 
of the 2800 M control DNA supplied in the PowerPlex ®  
18D System Pre-Ampli fi cation Components Box to 25  m L of 
the ampli fi cation reaction mix in either the presence or 
absence of a 1.2 mm diameter punch from an FTA ®  card 
without cell DNA.  

    7.    For the two negative controls, perform the reaction without 
DNA in either the presence or absence of a 1.2 mm diameter 
punch from an FTA ®  card without cell DNA.  

    8.    Seal the wells of the MicroAmp ®  Optical 96-Well Reaction 
Plate with MicroAmp ®  Optical 8-Cap Strips and perform ther-
mal cycling on a GeneAmp ®  PCR System 9700 system follow-
ing the protocol below: 

 96°C for 2 min 

 Then 27 cycles of: 

  94°C for 10 s 

  60°C for 1 min 

 Then one  fi nal extension of: 

  60°C for 20 min 

  Ramp down to 

  4°C Soak 

 After starting the GeneAmp ®  PCR System 9700 thermal 
cycler, the “Select Methods Options” screen appears. Select 
25  m L for the reaction volume and “9600” for the ramp 
speed. The method described here is for 27 cycles. Cycling 
takes approximately 90 min. Depending upon the number of 
cells deposited it may be necessary to vary cycle number from 
24 to 27 to obtain optimal signal on the Applied Biosystems 
3130 or 3130 xl  Genetic Analyzer to prevent too low signal 
or saturating signal. It is recommended that preliminary 
experiments varying cycle number be performed to deter-
mine optimal signal.  

    9.    After completion of thermal cycling, store the ampli fi cation 
products at −20°C in a light-protected container (see Note 7).      
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  Denature the ampli fi ed products prior to electrophoresis on the 
Applied Biosystems 3130 or 3130 xl  Genetic Analyzer. This is 
achieved by heat denaturation in a formamide-based loading 
cocktail.

    1.    Prepare a loading cocktail for one sample by combining 10  m L 
Hi-Di™ formamide with 1  m L CC5 ILS 500 (internal lane 
standards—ILS). For all the ampli fi cation reactions being ana-
lyzed multiply the volume of Hi-Di™ formamide and CC5 ILS 
500 by the number of reactions being analyzed plus 15% (e.g., 
for 40 samples that would be 46 × 10  m L Hi-Di™ formamide 
and 46 × 1  m L CC5 ILS 500) to make a master mix loading 
cocktail.  

    2.    Add 1  m L of ampli fi ed product from each well of the 
ampli fi cation reaction plate to a well of a new MicroAmp ®  
Optical 96-Well Reaction Plate. Several wells (1–4 for a 96-well 
plate) should also contain 1  m L of the PowerPlex ®  18D System 
Allelic Ladder Mix which allows the GeneMapper ®   ID  Software, 
Version 3.2, or GeneMapper  ID- X Software, Version 1.2, to 
assign allele calls to the PowerPlex ®  18D System data.  

    3.    Add 11  m L of loading cocktail to each well. Seal plate using 
96-Well Plate Septa and using a centrifuge with a plate adapter, 
spin the plate brie fl y to remove bubbles from wells and ensure 
that all liquid is at the bottom of each well.  

    4.    Denature samples by placing at 95°C for 3 min. This may be 
performed on a thermal cycler or on a dry block capable of 
accepting a 96-well PCR plate.  

    5.    After heating for 3 min, quick chill the plate for 3 min on a 
crushed ice-slurry. Place the plate on the Applied Biosystems 
3130 or 3130 xl  Genetic Analyzer.      

      1.    Refer to the Applied Biosystems 3130 /3130 xl  Genetic Analyzer 
user’s manual for instructions on cleaning, installing the capil-
lary array, performing a spatial calibration, installing perfor-
mance-optimized polymer, and changing running buffer.  

    2.    Open the data collection software and select the “Module 
Manager” on the left-hand side of the software window. Select 
“New” and then in the Type drop-down list select “Regular”.  

    3.    In the Template drop-down list select “HIDFragmentAnalysis36_
POP4”. Con fi rm that the injection time is set to 5 s, the injec-
tion voltage is set at 3 kV, and the run time is 1,500 s.  

    4.    Give a descriptive name to the run module (e.g., 
PowerPlex_18D_3kV_5Sec_1500) and select “OK”.  

    5.    Select “Protocol Manager” from the left-hand side of the data 
collection software window and select “New” on the right-
hand side of the window.  

  3.3.  Detection of 
Ampli fi ed Fragments 
Using the Applied 
Biosystems 3130 or 
3130 xl  Genetic 
Analyzer

  3.4.  Preparation of the 
Applied Biosystems 
3130 or 3130 xl  Genetic 
Analyzer
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    6.    Type in a name for the new protocol (e.g., PowerPlex_18D_
3kV_5Sec_1500). Select “Regular” in the Type drop-down list.  

    7.    In the Run Module drop-down list, select the Run Module 
created in the previous step. Select “G5” from the Dye Set 
drop-down list, and then select “OK”.  

    8.    Select “Plate Manager” from left-hand side of window of the 
data collection software and create a new plate record. Select 
“GeneMapper-Generic” in the Application drop-down list and 
select appropriate plate type (96-well).  

    9.    Add entries to the “Owner” and “Operator” and select “OK”.  
    10.    In the GeneMapper plate record, enter sample names in the 

appropriate cells. In the “Results Group 1” column, select the 
desired Results Group location to save the data (see Note 8). 
In the “Instrument Protocol 1” column, select the Instrument 
Protocol created in steps 5–9, above. Ensure that this informa-
tion is in each row containing a sample name. Select “OK”.  

    11.    Remove plate containing denatured samples from crushed ice-
slurry (Subheading  3.3 , step 5) and place in black 96-Well 
Plate Base.  

    12.    Snap the white 96-Well plate retainer on top and place the 
plate in instrument. Close instrument doors.  

    13.    Select “Spectral Viewer” from left-hand side of data collection 
software window and then select “G5” dye set. Con fi rm that 
the active spectral calibration for the G5 dye set is correct for 
the PowerPlex ®  18D System (see Note 9). If not, select the 
correct spectral calibration from the list for the G5 dye set and 
then select “Set”.  

    14.    In the “Run Scheduler” window, locate the plate record cre-
ated in steps 5 and 6, above. Click once on the name to high-
light it and once on the image of the 96-well plate on the right 
of the screen. The plate should turn from yellow to green and 
the green run arrow at the top left of the data collection soft-
ware window should become active.  

    15.    Click on this arrow to begin the run. Each run takes approxi-
mately 40 min.      

      1.    Download panels and bin text  fi les for analysis of the data   http://
www.promega.com/resources/tools/genemapper-id-software-
panels-and-bin-sets/    . For analysis of PowerPlex ®  18D System 
data using GeneMapper ®   ID  software, version 3.2, the proper 
panels and bins text  fi les are needed: PowerPlex_18D_Panels_
vX.x.txt and PowerPlex_18D_Bins_vX.x.txt  fi les, where “X.x” 
refers to the most recent version of the panels and bin text  fi les.  

    2.    Save the PowerPlex_18D_Panels_X.x.txt and PowerPlex_18D_
Bins_X.x.txt  fi les to a known location on your computer.  

  3.5.  Analyzing Data 
with GeneMapper  ID  
Software, Version 3.2

http://www.promega.com/resources/tools/genemapper-id-software-panels-and-bin-sets/
http://www.promega.com/resources/tools/genemapper-id-software-panels-and-bin-sets/
http://www.promega.com/resources/tools/genemapper-id-software-panels-and-bin-sets/
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    3.    Open the GeneMapper ®   ID  software, version 3.2. Select 
“Tools”, and then “Panel Manager”. Highlight the Panel 
Manager icon in the upper left navigation pane. Select “File”, 
and then “Import Panels”. Navigate to the panels text  fi le you 
downloaded and select “Import”. Go back to the navigation 
pane and highlight the PowerPlex_18D_Panels_X.x folder that 
you just imported. Select “File”, and then “Import Bin Set”. 
Navigate to the downloaded bins text  fi le.  

    4.    Select the  fi le, and then “Import”. At the bottom of the Panel 
Manager window, select “OK”. The Panel Manager window 
will close automatically. 

 A size standard .xml  fi le (CC5_ILS_500.xml) is required 
to analyze data in the GeneMapper ®   ID  software, version 3.2. 
This contains a listing of the sizes of all the size fragments in 
the CC5 ILS 500 ILS run with the ampli fi ed products and 
allelic ladder. This may also be downloaded from   http://www.
promega.com/resources/tools/genemapper-id-software-pan-
els-and-bin-sets/     and imported into the software using the 
“GeneMapper Manager” tool.  

    5.    Analyze data using an analysis method that can be created in 
the “GeneMapper Manager” tool. For full details see the 
PowerPlex ®  18D System Technical Manual ( 15 ).  

    6.    Analyze data with a 50–150 RFU analysis threshold. This 
value should be determined by individual laboratories from 
internal validation studies and is based on, among other things, 
the sensitivity of the capillary electrophoresis unit being used 
(sensitivities vary from instrument to instrument). In addition 
a 20%  fi lter is typically assigned which removes labels from 
peaks that are less than 20% of the height of the tallest peak at 
a given locus.     

 During analysis the GeneMapper ®   ID  software, version 3.2, deter-
mines the size of the ampli fi ed fragments in each sample by com-
parison of their mobility relative to the ILS. The same process is 
also performed with alleles in the allelic ladder. The software then 
compares the size of the peaks at a locus in an ampli fi ed sample to 
the sizes of alleles in the allelic ladder. If the size of an allele falls 
within a binning window around the size of a particular allele in 
the allelic ladder (typically the bin is ±0.5 bases) then the software 
assigns the same allele designation to the peak in the ampli fi ed 
sample as that allele in the allelic ladder (Fig.  1 ).   

  The process of analyzing data in GeneMapper  ID- X Software, 
Version 1.2, is very similar to that of the GeneMapper ®   ID  soft-
ware, version 3.2, and is described in the PowerPlex ®  18D System 
Technical Manual ( 15 ). One of the differences between the two 
software programs is that the con fi guration of the text  fi les required 

  3.6.  Analyzing Data 
with GeneMapper  ID- X 
Software, Version 1.2

http://www.promega.com/resources/tools/genemapper-id-software-panels-and-bin-sets/
http://www.promega.com/resources/tools/genemapper-id-software-panels-and-bin-sets/
http://www.promega.com/resources/tools/genemapper-id-software-panels-and-bin-sets/
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for data analysis is changed to require three text  fi les instead of 
two. The  fi les that work for GeneMapper ®   ID  software, version 
3.2, will not work for GeneMapper  ID- X Software. The three 
GeneMapper  ID- X Software text  fi les are the Panels, Bins, and 
Stutter text  fi les.

    1.    Download the three GeneMapper  ID- X Software text  fi les 
from   http://www.promega.com/resources/tools/genemap-
per-id-software-panels-and-bin-sets/     and import into 
GeneMapper  ID- X Software following instructions in the 
PowerPlex ®  18D System Technical Manual ( 15 ).  

    2.    Import the size standard .xml  fi le into the software using the 
“GeneMapper ID-X Manager” tool. 

 A separate size standard .xml  fi le (CC5_ILS_500_IDX.xml) is 
required to analyze data in the GeneMapper  ID- X Software, 
Version 1.2. This contains a listing of the sizes of all the size frag-
ments in the CC5 ILS 500 ILS run with the ampli fi ed products 
and allelic ladder and is downloaded along with the panels, bins, 
and text  fi les described above.  

    3.    Analyze data in a similar manner to that previously described 
for GeneMapper ®   ID  software, version 3.2, and is described in 
detail in the PowerPlex ®  18D System Technical Manual ( 15 ).      

  Fig. 1.    Electropherogram of the ampli fi ed D18S51 locus from the PowerPlex ®  18D System analyzed in GeneMapper ®   ID  
Software, Version 3.2, showing allelic ladder and ampli fi ed sample. The  grey bars  represent the ±0.5 base binning window 
centered on the alleles shown in the allelic ladder. The location of these bins is adjusted by the GeneMapper ®   ID  Software, 
Version 3.2, based on sizing of the actual alleles in the allelic ladder. When a peak in the ampli fi ed sample aligns with one of 
these bins the software makes the corresponding allele assignment. In this case the sample contains allele 13 at D18S51.       

 

http://www.promega.com/resources/tools/genemapper-id-software-panels-and-bin-sets/
http://www.promega.com/resources/tools/genemapper-id-software-panels-and-bin-sets/
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  Data are typically represented as a picture of the electropherogram 
showing all the ampli fi ed peaks present across each locus in each 
dye channel (Fig.  2 ). Both GeneMapper ®   ID  Software, Version 
3.2, and GeneMapper  ID- X Software, Version 1.2, allow the user 
to choose what information is shown on peak labels (e.g., allele 
call, size in bases, height of peak, etc.). In addition, data may be 
exported from both pieces of software in a table format for report-
ing purposes.    

 

     1.    The PowerPlex ®  18D System is supplied with a pre-ampli fi cation 
components box (Blue label) and a post-ampli fi cation compo-
nents box (Beige label). Keep the pre-component ampli fi cation 
box and post-component ampli fi cation box in separate rooms 

  3.7.  Example of 
Analyzed Data

  4.  Notes

  Fig. 2.    PowerPlex ®  18D System electropherogram of the colorectal carcinoma cell line HCT 116 (ATCC ®  CCL-247™). DNA 
was ampli fi ed from cells spotted onto FTA ®  paper. Data were analyzed in GeneMapper ®   ID  Software, Version 3.2. Labels 
under each peak represent allele calls. This sample displays    triallelic patterns at D3S1358  (12, 18, 19)  and D8S1179  (11, 
12, 14) . In addition there are several instances of peak height imbalance between alleles at a given locus (e.g., D18S51, 
TPOX, D8S1179, D19S433, and Amelogenin). Triallelic patterns at one or two loci and peak imbalance are not unusual in 
tumor cell lines displaying aneuploid genotype.       
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to avoid contamination of the pre-ampli fi cation components 
with allelic ladder. The component boxes contain the follow-
ing reagents: 

  Pre-ampli fi cation Components Box (Blue Label) from 200 Reaction 
PowerPlex   ®   18D System  

 1 mL PowerPlex ®  D 5× Master Mix 

 1 mL PowerPlex ®  18D 5× Primer Pair Mix 

 25  m L 2800 M Control DNA, 10 ng/ m L 

 5× 1,250  m L Water, Ampli fi cation Grade 

  Post-ampli fi cation Components Box (Beige Label) from 200 Reaction 
PowerPlex   ®   18D System  

 50  m L PowerPlex ®  18D Allelic Ladder Mix 

 2× 150  m L CC5 ILS 500 

    2.    The POP-4™ Performance Optimized Polymer should be 
stored at 4°C prior to installation on the Applied Biosystems 
3130 or 3130 xl  Genetic Analyzer. Upon installation on the 
instrument it should be allowed to warm up to ambient room 
temperature for at least 30 min prior to installation. Once on 
the Applied Biosystems 3130 or 3130 xl  Genetic Analyzer the 
POP-4™ Performance Optimized Polymer is good for 7 days 
at room temperature. After that time it should be replaced. 
Use of POP-4™ Performance Optimized Polymer past this 
time may result in poor-quality data due to poor separation 
and/or an inability to keep the denatured amplicons in a dena-
tured state.  

    3.    Capillaries should be replaced after 100 injections. Using capil-
laries past this time may result in poor resolution and broader 
peaks, especially for the larger size ampli fi ed products   .  

    4.    Running buffer should be diluted to 1× with water and replaced 
fresh each day on the instrument.  

    5.    Hi-Di™ formamide should be thawed, vortexed thoroughly to 
mix, and aliquoted into single use (e.g., 500  m L each). Aliquots 
should be stored at −20°C. Thaw enough single tube aliquots 
for each use and discard any unused formamide. Formamide 
breaks down to formic acid with repeat freeze/thaws. Formic 
acid is negatively charged and competes with the DNA for 
electrokinetic injection of the ampli fi ed DNA fragments into 
the capillary. This results in reduced peak heights.  

    6.    A MicroAmp ®  Optical 96-Well Reaction Plate is used for the 
ampli fi cation reactions and for setting up the injection plate 
when loading samples onto the Applied Biosystems 3130 or 
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3130 xl  Genetic Analyzer. For each ampli fi cation reaction, two 
MicroAmp ®  Optical 96-Well Reaction Plates are used: one for 
pre-ampli fi cation and the other for post-ampli fi cation. It is rec-
ommended to keep these plates in separate areas to minimize 
chances for cross-contamination.  

    7.    Ampli fi cation plates should be stored at −20°C upon comple-
tion of thermal cycling. Prolonged storage at 4°C may result in 
the appearance of degradation products, speci fi cally peaks with 
a wide peak width relative to their height that migrate in the 
low size range (60–100 bases) of the electropherogram.  

    8.    To create a new results group, select “New” in the drop-down 
menu for the “Results Group 1” columns on the plate record 
screen. Select the “General” tab and enter a name. Select the 
“Analysis” tab, and select “GeneMapper-Generic” in the 
Analysis type drop-down list.  

    9.    In order to successfully generate data with the PowerPlex ®  
18D System on an Applied Biosystems 3130 or 3130 xl  Genetic 
Analyzer it is necessary to generate a PowerPlex ®  5-Dye spec-
tral calibration on the G5 dye set. This can be done using the 
PowerPlex ®  5-Dye Matrix Standards, 3100/3130 (Cat.# 
DG4700), following the technical bulletin (16).          
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 Detection of Ca 2+ -Binding S100 Proteins in Human 
Saliva by HPLC-ESI-MS       
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  Abstract 

 High-performance liquid chromatography (HPLC) coupled with electrospray ionization (ESI) mass 
 spectrometry (MS) is a relevant technique for the detection and relative quantitation of naturally occurring 
peptides and proteins. The peptide/protein mass is determined by deconvolution of the ESI-MS spec-
trum, and the resolution can be better than 1:10,000 with the instruments currently available. Accurate 
mass measurement, coupled with suf fi cient resolution, makes it possible to greatly restrict the enormous 
number of possible molecular formulas that might be represented by a speci fi c molecular mass. 

 As soon as the protein mass has been unequivocally attributed to a speci fi c structure by means of dif-
ferent enzymatic and chemical treatments, the m/z values detected in the ESI spectrum can be utilized to 
reveal the protein and to perform its relative quantitation, by the extracted ion current (XIC) procedure, 
in an unlimited number of samples. This chapter describes the HPLC-ESI-MS experimental conditions 
which allow detecting and quantifying—in human saliva—different S100 proteins and their isoforms.  

  Key words:   Human saliva ,  HPLC-ESI-MS ,  Label-free quanti fi cation ,  XIC procedure ,  S100 proteins , 
 EF-hand ,  Calcium ,  Post-translational modi fi cations    

 

 HPLC-ESI-MS is a technique very useful for peptide and small 
protein analysis. Electrospray ionization (ESI) is an atmospheric 
pressure ionization process and this makes it easy to use and ideally 
suited for online coupling HPLC with MS. The distinct character-
istics of ESI are described in speci fi c reference  (  1  ) . However, it is 
relevant to outline that (a) ESI is a “soft” ionization technique, 
and thus it allows to measure the mass-to-charge ratio of intact 
molecular ions; (b) the ionization process is commonly performed 

  1.  Introduction
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in acidic polar solvents, where the molecules of a given protein are 
differently positively charged for the interaction of the H +  ions 
with the carboxylic groups of Asp, Glu, and the C-terminal amino 
acid residue; (c) during the ESI small peptides usually generate 
mono- and bi-charged ions, while larger peptides and proteins dis-
play statistical distribution of multiply-charged ions, with a mean 
charge increasing according to the molecular dimension, often 
reaching more than 20 positive charges; (d) this results in the abil-
ity of analyzing very high molecular weight species using the most 
available mass analyzers  (  2  ) . As a consequence of the distinctive 
features of the ESI process, the ESI spectrum of proteins shows a 
characteristic gaussian distribution of multiply-charged ions with 
different mass-to-charge (m/z) values, as shown in Fig.  1  (ESI 
spectrum of the S100A8 protein).  

    The measurement of these multiply-charged ions gives the 
inherent molecular mass of the analyte molecules, reaching resolu-
tion values from 1:5,000 (low-middle resolution MS apparatus; 
i.e., ion trap  (  3  ) ) to 1:1,000,000 (very high resolution MS appara-
tus; i.e., magnetic sector MS  (  4  )  or Fourier transform ion cyclo-
tron resonance MS  (  5  ) ). Different automated software perform 
the deconvolution, a mathematical manipulation, which allows cal-
culating the protein average mass from the m/z values (Fig.  1 ). 

 Knowledge of the protein mass is not enough for its identi fi cation, 
and various references report the experimental approaches neces-
sary for the de fi nitive characterization  (  6–  8  ) . However, once the 
ESI spectrum corresponding to a chromatographic peak has been 
unequivocally attributed to a protein (or any isoform of it), the m/z 
values of the ions can be utilized to selectively extract from the total 
ion current HPLC pro fi le the ionic current (XIC procedure) peak 
of the protein, as shown in the following sections. This chapter 
describes the detection and identi fi cation of several S100 proteins 
in human saliva by HPLC-ESI-MS (Table  1 ): 

     ● S100A7 D   27    isoform . It is a variant of the protein reported in 
Swiss-Prot data-bank (  http://us.expasy.org/    . Accession 
Number P31151) with an Asp residue instead of Glu in posi-
tion 27. It has lost the N-terminal Met residue and it is 
N-terminally acetylated  (  6  ) .  
    ● S100A7 E   27    isoform . It is the variant with the Glu residue in 
position 27. It has lost the N-terminal Met residue and it is 
N-terminally acetylated. It is detectable in pre-term newborn 
saliva, but not in adult saliva  (  6  ) .  
    ● S100A8  (Accession Number P08109). It has not lost the 
N-terminal Met residue and it is not N-terminally acetylated  (  6  ) .    

  Nine isoforms of S100A9  (Accession Number P06702):

   S100A9 short. It has lost the MTCKM N-terminal pentapep- ●

tide and it is N-terminally acetylated  (  6  ) .  

http://us.expasy.org/
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  S100A9 short phosphorylated. It has lost the MTCKM  ●

N-terminal pentapeptide, it is N-terminally acetylated and 
phosphorylated at the penultimate Thr 108  residue  (  6  ) .  
  S100A9 short oxidized. It has lost the MTCKM N-terminal  ●

pentapeptide, it is N-terminally acetylated and oxidized at the 
Met 89  residue  (  7  ) .  
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  Fig. 1.    Enlargement of the total ion current (TIC) chromatographic pro fi le of the acidic 
soluble fraction of human saliva analyzed by RP-HPLC-ESI-MS according to the conditions 
described in Subheadings  3.3  and  3.4  (elution range 38.2–40.4 min, panel ( a )). The ESI 
mass spectrum registered between 39.20 and 39.61 min is shown in panel ( b ), where the 
multiply-charged ions belonging to the protein identi fi ed as S100A8 are labeled. The 
deconvolution procedure applied on the ESI mass spectrum resulted in the Mav 
10,834.7 Da, which is in good agreement with the molecular mass expected for S100A8 
(panel ( c )). ( RT  retention time,  NL  normalization level,  AV  average).       

 



360 M. Castagnola et al.

  S100A9 short oxidized phosphorylated. It has lost the  ●

MTCKM N-terminal pentapeptide, it is N-terminally acety-
lated, oxidized at the Met 89  residue and phosphorylated at the 
penultimate Thr 108  residue  (  7  ) .  
  S100A9 long. It has lost the N-terminal Met residue and it is  ●

N-terminally acetylated  (  6  ) .  
  S100A9 long phosphorylated. It has lost the N-terminal Met  ●

residue, it is N-terminally acetylated and phosphorylated at the 
penultimate Thr 112  residue  (  6  ) .  
  S100A9 long S-glutathionylated. It has lost the N-terminal  ●

Met residue, it is N-terminally acetylated and S-glutathionylated 
at the Cys 2  residue.  

   Table 1 
  S100A proteins detected in human saliva by RP-HPLC-ESI-MS, Swiss-Prot 
Accession numbers, elution times, post-translational modi fi cations, 
and  experimental and theoretical average mass values (Da). Experimental 
error of the average mass: 0.02%   

 Protein (Swiss-Prot number)  El time (min)  N-term. PTMs  Exp Mav (Da)  Theor Mav (Da) 

 S100A7 (D 27 ) (P31151)  36.4–37.0  a, c  11,368  11,368 

 S100A7 (E 27 )  36.6–37.2  a, c  11,382  11,382 

 S100A8 (P05109)  39.1–39.7  –  10,835  10,835 

 S100A9 (P06702) short  41.3–42.0  b, c  12,689  12,689 

 S100A9 short phosph.  41.3–42.0  b, c  12,769  12,769 

 S100A9 short ox.  41.3–42.0  b, c  12,705  12,705 

 S100A9 short ox. phosph.  41.3–42.0  b, c  12,785  12,785 

 S100A9 long  40.6–41.2  a, c  13,153  13,153 

 S100A9 long phosph.  40.6–41.2  a, c  13,233  13,233 

 S100A9 long S-glut.  41.1–41.8  a, c  13,458  13,458 

 S100A9 long S-glut. phosph.  41.1–41.8  a, c  13,538  13,538 

 S100A9 long S-cyst.  41.1–41.8  a, c  13,272  13,272 

 S100A11 (P31949)  42.0–42.6  a, c  11,651  11,651 

 S100A12 (P80511)  39.5–40.2  a  10,444  10,444 

  (a) N-term loss: M; (b) N-term loss: MTCKM; (c) N-term acetylation. Phosphorylation, glutathionylation, and cystei-
nylation are other possible post-translational modi fi cations: the occurrence is speci fi ed in the column reporting the 
name of the proteins  
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  S100A9 long S-glutathionylated phosphorylated. It has lost the  ●

N-terminal Met residue, it is N-terminally acetylated, phospho-
rylated at the penultimate Thr 112  residue and S-glutathionylated 
at the Cys 2  residue.  
  S100A9 long S-cysteinylated. It has lost the N-terminal Met  ●

residue, it is N-terminally acetylated and S-cysteinylated at the 
Cys 2  residue.  
  S100A11 (Accession Number P31949). It has lost the  ●

N-terminal Met residue and it is N-terminally acetylated  (  6  ) .  
  S100A12 (Accession Number P80511). It has lost the N-terminal  ●

Met residue and it is not N-terminally acetylated  (  6  ) .    

 It is relevant to outline that (1) some of the post-translational 
modi fi cations above described are not reported in Swiss-Prot data 
bank  (  6  ) ; (2) acidic hydro-organic solutions are commonly used in 
the HPLC-ESI-MS analysis in order to facilitate the ionization 
process. Many Ca 2+ -binding S100 proteins exert their function 
throughout a subtle interplay between monomeric and homo- and 
hetero-oligomeric not-covalent assemblies, which are unstable 
under the acidic conditions. Thereby, only monomeric S100 pro-
teins, soluble in acidic solutions, are detectable by this method.  

 

 Prepare all solutions using ultrapure water (prepared by purifying 
deionized water with a Milli-Q Ultrapure Water puri fi cation sys-
tem to attain a sensitivity of 18 M  W  cm at 25°C). Acetonitrile and 
2,2,2-tri fl uoroacetic acid (TFA) are of LC-MS reagent grade 
(Mallinckrodt Baker, Deventer, The Netherlands). Collect saliva 
using sterile soft plastic (see Note 1) disposable serological pipette 
and store in safe-lock tube. For HPLC separation use a chromato-
graphic C 8  column (column dimensions (150 × 2.1 mm, 5  m m par-
ticle size; Vydac, Hesperia, CA, USA)). 

      1.    Eluent A: 0.056% TFA in water. 
 Prepare a stock solution of 1%TFA adding at 1 mL of pure 

TFA 999 mL of water. Add 28 mL of 1% TFA to 472 mL of 
water ( fi nal volume 500 mL, see Note 2).  

    2.    Eluent B: 0.050% TFA in acetonitrile-water 80/20 (v/v). 
 Add 75 mL of water and 25 mL of 1%TFA to 400 mL of 

acetonitrile ( fi nal volume 500 mL, see Note 2).  
    3.    Sample solution: 0.2% TFA in water. 

 Add 20 mL of 1%TFA to 80 mL of water ( fi nal volume 
100 mL, see Note 2).      

  2.  Materials

  2.1.  Eluents and 
Sample Solution
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  The HPLC-ESI-IT-MS apparatus is a Surveyor HPLC system 
(ThermoFinnigan, San Jose, CA, USA) connected to an LCQ 
Advantage mass spectrometer equipped with an ESI source and ver-
sion 2.0.7 of Excalibur software. For the deconvolution of the ESI 
spectrum the freeware MagTran 1.0 software  (  8  )  can be used.   

 

  Collect resting whole saliva using a sterile plastic soft disposable 
serological pipette aspirator between 11 and 12 a.m. in a safe-lock 
tube. Immediately after collection, add to the salivary sample the 
sample solution exactly in 1:1 v/v ratio at 4°C (see Note 3). 

 After stirring, centrifuge the solution at 8,000 ×  g  for 5 min (4°C) 
and then separate the acidic supernatant from the precipitate. 

 Analyze the supernatant immediately by HPLC-MS or store at 
−80°C.  

  Optimize electrospray ion source and ion trap parameters before 
starting with the analysis by following steps 1–6. The ion signal 
abundances strictly depend on the instrumental characteristics.

    1.    Use puri fi ed histatin 1 (4,928.15 Da) as standard peptide to 
optimize the tune parameters in LC-ESI MS mode.  

    2.    Dissolve the peptide at concentration of 0.1 mM in 70/30 
eluent A/B (v/v) and  fi ll a 500  m L syringe with the peptide 
solution.  

    3.    Set up the instrument to introduce sample by syringe pump 
into solvent  fl ow from the HPLC by using a tee union, that is 
connected to the fused-silica infusion line (capillary i.d. 
100  m m). Set the  fl ow at 100  m L/min.  

    4.    Manually change the following parameters, in order to obtain 
the best signal to noise ratio for peptide multiply-charged ions: 
capillary temperature, spray voltage, capillary voltage, sheath 
gas  fl ow rate, auxiliary gas  fl ow rate. Optimize these parame-
ters to obtain a mass spectrum where the most abundant ion is 
the penta-charged ion at m/z 986.6 Th.  

    5.    Optimize ion trap, tube lens, and multipole lens parameters by 
performing the auto tuning, setting the most abundant pep-
tide ion in the mass spectra.  

    6.    Save the tune method  fi le containing the optimized parameters 
and use it for chromatograms and mass spectra recording.  

    7.    Set mass spectra acquisition in positive ion and full scan mode in 
a range 300–2,000 m/z and mass spectra collection every 3 ms.  

    8.    Save all these instrumental settings in the  fi nal mass spectrom-
etry analysis method  fi le.      

  2.2.  Apparatus

  3.  Methods

  3.1.  Collection and 
Treatment of Salivary 
Samples

  3.2.  Setting of the MS 
Apparatus
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      1.    Carry out HPLC analysis of salivary proteins by using a C 8  
chromatographic column (150 × 2.1 mm, 5  m m particle size; 
Vydac, Hesperia, CA, USA) equipped with C 8  guard cartridge 
(7.5 × 2.1 mm, 5  m m particle size; Vydac, Hesperia, CA, USA, 
see Note 4).  

    2.    Set column temperature at 25°C.  
    3.    Let conditioning the column for 5 min with 100% of mobile 

phase A at a  fl ow rate of 100  m l/min.  
    4.    Inject 30  m l of sample solution.  
    5.    Carry out analyte elution with a binary high-pressure gradient 

at  fl ow rate of 100  m l/min.  
    6.    Perform analyte elution increasing the percentage of solvent B 

through the column in a multi-step mode: from 0% to 54% in 
39 min, from 54% to 100% in 10 min, then to 100% in 1 min.  

    7.    Do not address the elution solution to the mass spectrometer 
during the  fi rst 5 min of separation, to avoid instrument dam-
age due to the high salt concentration.  

    8.    Utilize, for the acquisition of the HPLC-ESI-MS pro fi le, the param-
eters optimized during the tuning procedure    (see Section 3.2).      

  To detect S100 proteins in your samples and to quantify them by 
XIC procedure use the m/z values reported in Table  2 . 

    1.    Select in the total ion chromatogram (TIC) the region corre-
sponding to the elution range (considering a possible variabil-
ity of ±0.7 min) of each S100 protein reported in Table  1 , and 
evidence the ESI spectrum.  

    2.    Perform the deconvolution of the ESI spectrum to obtain the 
average protein mass value. To perform deconvolution see 
Note 5.  

    3.    The difference between the experimental and theoretical aver-
age mass value must be within 2 Da.  

    4.    Select in the experimental ESI spectrum the ions to be used to 
extract the ion current peak according the following criteria:
   Select multiply-charged ions only if the S/N ratio is at least 5.  
  Select the most intense ions (relative abundance  ³  25%).  
  Exclude the ions that are common with co-eluting proteins.     

    5.    Table  2  reports the m/z values of the multiply-charged ions 
selected to reveal S100A protein peaks in the chromatographic 
pro fi les registered by using the apparatus reported in 
Subheading  3  according the above reported criteria. A vari-
ability of ±0.7 Th may be accepted.  

    6.    If the intensity of the ions of the ESI spectrum registered with 
the apparatus reported in Subheading  2.2  is largely different 

  3.3.  Reversed Phase 
HPLC Separation

  3.4.  Protein Detection 
and Quanti fi cation by 
the XIC Procedure
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from that reported in Table  2  (more than 20%), change the 
tuning parameters of the ESI source by a new optimization 
(see Subheading  3.2 ) and verify again the gaussian distribution 
of the ion intensities.  

    7.    To extract the ion current peak apply the proper list of 
selected multiply-charged ions (layout), as follows: open the 

   Table 2 
  Multiply-charged ions utilized for the determination of the XIC peak area of the 
S100A proteins of Table  1 , and their relative abundance usually registered under 
the experimental conditions described and by using the apparatus reported in 
Subheading  3    

 Protein name 
 Multiply-charged ions used for XIC search 
 m/z Th (charge) [Relative Abundance ± 6%] 

 S100A7 (D 27 )  1,034.4 (+11) [25%], 1,137.8 (+10) [40%], 1,264.1 (+9) [52%], 
1,422.0 (+8) [64%] 

 S100A7 (E 27 )  1,035.7 (+11) [19%], 1,139.2 (+10) [37%], 1,265.6 (+9) [60%], 
1,423.7 (+8) [55%] 

 S100A8  986.0 (+11) [100%], 1,084.5 (+10) [60%], 1,204.8 (+9) [46%], 
1,355.3 (+8) [58%] 

 S100A9 short  977.1 (+13) [84%], 1,058.4 (+12) [98%], 1,154.6 (+11) [85%], 
1,269.9 (+10) [64%], 1,410.9 (+9) [42%] 

 S100A9 short phosph.  983.3(+13) [83%], 1,065.1 (+12) [100%], 1,161.8 (+11) [63%], 
1,277.9 (+10) [53%], 1,419.8 (+9) [55%] 

 S100A9 short ox.  978.3 (+13) [81%], 1,059.8 (+12) [100%], 1,156.0 (+11) [74%], 
1,271.5 (+10) [68%], 1,412.7 (+9) [44%] 

 S100A9 short ox. phosph.  984.5 (+13) [100%], 1,066.4 (+12) [79%], 1,163.3 (+11) [62%], 
1,279.5 (+10) [54%], 1,421.6 (+9) [45%] 

 S100A9 long  940.5 (+14) [90%], 1,012.8 (+13) [100%], 1,097.1 (+12) [80%], 
1,196.7 (+11) [55%], 1,316.3 (+10) [60%] 

 S100A9 long phosph.  946.2 (+14) [80%], 1,018.9 (+13) [100%], 1,103.7 (+12) [85%], 
1,204.0 (+11) [60%], 1,324.3 (+10) [50%] 

 S100A9 long S-glut.  962.3 (+14) [93%], 1,036.2 (+13) [100%], 1,122.5 (+12) [82%], 
1,224.5 (+11) [51%], 1,346.8 (+10) [46%] 

 S100A9 long S-glut. phosph.  968.0 (+14) [84%], 1,042.4 (+13) [100%], 1,129.2 (+12) [85%], 
1,231.7 (+11) [67%], 1,354.8 (+10) [38%] 

 S100A9 long S-cyst.  949.0 (+14) [41%], 1,021.9 (+13) [100%], 1,107.0 (+12) [56%], 
1,207.5 (+11) [40%], 1,328.2 (+10) [30%] 

 S100A11  1,060.2 (+11) [50%], 1,166.1 (+10) [100%], 1,295.6 (+9) 
[63%], 1,457.4 (+8) [35%] 

 S100A12  950.4 (+11) [61%], 1,045.4 (+10) [77%], 1,161.4 (+9) [90%], 
1,306.5 (+8) [100%] 
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“chromatogram ranges” window in the Xcalibur software and 
insert the selected m/z values on the “mass range” plot type 
separating the values with a comma or a plus sign.  

    8.    Extract the ion current (XIC) peak and integrate the area of 
the peak, which is proportional to the concentration of the 
protein and may be used to perform its relative quanti fi cation. 
Figures  2 – 7  show the XIC procedures utilized to detect the 
S100A proteins reported in the introduction and Table  1  in 
typical samples of adult human saliva.        
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  Fig. 2.    Enlargement of the total ion current (TIC) chromatographic pro fi le of the acidic soluble fraction of human saliva 
analyzed by RP-HPLC-ESI-MS according to the conditions described in Subheadings  3.3  and  3.4  (elution range 33–43 min, 
panel ( a )). Panels ( b ) and ( c ) show the extracted ion current (XIC) peaks of S100A8 and S100A12 obtained by selective 
extraction of some of their distinctive multiply-charged ions (see also Table  2 ). The XIC peak area, proportional to the 
concentration of the proteins, is also reported ( MA  measured area; other abbreviations as in Fig.  1 ).       
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extraction of some of its distinctive multiply-charged ions (see also Table  2 ). The XIC peak area, proportional to the concen-
tration of the proteins, is also reported ( MA  measured area; other abbreviations as in Fig.  1 ).       
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viations as in Fig.  1 ).       
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    9.    Integration of the XIC peak area may be done by using appro-
priate Excalibur tools.  

    10.    Save the layout in a  fi le to extract the peak of the same protein 
in any other chromatographic pro fi le.  

    11.    By applying the layout of each speci fi c S100 protein, the 
extracted ion current peak will appear on the chromatographic 
pro fi le in the proper elution range. The integration of the peak 
area must be manually repeated for any sample.  

    12.    In any new HPLC-ESI-MS chromatographic pro fi le check the 
ESI spectrum of the S100 protein and its average mass after 
deconvolution.       
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     1.    Use only pipettes and safe-lock tubes (i.e., certi fi ed Eppendorf 
tubes) with low plastic release. Plastic contamination can derive 
from polymer degradation products and surfactants. They can 
generate interference in the ESI spectrum.  

    2.    It is advisable to prepare eluents and sample solutions at least 
every 2 weeks.  

    3.    Saliva can be collected under the tongue, near to caruncle. 
Donor should avoid to eat and to drink (except water) at least 
30 min before sample collection. The best period for specimen 
collection is from 10 to 12 a.m. when parotid and subman-
dibular/sublingual gland secretions are roughly comparable. If 
donor has low salivary secretion, it can be stimulated by two 
drops of lemon juice on the tongue. Collect saliva in a safe-lock 
tube in ice bath. Pull down the tube by hand in order to well 
measure the volume collected. Do not accumulate too much 
volume before adding the sample solution (i.e., from 0.2 to 
0.5 mL of whole saliva). Saliva is a dynamic bodily  fl uid con-
taining different exogenous and endogenous proteinase and 
the proteolytic process starts immediately after secretion.  

    4.    Replace the guard cartridge at least after 20 runs.  
    5.    Deconvolution procedure:

   Select in the TIC the region corresponding to the elution  ●

range and evidence the ESI spectrum.  
  Select “view spectrum list”.   ●

  Open display options window in the Xcalibur software and  ●

 fl ag all peaks.  
  Select Edit copy cell.   ●

  Open MagTran 1.0 software.   ●

  Select “Past Data” button to copy your ESI spectrum  ●

inside the MagTran software.  
  In Magtran  ● ® Option ® Transform options set:

   Mass range from 1 to 40,000 Da   –

  Min. Peak-Width (Da) 1 and Max. Peak-Width 30.   –

  Mass unit/point: 0   –

  S/N Threshold: 2   –

  Max. No. of species: 8   –

  Mass accuracy: 0.05   –

  Charge Determined by: Charge envelop only   –

  4.  Notes



37122 Detection of Ca2+-Binding S100 Proteins in Human Saliva by HPLC-ESI-MS…

  Select “Start Transform” button. If the original  –
 spectrum is too noisy, select “Smooth original spec-
trum” button to reduce the noise and then select 
“Start Transform” button again.                
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    Chapter 23   

 Clinical Use of the Calcium-Binding S100B Protein       

     Ramona   Astrand   ,    Johan   Undén   , and    Bertil   Romner        

  Abstract 

 S100B is a calcium-binding protein most abundant in neuronal tissue. It is expressed in glia cells and 
Schwann cells and exerts both intra- and extracellular effects. Depending on the concentration, secreted 
S100B exerts either trophic or toxic effects.    Its functions have been extensively studied but are still not fully 
understood. It can be measured in cerebrospinal  fl uid and blood, and increased S100B level in blood can 
be seen after, e.g., traumatic brain injury, certain neurodegenerative disorders and malignant melanoma. 

 This chapter provides a short background of protein S100B, commercially available methods of analysis, 
and its clinical use.  

  Key words:   S100B ,  EF-hand ,  Calcium ,  Traumatic brain injury ,  Minor head injury ,  Malignant 
melanoma ,  Alzheimer’s disease    

 

  The  fi rst member of the S100 family was isolated by Moore in 
1965. It was given its name S100 due to solubility in 100% 
saturated ammonium sulfate at neutral pH. The protein S100 was 
initially puri fi ed from bovine brain and thought to be speci fi c to 
neuronal tissue since it was mainly expressed in glial and Schwann 
cells  (  1  ) . Subsequent studies studies showed that the fraction 
contained two polypeptides, S100A1 and S100B; the two S100 
proteins most abundant in the nervous system  (  2  ) . 

 The S100 family is a multigenic family membering at least 25 
proteins characterized by the presence of two calcium-binding, 
EF-hand motifs (helix-loop-helix structure). The proteins S100A1–
S100A16 are coded by genes clustered at human chromosome 
1q21. The other proteins S100B, S100P, S100Z, and S100G are 

  1.  Introduction

  1.1.  Biochemistry    of 
S100 Proteins
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coded by genes located at different chromosome 21q22, 4p16, 
5q14, and Xp22, respectively  (  3–  5  ) . 

 The S100 proteins are small acidic proteins, with molecular 
weights between 9 and 13 kDa. They exist within cells as homodi-
mers (e.g., S100BB), with the exception of S100G (calbindin D9k) 
which is monomeric. In some cases, heterodimers can form, as in 
the case with S100A1/S100B, and even oligomers in some speci fi c 
cells. Dimerization and oligomerisation seem to be important for 
the biological activity, and upon calcium binding, conformational 
changes on the protein occur in order to be able to recognize its 
target proteins/receptors (e.g. RAGE)  (  6  ) . Several S100 proteins 
not only bind calcium but also zinc and copper.  

  The S100 proteins relay signals from receptors on the cell surface 
to target molecules inside the cell, in the cytoplasm or nucleus. 
Extracellularly, several S100 proteins bind to RAGE (receptor for 
advanced glycation end products), which activates several intracel-
lular signaling pathways (see Chapters   15     and   16    ). In general, there 
are  fi ve major intracellular functions for S100 proteins: (1) regula-
tions of phosphorylation mediated by protein kinases, (2) modula-
tion of enzymatic activity, (3) maintenance of cell shape and 
motility, (4) in fl uence of some signal-transduction pathways, and 
(5) promotion of calcium homeostasis  (  7  ) . The function of S100B 
is, among others, regulation of calcium homeostasis and regulation 
of cell motility. Depending on the concentration, secreted S100B 
exerts trophic as well as toxic effects. At lower concentrations 
(nanomolar) S100B is thought to stimulate neuronal growth and 
enhancement of neuronal survival during development, while at 
higher concentrations (micromolar) S100B may have deleterious 
effects by increasing expression of the pro-in fl ammatory cytokine 
IL-6 and inducing apoptotic neuronal death  (  8  ) .  

  Several of the S100 proteins are abundant in the central nervous 
system. S100B is expressed in astrocytes, oligodendrocytes, and 
Schwann cells, but it can also be found outside the nervous system 
in chondrocytes, adipocytes, and melanocytes  (  8,   9  ) . The extracra-
nial concentration of S100B is much lower than that found in neu-
ronal tissue  (  10  ) . 

 S100B can be measured in both cerebrospinal  fl uid and in 
blood serum. The median concentration in blood among healthy 
adults is 0.05  μ g/L and is independent of both age and gender 
 (  11  ) . There are still some uncertainties about the release mecha-
nism of S100B into the blood. The most accepted theory is that of 
extracellular S100B passing into the blood due to a disrupted 
blood–brain barrier (BBB)  (  12  ) . Hence, serum protein S100B is 
considered an early marker of the disruption of BBB after a blow 
to the head, thus not always as a sign of neuronal damage. It is 
metabolized and excreted via the kidneys and its half-life is 

  1.2.  Functional Roles 
of S100B

  1.3.  Sources of S100B

http://dx.doi.org/10.1007/978-1-62703-230-8_15
http://dx.doi.org/10.1007/978-1-62703-230-8_16
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estimated to 30–130 min  (  13,   14  ) . The stability of protein S100B 
in serum has been investigated by Raabe and colleagues, who found 
no effects of storage time and temperature prior to analysis  (  15  ) . 
S100B has also been found in other extracellular  fl uids, such as 
saliva and urine. The stability of urine S100B seems to be less stable 
 (  16  ) . Studies comparing jugular vein S100B to arterial concentra-
tions have found contradicting results, one  fi nding a signi fi cantly 
higher concentration in jugular blood  (  17  )  and the other with 
almost equivalent levels  (  18  ) . 

 Reference levels for S100B have been found to be age- and 
gender independent  (  11  ) , and a cut-off value  £ 0.10  μ g/L has been 
considered normal (within 95th percentile)  (  19  ) . Reference levels 
for children are slightly increased compared to adults  (  20  ) .   

 

  Traumatic brain injury is a signi fi cant cause of mortality and mor-
bidity in adults and a leading cause of death in childhood. The 
diagnostic process includes clinical examination and, in more severe 
cases, neuroimaging, such as computed tomography of the head 
(CT) or magnetic resonance imaging (MRI). The majority of head 
injuries are so-called minor head injuries (85–90%), whereas only 
5–10% are moderate to severe head injuries. The majority of the 
minor head injured are fully awake (Glasgow coma scale—GCS 
15), without any loss of consciousness or amnesia post-injury and 
have a very low risk of developing intracranial complications. These 
are according to the Scandinavian Neurotrauma Committee 
classi fi ed as minimal head injuries  (  21  ) . Those de fi ned as being 
“mild head injuries” are ones who appear fully or nearly fully awake 
(GCS 14–15) but have had or might have had a brief loss of con-
sciousness and/or amnesia. The mild head injured have an approx-
imately 1% risk of developing intracranial complications in need of 
neurosurgical intervention; less than 10% have pathological intrac-
ranial  fi ndings on CT  (  22  ) . 

  Serum S100B increases almost immediately after a relevant brain 
injury, due to a brief breach of the blood–brain barrier (BBB)  (  12  ) . 
It has been discussed that since epidural hematomas may initially 
not be associated with an actual brain damage, the biomarker might 
not be increased    . However, epidural hematomas reported in the 
literature have all shown elevated S100B > 0.10  μ g/L; although 
only slightly elevated  (  23  ) . Thus, S100B could be a marker of BBB 
disruption as well as brain cell damage  (  24  ) . The sensitivity of the 
protein is high, making S100B a better marker for identifying 
patients with a negligible risk for intracranial complications 

  2.  Clinical Use 
of S100B

  2.1.  Head Injury

  2.1.1.  Sensitivity and 
Speci fi city
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 (  25–  29  ) . In a recent meta-analysis by Undén et al., the sensitivity 
for S100B (cut-off 0.10  μ g/L and sample time within 3 h after 
minor head trauma) was found to be 98% for any type of intracra-
nial pathology on CT. For clinically relevant  fi ndings/neurosurgical 
intervention, the sensitivity was 100%  (  30  ) . 

 Protein S100B is not speci fi c to the brain. Its presence is also 
found in low concentrations in adipose tissue, melanocytes in the 
skin, bone marrow, and heart muscle  (  31  ) . Undén et al. also showed 
that serum S100B is increased in patients with especially long bone 
fractures  (  32  ) , hence the extracerebral sources may be a limiting 
factor in the immediate assessment of multi-trauma patients  (  33  ) . 
S100B is not in fl uenced by blood-alcohol levels  (  28,   34  ) .  

  The best results for clinical use of S100B is in the  fi eld of minor 
head injuries. Due to the high speci fi city and high negative predic-
tive value for neurosurgically relevant intracranial complications, it 
has been estimated that S100B could reduce the frequency of head 
CT by 30%, and still maintain patient safety. This was formerly 
proposed by Biberthaler et al., and further studied in a meta-anal-
ysis by Undén et al., strengthening the theory  (  30,   35  ) . Recently, 
Zongo et al. published a prospective study on the evaluation of 
S100B as a screening tool in minor head injury (GCS 13–15), 
which con fi rms the potential bene fi t of implementing S100B into 
clinical use  (  36  ) . A total of 1,646 patients were included in the 
study. The cut-off value was chosen to be 0.12  μ g/L and blood 
was collected within 6 h after trauma. None of the patients were 
considered false negative. The sensitivity was 99.1%, and negative 
predictive value 99.7. The potential percentage of avoided CT 
scans were calculated to 19%. These studies only apply on adult 
patients so far. 

 The Scandinavian head injury guidelines are currently being 
revised, and serum S100B will be recommended as an option in 
mild head injury, as a decision tool to perform a CT or not.  

  Research on the potential use of neuromarkers in severe head injury 
has primarily been directed at severity and outcome prediction. 
The clinical presentation of an unconscious patient, who is often 
sedated and/or with external mechanical ventilation, makes tradi-
tional clinical evaluation dif fi cult. Initial level of consciousness 
(according to GCS), CT classi fi cations (Marshall), pupil response, 
and events of intracranial hypertension or hypoperfusion/hypoxia 
are some of the traditional clinical tools for estimating clinical 
progress and outcome. Thus a biochemical brain marker could be 
most valuable in the prediction of secondary complications in a 
neurointensive care patient. 

 Previous studies have found a correlation between serum 
S100B levels and clinical outcome according to Glasgow Outcome 
Scale (GOS) after severe head injury  (  37,   38  ) . Patients with poor 

  2.1.2.  Minor Head Injury

  2.1.3.  Severe Traumatic 
Brain Injury



37723 Clinical Use of the Calcium-Binding S100B Protein

outcome (vegetative state or death) had signi fi cantly higher S100B 
levels than patients with favourable to severely disabled outcome 
 (  39,   40  ) . One study found a 2.1-fold increase in serum S100B in 
those with unfavorable vs. favorable outcome  (  41  ) . In earlier stud-
ies, Raabe et al. found a strong association between a cut-off level 
of 2.5  μ g/L (any time) and unfavorable outcome  (  37,   42  )  and 
Woertgen et al. found that serum levels above 2  μ g/L (drawn 
within 6 h after trauma) predicted unfavorable outcome (positive 
predictive value 87%; negative predictive value, 77%)  (  43  ) . Nylén 
et al. reported a cut-off of 0.55  μ g/L (at admission) with a 100% 
speci fi city for predicting unfavorable outcome 1 year postinjury 
 (  44  ) . Böhmer et al. collected daily CSF samples in 20 patients with 
severe TBI and found that early elevations of S100B (up to 3 days) 
predicted deterioration to brain death  (  45  ) . Dimopoulou et al. has 
reported elevated median serum S100B levels of 2.32  μ g/L in 
those progressing to brain death, while survivors had signi fi cantly 
lower median values, 1.04  μ g/L  (  46  ) . 

 Contrary to previous studies, some of the more recent studies 
have shown no signi fi cant correlation between early CSF-S100B or 
serum S100B and GOS or other outcome scales  (  47  ) , nor between 
dichotomized GOS  (  48,   49  ) . They conclude there is no clinically 
signi fi cant value of the marker as predictor of clinical outcome 
 (  49  ) . In a prospective, double-blind, randomized study, Olivecrona 
et al. investigated the prognostic value of biomarkers and con-
cluded that serum is a poor predictor of secondary insults  (  49  ) .  

  One drawback of S100B is the presence of extracranial sources, 
especially bone marrow and adipose tissues  (  32,   33  ) . Pelinka et al. 
found that all patients studied with multiple organ trauma demon-
strated raised S100B levels whether or not TBI was present, and 
they concluded that serum levels drawn during the  fi rst 24 h did 
not reliably predict clinical outcome in these patients  (  50  ) . Daily 
measurements were advocated. However, another study by da 
Rocha et al. did not  fi nd any correlation between higher S100B 
values and the presence of multitrauma  (  39  ) .  

  There are, by far, fewer studies performed on pediatric TBI and 
biomarkers, but similar to the studies on adults, most studies have 
focused on the ability of S100B to predict outcome after TBI. 
Bechtel and colleagues described use of serum S100B as a screen-
ing tool to detect intracranial injuries in children admitted to the 
emergency department after closed head trauma. Although chil-
dren with intracranial injuries had signi fi cantly higher S100B con-
centrations than children without intracranial injuries, the ability of 
S100B levels to detect such injuries was found to be poor  (  51  ) . 
Child abuse and in fl icted TBI are both serious and non-negligible 
in this patient group. The presenting symptoms are diffuse, such 
as headache, abdominal pain, and excessive vomiting, and can be 

  2.1.4.  Multi-trauma

  2.1.5.  S100B Protein in 
Children
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dif fi cult to differentiate between other medical conditions, 
especially among infants. Neither CSF nor serum biomarkers have 
shown suf fi cient discriminative abilities to be used as a screening 
tool for in fl icted TBI  (  52  ) . 

 Castellani et al. recently investigated the correlation of S100B 
to CT results after mild TBI (GCS 13–15). Serum S100B concen-
trations were signi fi cantly higher in patients with abnormal CT 
(mean 0.64  μ g/L) compared with patients with normal CT (mean 
0.50  μ g/L) and even though speci fi city was poor (0.42), the sen-
sitivity and negative predictive value was 1.00. The authors con-
cluded that normal S100B levels (<0.16  μ g/L, Elecsys) safely rules 
out CT pathologies in minor head injured children  (  53  ) . Two 
independent studies have recently been performed to investigate 
the reference values of S100B in children, and conclude that 
healthy children have increased S100B levels compared to adults, 
and especially among infants  (  20,   54  ) . These studies encourage 
further research on this topic to pursue optimizing routines and 
management in pediatric head injury.   

  The levels of S100B in blood and CSF has also been correlated to 
a number of other diseases, such as Alzheimers disease (AD)  (  58  ) , 
autoimmune disorders such as multiple sclerosis (MS)  (  59  ) , 
psychiatric disorders such as schizofrenia  (  60  ) , and acute cerebro-
vascular insult  (  61  ) . 

 Alzheimer’s disease (AD) is so far the most extensively studied 
neurodegenerative disorder coupled with S100B levels. S100B in 
CSF has previously been shown to be increased in mild to moderate 
stage of AD, but nearly equal or decreased in severe AD compared 
to controls  (  62  ) . A more recent study reported positive correla-
tions of the severity of dementia in AD and serum S100B levels 
 (  63  ) . This result differs from a previous study by Gruden et al. 
2007, who reported lower levels in severe dementia compared to 
moderate, and a peak of S100B immune response during moderate 
dementia  (  64  ) . 

 The S100B  fi ndings in MS and schizophrenia supports the 
theory that there are neurodegenerative mechanisms involved in 
the pathogenesis of these diseases. CSF and/or serum levels are 
increased in the active phase of MS  (  59,   65  )  and in the acute 
schizophrenic phase  (  66  ) . However, the role of the S100B protein 
in these diseases is still quite poorly understood, and further stud-
ies are warranted.  

  Immunohistochemical procedures have improved the correct 
classi fi cation of tumors, although conventional histology is still 
considered the golden standard. Melanocytes, as opposed to non-
melanocytic tumors, express S100B, which can be detected with 

  2.2.  Neurodegenerative 
Diseases and 
Cerebrovascular 
Insults

  2.3.  Malignant 
Melanoma
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monoclonal or polyclonal antibodies. Protein S100 has been used 
to improve melanoma staging; the more advanced tumor stage, the 
higher the blood levels. The sensitivity of serum S100B in patients 
with stage I and II malignant melanoma has been reported to 
be < 15%, for stage III varying from 10 to 50%, and for stage IV 
malignant melanoma 60–85%  (  9,   55  ) . S100B is so far considered 
as the most sensitive serum marker for detecting metastatic disease 
in malignant melanoma. 

 The prognostic factors for survival in malignant melanoma are 
tumor thickness and lymph node status. However, S100B has been 
shown to be a fairly good prognostic marker for survival. Patients 
with low levels of S100B had on average 29.6 months longer sur-
vival than patients with elevated levels  (  56  ) . 

 Serum S100B is not speci fi c to malignant melanoma. It is 
elevated in several malignant diseases and increased levels can 
also be found in liver and renal diseases and in in fl ammatory and 
infectious diseases  (  57  ) .   

 

 There are a number of commercially available immunoassays for 
serum S100B. The two most common are the immunoluminomet-
ric assay Liaison ®  Sangtec 100 (DiaSorin AB, Bromma, Sweden) 
and the electrochemiluminescence immunoassay Elecsys S100 
(Roche Diagnostics, Mannheim, Germany). Both assays detect the 
heterodimers S100A1B and the homodimer S100BB; both are 
designated as S100B protein. 

 Other assays commonly used in recent studies are: the immu-
noluminometric assay LIA-mat ®  Sangtec 100 (DiaSorin AB, 
Bromma, Sweden), the ELISA Nexus DX™ S100 (SynX Pharma 
Inc., York, UK.), the enzyme-linked immunosorbent assay 
(Nanogen) and the enzyme-linked immunoassay Elecsys ®  S100 
(Roche, Mannheim, Germany). 

 CanAg S100A1B EIA and CanAg S100BB EIA (Fujirebio 
Diagnostics AB, Gothenburg, Sweden) are so far the only assays to 
speci fi cally analyze the S100A1B (focusing on the A1 dimer) and 
S100BB, respectively. Although commercially available, the analy-
sis of S100BB in former studies has been limited. However, Nylén 
et al. investigated the relation of S100B, S100A1B, and S100BB in 
serum after severe TBI to outcome, with the hypothesis that 
S100BB dimer should be better related to outcome after severe 
TBI than either S100A1B or S100B (sum concentration), due to 
the greater abundancy of S100BB in the brain. They concluded 

  3.  Diagnostic Tests
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that there most probably was no advantage of analysing S100BB 
instead of S100B alone  (  44  ) . 

 There are a few studies performed to compare some of the 
commercially available assays. Muller et al. compared the Liaison ®  
Sangtec 100 (DiaSorin AB) and the Elecsys ®  S100 (Roche) and 
found a mean difference of 0.14  μ g/L between the measured val-
ues, where Liaison ®  Sangtec 100 was consistently higher than the 
Elecsys ®  S100 method. Similar results were found by Hallén et al., 
with a mean difference of 0.12  μ g/L. In conclusion, differences 
between the analytical methods should be considered when inter-
preting results from different studies  (  16,   67,   68  ) . 

 Some of the assays have also been used for measuring S100B in 
CSF, saliva and other biological  fl uids, although their clinical impli-
cations (apart fron CSF) have yet been quite limited.  

 

 Below we give a proposal for the management of minimal to moder-
ate head injuries with the use of protein S100B    (see  fl ow-chart 1). 

 The assay currently used for measuring S100B in the event of 
brain injuries, in the Scandinavian countries, is the electrochemilu-
minescence Elecsys S100 assay (Roche Diagnostics, Mannheim, 
Germany), mainly due to its availability. The majority of hospitals 
already have the laboratory setup and analyzers Elecsys 2010, 
Modular analytics E170 or Cobas, which are all compatible with 
the Elecsys S100 assay. The  fl ow-chart for the management of min-
imal, mild, and moderate head injuries gives a cut-off level of 
S100B  £  10 μ g/L, which is based on measurements made with the 
Elecsys S100 assay on Modular E170.

  4.  Notes
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Minimal head injury

GCS 15 and
No loss of consciousness

or amnesia

Mild head injury

GCS 14-15 and/or
LOC<5 min and/or amnesia 
No focal neurological deficits

Within 3 hours post-injury

Moderate head injury

GCS 9-13 and/or

LOC ≥ 5 min and/or 
Focal neurological 

deficits

Admission for
observation:  Observe
for ≥ 12 hours

CT cerebrum

(Recommended)

CT cerebrum

(Obligatory)

Normal CTc
Pathology on CTc

Fracture
Contusion

Traumatic subarachnoid 
haemorrhage

Epidural/ subdural bleeding
Cerebral edema

Normal CTc

Discharge with oral and 
written information

Admission for observation

Observe for ≥ 12 hours  
Consider re-CT cerebrum within 4-6 hours

Consult a neurosurgeon when in doubt

Head injury without risk factors

Risk factors: Anticoagulants/hemophilia, clinical signs of depressed skull fracture/skull 
base fracture, seizures, shunt treatment, multiple injuries

S100 ≤ ≤ 0.1µg/L S100 > 0.1 µg/L

S100B sampling
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    Chapter 24   

 Sensible Use of High-Sensitivity Troponin Assays       

     Danielle   Hof   ,    Roland   Klingenberg   , and    Arnold   von   Eckardstein         

  Abstract 

 The  fi rst intracellular Ca 2+ -sensor protein to be described was the troponin complex. Only later it was 
 discovered that cardiac-speci fi c isoforms of troponin I (cTnI) and troponin T (cTnT) exist, and nowadays, 
measurement of cardiac troponins is a corner stone in the diagnosis of patients with acute coronary syn-
drome (ACS). High-sensitivity (hs-) assays have been developed that can record slightly elevated plasma 
concentrations of cardiac troponins as early as 3 h after onset of clinical symptoms. International guidelines 
de fi ned a diagnostic cut-off at cardiac troponin levels corresponding to the 99th percentile of a healthy 
reference population and require that hs-assays measure this concentration with an interassay coef fi cient of 
variation  £ 10%. This review provides an overview of the diagnostic and prognostic use of cardiac 
troponins.  

  Key words:   Acute coronary syndrome ,  Cardiovascular disease ,  High-sensitivity assay ,  NSTEMI , 
 STEMI ,  Cardiac troponin ,  Laboratory medicine ,  Calcium ,  EF-hand    

 

 In the 1960s, troponin was discovered as the  fi rst intracellular 
Ca 2+ -sensor protein, when Ebashi performed a series of experi-
ments on Ca 2+ -sensitivity of crude and reconstituted actomyosin  (  1  ) . 
Upon puri fi cation of the protein complex in the 1970s, it was 
found out that troponin actually consists of three subunits and 
these subunits were named after their function: the calcium-sens-
ing troponin C (TnC), the actomyosin ATPase inhibitory troponin 
I (TnI), and the tropomyosin-binding troponin T (TnT). It was 
only in 1987 that Cummins and colleagues reported the use of 
cardiac TnI (cTnI) for the diagnosis of acute myocardial infarction 
(AMI)  (  2  ) , and the  fi rst commercial assay was marketed by Dade 
Behring for use on their Stratus I analyzer in 1996. 

  1.  Introduction



386 D. Hof et al.

 The troponin complex (see Fig.  1 ) is found in the thin  fi laments 
of striated skeletal and cardiac muscle, where it functions as a regu-
lator of muscle contraction. The thin  fi laments are composed of 
two twisted  fi brous actin strands that each consist of around 300–
400 globular actin molecules. In a resting state, the binding sites 
on globular actin for the myosin heads of the thick  fi laments are 
covered by tropomyosins, which are associated with troponin com-
plexes. Upon a transient rise of intracellular Ca 2+  and the subse-
quent binding of Ca 2+  to TnC, TnI moves away from its blocking 
position. Consequently, tropomyosin changes into an “open” state, 
the myosin heads of the thick  fi laments can bind to the actin sub-
units, the actomyosin ATPase can generate force and muscle con-
traction can take place (see review ref.  3  ) . Recent molecular 
dynamics simulations suggest that calcium-dependent changes 
actually occur throughout the entire troponin complex  (  4  ) .  

 The approximately 37 kDa TnT exists as multiple isoforms, 
which occur due to the expression from different genes, transcrip-
tional control, alternative splicing, and posttranslational 
modi fi cations  (  5,   6  ) . Three TnT genetic isoforms exist that are 
encoded by three homologous genes, namely the TNNT1 gene 
for “slow skeletal” TnT, the TNNT2 gene for “cardiac” TnT, and 
the TNNT3 gene for “fast skeletal” TnT. They are speci fi cally 
expressed by transcriptional regulation in slow skeletal muscle, 
heart muscle, and fast skeletal muscle, respectively. In addition, 
alternative RNA splicing—mainly of the N-terminal variable 
region—leads to multiple protein isoforms of the three TnT iso-
forms that differ in length and charge  (  5  ) . For example, in cardiac 
TnT (cTnT) three of the 17 exons can be alternatively spliced, 
leading to four cTnT isoforms that are designated cTnT 1  to cTnT 4 . 
TnI is structurally related to TnT and these two proteins have been 
hypothesized to derive from a common ancestral gene  (  6  ) . The 
21–24 kDa TnI also exists as three genetic isoforms, where the 
TNNI3 gene encodes the cardiac-speci fi c TnI protein. So far, no 
alternative splicing processes have been described for TnI. Both 
cTnT and cTnI are posttranslationally modi fi ed by phosphoryla-
tion through various kinases  (  5,   7,   8  ) , leading to conformational 
changes of the troponin complex, and by restrictive proteolytic 
cleavage  (  5,   9  ) . Furthermore, cTnI but not cTnT contains cysteine 
residues that can lead to intramolecular disul fi de bond formation. 
The 18 kDa TnC protein is a member of the calmodulin family 
and contains four EF-hands, with two of them located in the 
N-terminal domain  (  1  ) . In mammalian TnC only one of these two 
EF hands can bind Ca 2+  and thus act as calcium sensors. In contrast 
to TnT and TnI, TnC exists as two instead of three isoforms, 
namely “fast skeletal” TnC encoded by TNNC2 and “slow skele-
tal-cardiac” TnC encoded by TNNC1  (  5  ) . Accordingly, no cardiac-
speci fi c TnC isoform exists. 
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 Taken together, although many different forms of TnT, TnI, 
and TnC exist, distinct TnT and TnI isoforms are speci fi cally 
expressed in the adult heart tissue, and as the consequence can be 
applied as organ-speci fi c markers of cardiac necrosis.  

 

 Acute coronary syndrome (ACS) results from the partial or total 
occlusion of coronary arteries with atherothrombosis as the hall-
mark of plaque rupture or erosion, leading to ischemia of the heart 
and eventually to necrosis of the heart tissue. The underlying patho-
genic cause is atherosclerosis, which progresses from early lesions—
so-called fatty streaks that are already present at young age—to 
complicated, late-stage atherosclerotic plaques. The sequential 
changes that occur during the progression of atherosclerosis have 
been classi fi ed by Stary et al .  into six stages  (  10,   11  ) . Late-stage, 
vulnerable lesions, which are prone to rupture, are characterized by 
a large necrotic core, in which cholesterol and active in fl ammatory 
cells have accumulated, and are covered by a thin  fi brous cap. In 
the past two decades, it has become evident that in fl ammation is a 
key hallmark of atherosclerotic plaques  (  12  ) . In addition to 
 thrombus formation during plaque rupture, thrombi can also be 

  2.  Pathophysiology 
of the Acute 
Coronary 
Syndrome

  Fig. 1.    Schematic overview of the troponin complex in cardiomyocytes. The majority of troponin complexes are bound 
to the thin  fi laments, whereas around 8% are present in the cytoplasm. The predominant forms detected in blood after 
cardiomyocyte necrosis are free cTnT and the binary cTnI–cTnC complex.       
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formed by endothelial erosion  (  13  ) . A study of 291 patients that 
died of acute myocardial infarction observed that around 75% of 
deaths were caused by plaque rupture and 25% by erosion, and that 
the latter was a more prevalent phenomenon in women than in men 
 (  14  ) . In rare cases, ACS may be caused by non-atherosclerotic 
pathologies, such as trauma, dissection, cocaine abuse, complica-
tions of cardiac catheterization, or congenital anomalies  (  15  ) . 

 It has been appreciated that patients do not present only one 
single plaque, but rather several plaques at distinct sites in the cor-
onary tree besides the culprit lesion  (  16  ) . The concept of the “vul-
nerable patient” asserts an interplay between diverse factors, 
comprising the presence of vulnerable atherosclerotic plaques, 
“vulnerable blood” that is prone to thrombosis and “vulnerable 
myocardium” that is prone to arrhythmias, which are thought to 
predispose the patient to developing an ACS  (  17,   18  ) . 

  Although many episodes of plaque rupture and endothelial erosion 
may go unnoticed without clinical symptoms, once a patient does 
present with symptoms of ACS, this is a critical and potentially life-
threatening situation that requires prompt medical attention. 
Ischemia caused by coronary artery occlusion may—but not neces-
sarily—lead to structural changes in the myocardial tissue that can 
be observed as ST-segment changes in electrocardiograms (ECGs). 
As depicted in Fig.  2 , interpretation of ECG is the  fi rst step in the 
management of patients with acute chest pain and should be made 
within 10 min after  fi rst medical contact  (  15  ) . The ECG will clas-
sify the patients into two categories, namely patients with persis-
tent (>20 min) ST-elevation (STE-ACS) and patients without 
persistent ST-elevations (NSTE-ACS)  (  15  ) , with NSTE-ACS being 
more frequent than STE-ACS. NSTE-ACS patients may have 
abnormal (e.g., ST-depression or T-wave inversion) or normal 
ECG  fi ndings and need monitoring with serial ECGs and serial 
measurement of blood biomarkers indicating heart tissue damage. 
Patients may subsequently be categorized into non-ST-elevation 
myocardial infarction (NSTEMI) or unstable angina (UA) patients, 
based on the presence/absence of circulating biomarkers of cardiac 
necrosis (cardiac troponins in particular). Rapid coronary revascu-
larization, by percutaneous coronary intervention (PCI) or if not 
available  fi brinolysis, is the mainstay of therapy in both STE-ACS 
and NSTE-ACS, complemented by medications aimed at second-
ary prevention, as summarized in current guidelines  (  15,   19  ) .   

  Upon and at designated time intervals during hospital admission, 
blood is sampled to measure markers of myocardial necrosis, such 
as myoglobin, creatine kinase (CK), CK-MB, and cardiac  troponins. 
CK-MB and myoglobin are mostly present in the cytoplasm (91 
and 98%, respectively)  (  20  )  and are released very quickly upon 
ACS, with myoglobin showing the fastest release (see Fig.  3 ). 

  2.1.  Electro-
cardiography

  2.2.  Release of 
Markers of Cardiac 
Necrosis



  Fig. 2.    Guideline for the use of troponin (hsTn) measurements in the management of patients with acute chest pain. 
GRACE = Global Registry of Acute Coronary Events.       
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Cardiac troponins, on the other hand, are mostly structure-bound 
with only around 8% present as soluble cytoplasmic protein  (  20  ) . 
Therefore, troponins are released from dying cardiomyocytes in a 
two-step manner  (  21  ) . Initially, during the  fi rst hours after ACS, 
the soluble, cytoplasmic pool is released into the blood stream and 
has a half-life of around 2 h. In a second phase, also structure-
bound troponins are released, at much slower rates and with a 
clinical half-life of more than 20 h. Due to this slow, extended 
release, troponin levels can remain elevated for days or weeks after 
myocardial infarction, whereas myoglobin, CK, and CK-MB are 
removed from the circulation with half-lives of around 10–20 min, 
15 h, and 12 h, respectively  (  22,   23  ) .   

  Myoglobin is an unspeci fi c marker, since this cytoplasmic protein is 
present in both skeletal and heart muscle tissue. However, myo-
globin is also a very early marker with increased levels 2–4 h after 
onset of symptoms and has been used especially for ruling-out 
ACS. Nowadays, cardiac troponins can be measured with high-
sensitivity (hs) assays in the same early time frame and, taking into 
account their much higher speci fi city for cardiac muscle, replace 
myoglobin measurement in this regard  (  22  ) .  

  The cytosolic protein CK is expressed in many different cells and 
consists of two subunits, which can be M (muscle), B (brain), or 
Mi (mitochondrial) type. The CK-MB heterodimer is relatively 
speci fi c for heart tissue, although it can also derive from skeletal 
muscle under certain pathological conditions or after extreme 
physical exercises. The measurement of CK and CK-MB has revo-
lutionized the treatment of patients with acute cardiac events in 
the 1970s and 1980s and has been used both for diagnosis of AMI 
and for estimation of infarct size. CK-MB can be measured in 
serum both as activity and as mass, where the CK-MB mass mea-
surement displays a higher diagnostic speci fi city and speci fi city for 
the early phases of AMI. Since men have higher baseline levels than 
women, gender-dependent reference ranges are recommended by 
international guidelines  (  24  ) . CK-MB mass can be used as an alter-
native when cardiac troponin assays are not available, and CK and 
CK-MB activity can be used when neither troponin nor CK-MB 
mass assays are accessible  (  24,   25  ) . 

 Due to the shorter half-life of CK and CK-MB compared to 
cardiac troponins and their consequently faster clearance from the 
system, monitoring of CK and CK-MB is believed to be helpful for 
diagnosis of re-infarction and periprocedural MI  (  26  ) . However, it 
has been argued that new increases in cardiac troponin levels are 
readily observed despite elevated baseline levels, and that cardiac 
troponins can be used for diagnosing re-infarction with the same 
or even higher diagnostic sensitivity and speci fi city  (  27,   28  ) .  

  2.3.  Myoglobin

  2.4.  CK and CK-MB
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  Among the different markers, cardiac troponins have the highest 
speci fi city for myocardial necrosis and are therefore the gold stan-
dard in the diagnosis of ACS. Indeed, cardiac troponins, measured 
by hs-assays, are the only blood biomarkers described in the cur-
rent European Society of Cardiology (ESC) guidelines for the 
diagnosis of NSTEMI  (  15  ) . In agreement with these guidelines, 
many hospitals have removed CK-MB from their cardiac biomarker 
panels  (  27  ) . On the other hand, many laboratories still use cardiac 
troponins in combination with other markers of myocardial dam-
age, as was demonstrated by questionnaire inquiries made by the 
European Federation of Clinical Chemistry and Laboratory 
Medicine (EFCC) in 2008 and 2011. In 2008, the EFCC analyzed 
the use of cardiac necrosis markers for the diagnosis of ACS in 220 
laboratories in eight countries, in the so-called Cardiac Marker 
Guideline Uptake in Europe (CARMAGUE) study  (  29  ) . It was 
found that 94% of the laboratories used cardiac troponin (51% 
using cTnT and 49% using cTnI) as the preferred test. In 34% of 
the laboratories, cardiac troponins were combined with a second 
blood biomarker, such as CK, CK-MB, or (in only two laborato-
ries) myoglobin. Recently, the CARMAGUE study was repeated in 
303 laboratories in 28 European countries  (  30  ) . Around 95% of 
the laboratories used cardiac troponin as the preferred test, with 
50% using cTnT and 45% using cTnI assays. Cardiac troponins 
were used as the sole marker of cardiac necrosis in only 31% of the 
laboratories. In 69% of the laboratories, troponins were offered in 
combination with other markers, such as CK (59%), lactate dehy-
drogenase (LDH) (30%), aspartate transaminase (AST) (34%), and 
CK-MB (8.3%). It must be noted that international guidelines 
strongly advise against the use of CK, LDH, and AST for diagnos-
tics of ACS  (  15,   22,   24  ) .   

 

  The cardiac troponins cTnI and cTnT are highly speci fi c for myo-
cardial necrosis and both can be detected in the blood after AMI. 
Depending on the analytical performance of the test, cardiac tro-
ponins can be measured as early as 3 h after AMI.  

  Several different quick tests and point-of-care tests for the 
 measurement of cardiac troponins, also in combination with 
 myoglobin and CK-MB, are commercially available in the form of 
strip tests. They are recommended only for use in settings where 
laboratories cannot deliver troponin results within 60 min  (  15  ) . 
Since the analytical sensitivity of these tests is low, a negative result 
during the  fi rst 10 h after onset of symptoms does not exclude ACS 

  2.5.  Cardiac Troponins

  3.  Diagnostic Tests

  3.1.  Cardiac Troponin 
I and Troponin T 
Immunoassays

  3.2.  Quick Tests
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and measurements should be repeated at a later time point. In gen-
eral, positive results can be reliably interpreted as indicative of ACS. 
Because the visual read-out of the quick tests does not give quanti-
tative results, an increase in troponin concentration cannot be mea-
sured. Recently, a study by Than et al .  comprising around 3,500 
patients with acute chest pain but without ST-segment elevations, 
provided a fast (within 2 h after admission) rule-out protocol  (  31  ) . 
By combining the Thrombolysis in Myocardial Infarction (TIMI) 
score, ECG and point-of-care tests measuring cTnI, CK-MB, and 
myoglobin (TRIAGE and CardioPro fi lER from Alere, USA), a 
negative predictive value of 99.1% could be demonstrated. Fast and 
safe rule-out protocols reduce the length of stay at the emergency 
department and are therefore economically attractive.  

  Whereas patent rights protect the measurement of cTnT by only 
one manufacturer (Roche Diagnostics, Switzerland), many differ-
ent automated assays are commercially available for the measure-
ment of cTnI in plasma (see Table  1 ). Cardiac troponins are 
predominantly released as free cTnT and binary cTnI–cTnC com-
plexes (Fig.  1 ), and to a much lesser extent as ternary cTnT–cTnI–
cTnC and binary cTnT–cTnI complexes, free cTnI and degraded 
cTnI and cTnT fragments, with the relative release pattern chang-
ing over time and demonstrating interindividual differences  (  32–
  35  ) . In addition, extensive modi fi cation of cTnI in necrotic heart 
tissue  (  36–  38  )  as well as in serum  (  36,   39  )  by proteolysis and phos-
phorylation leads to the occurrence of multiple smaller (and some 
larger) fragments in blood after AMI, as detected by Western blot-
ting  (  36,   39  ) . Gel  fi ltration chromatography  (  32  )  did not detect 
fragments of cTnI, which could be due to a lower sensitivity of this 
method compared to Western blotting. Due to these various forms 
of cTnI, large interassay differences in measured cTnI plasma con-
centrations have been noticed that result from differences in the 
antibody designs and their corresponding epitopes. Consequently, 
dif fi culties arise in comparing data from clinical studies, as well as 
in comparing cTnI levels in patients that are transferred between 
hospitals.   

  The International Federation of Clinical Chemistry and Laboratory 
Medicine (IFCC) has addressed the problem of large differences in 
cTnI results by appointing a working group on the standardization 
of cTnI measurement. Amongst others, an overview of peer- 
reviewed publications on the analytical evaluation of commercial 
cTnI assays is provided on the IFCC website. To minimize the dif-
ferences that occur due to differences in antibody speci fi cities, it 
has been postulated to avoid the use of antibodies against the rap-
idly removed N- and C-termini of cTnI and only use antibodies 
against the central, most stable region of cTnI (amino acids 
30–110)  (  40  ) . An overview of the epitopes recognized in the 

  3.3.  Automated Assays

  3.4.  Standardization 
of cTnI Measurement
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 different commercial assays for cTnI, as well as for cTnT, is given 
in Table  1 . In addition, poor agreement between assays is explained 
by the lack of a suitable reference material for calibration of the 
cTnI assays. The IFCC working group proposes a metrologically 
based reference measurement system with primary, secondary, and 
third reference materials that can subsequently be linked to meth-
ods and calibrators in an unbroken traceability chain  (  40  ) .  

  Since conventional, early-generation troponin assays measured low 
troponin serum concentrations with very high imprecision, manu-
facturers have tried to improve the analytical sensitivity and preci-
sion of their tests in new-generation assays. As recommended by 
international cardiology and laboratory medicine guidelines, hs-
troponin assays must not have an interassay imprecision greater 
than 10% at the cut-off for the diagnosis of AMI, which is the 99 th 
percentile of a healthy reference population,  (  24,   25,   28  )  (see also 
Table  1  for the 99 th percentile concentrations and the correspond-
ing coef fi cients of variation for different commercially available 
assays). According to guidelines from the Clinical Laboratory 
Standards Institute (CLSI) a group of at least 120 healthy indi-
viduals should be analyzed to be able to appropriately calculate the 
97.5th percentile. For valid establishment of the 99 th percentile 
cut-off, troponin concentrations are recommended to be measured 
in 300–500 healthy individuals. It must be kept in mind that the 
choice of the reference population (e.g., age, ethnicity), exclusion 
criteria, sample size, and specimen type will in fl uence the cut-off. 
Ideally, the 99 th percentile value should be established by each 
individual laboratory for the assay that will be used. It is clear that, 
due to failing resources, not all laboratories have the ability to do 
this evaluation and for these laboratories it is advised to refer to 
peer-reviewed cut-off levels  (  24  ) .  

  In general, measurements of cardiac troponins are not interfered 
by hemolysis, icterus or high triglyceride levels. Cardiac TnT is 
relatively stable, with a decrease of less than 5% in 24 h when the 
sample is stored at 4°C. The stability of cTnI depends on the assay 
that is used. For immunoassays employing antibodies against the 
stable central region of cTnI, samples are stable for 2 days at room 
temperature and 3 days at 4°C. At −20°C or lower temperatures, 
cTnT and cTnI are stable for at least 12 and 2 months, respectively, 
although it is recommended to freeze–thaw the sample only once. 
Falsely elevated troponin measurements may be assay-dependently 
caused by heterophilic antibodies, human anti-mouse antibodies 
(HAMA), rheumatoid factor (RF), and  fi brin clots. When suspi-
cion of false-high troponin concentration exists, the measurement 
should be repeated with a fresh blood sample to exclude mix-up of 
samples. Subsequently, the sample can be assayed with another 
 cardiac troponin test that uses different antibodies against other 

  3.5.  High-Sensitivity 
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  3.6.  Analytical 
Precautions
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epitopes or a test that measures the other cardiac troponin (e.g., 
cTnI when cTnT was assessed  fi rst), or interferences can be reduced 
by treatment of the sample with heterophilic blocking reagents 
prior to measurement of cardiac troponins. In addition to the 
removal of heterophilic antibodies, some of these blocking reagents 
also diminish interferences by HAMA  (  41  )  and RF  (  42  ) . False-low 
results can derive from the presence of biotin in patients under 
high-dose biotin therapy. Autoantibodies against cTnI have been 
described to produce false-negative results in some patients with 
chest pain, as well as in patients with noncardiac symptoms  (  43, 
  44  ) , which could be explained by blocking of the epitope that is 
recognized in the immunoassay. Furthermore, autoantibodies 
against cTnI (12.7%) and against cTnT (9.9%) have been described 
in healthy blood donors  (  45,   46  ) . On the other hand, autoanti-
bodies could also stabilize troponins, thereby prolonging the half-
life and leading to falsely elevated levels. If false-negative cTnI is 
suspected, the sample could be analyzed for cTnT, since autoanti-
bodies against cTnI may not cross-react with cTnT. However, a 
recent study found a rather high prevalence of coinciding autoan-
tibodies against cTnI and cTnT, where 55 of 345 sera were found 
to contain autoantibodies against cTnI (n = 27), cTnT (n = 22), or 
both (n = 6)  (  47  ) .   

 

  The guidelines for diagnosis and clinical management of patients 
with acute chest pain  (  15  )  are schematically summarized in Fig.  2 , 
where cardiac troponins are especially useful to discriminate 
between NSTEMI and UA. Cardiac troponins are measured, ide-
ally with hs-tests, upon admission to the hospital and subsequently 
at one or more time point(s) during a few hours of follow-up. The 
most powerful characteristic of troponin measurement with hs- 
assays is that undetectable troponin levels at admission to the hos-
pital exclude AMI with very high certainty  (  48,   49  ) , which is 
re fl ected by a high negative predictive value of around 95%  (  15  ) . 
In combination with a repeated measurement 3 h after hospitaliza-
tion, the diagnostic sensitivity increases to almost 100%  (  15  ) . 
However, several cardiovascular diseases other than AMI and also 
non-cardiovascular diseases may cause elevated cTn plasma con-
centration, especially in the lower concentration range of sensitive 
cTn assays (see Subheading  4.4  and Table  2 ). As a consequence, 
high-sensitive troponin assays have a lower speci fi city and positive 
predictive value than conventional troponin assays. If not resolved 
by clinical judgment, for example, by integrating data from patient 
history, clinical presentation, and ECG using TIMI or Global 
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Registry of Acute Coronary Events (GRACE) scores  (  50–  52  ) , the 
problem of reduced speci fi city can be partially solved by repeated 
measurements at (a) de fi ned time interval(s), and potentially by a 
combination of hs-cTn assays with additional biomarkers. According 
to international guidelines, the diagnosis of AMI is based not solely 
on the elevation cTn plasma concentrations but by their subse-
quent rise or fall  (  53  ) . However, the magnitude of change in tro-
ponin levels (the so-called delta criterion) as compared to baseline 
values at admission is still under debate.  

 Not infrequently, ACS occurs in patients who underwent cor-
onary interventions, i.e., PCI or coronary artery bypass surgery 
(CABG). In these situations the diagnostic cut-off for the diagno-
sis of AMI is threefold and  fi vefold, respectively, higher than the 
concentration at the 99th percentile  (  15  ) .  

  Risk strati fi cation of patients with ACS is of utmost clinical impor-
tance. In several studies that compared sensitive versus conven-
tional troponin assays, it was demonstrated that hs-cTn assays 
improve risk prediction of event-free survival for 30 days as well as 
for 1 year  (  54–  58  ) . Nonetheless, the prognostic bene fi ts of high-
sensitive over conventional troponin assays must be valued in the 
light of clinical scores that are recommended by current guidelines 
 (  15,   59  ) , as e.g. the TIMI  (  50,   52  )  and GRACE  (  51  )  risk scores, 
which combine clinical parameters, ECG  fi ndings, and basic 
 laboratory parameters, including conventional cTn concentration. 
A recent multi-marker study analyzed the effect of adding different 
biomarkers to the clinical TIMI risk score in 4,352 NSTEMI 
patients that participated in the Metabolic Ef fi ciency With 
Ranolazine for Less Ischemia in Non-ST Elevation Acute Coronary-
Thrombolysis in Myocardial Infarction 36 (MERLIN-TIMI 36) 
trial. For hs-cTnI a net improvement over the clinical TIMI risk 
score (excluding troponin) was found, with a c-index increasing 
from 0.784 to 0.805 ( p  = 0.005) and an NRI of 0.389 ( p  < 0.001) 
for cardiovascular death. Similar results were demonstrated for MI, 
hospitalization for congestive heart failure and the composite end-
point cardiovascular death and hospitalization for congestive heart 
failure  (  60  ) . In another recent study, which enrolled 1,159 patients 
with acute chest pain and of whom 30% were diagnosed with ACS, 
it was found that the addition of hs-cTnT instead of conventional 
cTnT to the TIMI risk score improved the prediction of death, but 
not subsequent AMI, with an improved reclassi fi cation of patients 
(net reclassi fi cation improvement (NRI) of 0.91)  (  61  ) . On the 
other hand, in a recent study that comprised 50 STEMI, 147 
NSTEMI, and 173 UA patients, addition of hs-cTn concentration 
to the GRACE risk score (including conventional cTn) did not 
give incremental prognostic value for prediction of in-hospital 
mortality, 1-year mortality, and combined death/AMI at 1 year  (  62  ) . 

  4.2.  Risk Strati fi cation 
of Patients with ACS
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It was also recently demonstrated that hs-cTnT, instead of conven-
tional cTnT, reclassi fi ed patients into NSTEMI from UA  (  63  )  and 
improved long-term risk prediction  (  55,   63  ) . In conclusion, if 
combined with clinical scores hs-troponin assays appear to improve 
risk prediction in NSTEMI patients but not, or less so, in STEMI 
patients.  

  ST-elevations upon ECG and detectable cardiac troponins, 
 measured by conventional assays, help to stratify ACS patients into 
subgroups who bene fi t from acute PCI  (  53  ) . As yet, only little is 
known about the potential bene fi ts of introducing hs-Tn assays 
into clinical practice on patient management and outcome after 
therapeutic intervention. A recent study addressed this question by 
lowering the diagnostic threshold of cTnI from 0.20 to 0.05  μ g/L 
by the introduction of a sensitive troponin assay (1,038 patients 
before and 1,054 after implementation). Changing the clinical 
protocol did not only increase the rate of AMI diagnosed in patients 
with suspected ACS, but most importantly led to major reductions 
in morbidity and mortality  (  64  ) . Future trials are required to exam-
ine the bene fi t of invasive therapy in AMI patients with elevated 
levels as detected by hs-cTn assays. Quantitative cut-offs for hs-
cTn and changes over time (delta criterion) will become more 
important as guidance for therapeutic interventions.  

  Troponins can be elevated in other diseases that affect the heart, 
such as stable CAD, acute heart failure, or myocarditis as well as in 
noncardiac diseases, like pulmonary embolism and sepsis, and in 
non-pathological circumstances, such as after high-intensity sports 
(see reviews refs.  65,   66  ) . An overview of known circumstances, 
other than ACS, that give rise to elevated levels of troponins is 
given in Table  2 . 

 In conventional assays, cardiac troponins were below the assay’s 
detection limit in most patients with stable CAD. Recently, Omland 
et al .   (  67  )  measured cTnT levels with a hs-assay, having a tenfold 
increased sensitivity in comparison with the conventional cTnT 
assay, in serum samples of over 8,000 patients with stable CAD 
that were collected in the Prevention of Events with Angiotensin 
Converting Enzyme Inhibition (PEACE) trial. It was found that 
97.7% of these patients had cTnT levels above the detection limit, 
with 11.1% displaying cTnT serum levels at or above the 99 th per-
centile. Furthermore, these low cTnT levels signi fi cantly associated 
with the incidence of future cardiovascular death and heart failure 
but not with AMI. The fact that more than 10% of CAD patients 
have cardiac troponin levels at or above the 99 th percentile in cur-
rent hs-assays could reduce the diagnostic speci fi city of cardiac tro-
ponins for AMI in these patients. Recently, Reiter et al .   (  68  )  
analyzed serum concentrations of cardiac troponins in 1,098 patients 
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with acute chest pain, of which 401 had preexisting CAD. Again, 
it was shown that a signi fi cant number of patients with CAD, but 
without AMI, had troponin levels above the 99 th percentile. 
Furthermore, it was demonstrated that the hs-cTnT and the two 
sensitive cTnI assays that were used in this clinical study maintain 
their prognostic value, although the cut-off levels to discriminate 
AMI from non-AMI tended to be higher in patients with preexist-
ing CAD than in patients without CAD. 

 Although cardiac troponins are cleared via the kidney and ele-
vated cardiac troponin levels are observed in patients with renal 
dysfunction, they are predictive of AMI and death in patients with 
renal dysfunction that display acute chest pain  (  69  ) . Elevated tro-
ponin levels in end-stage renal disease, which could be caused by 
cardiac dysfunction, left ventricular hypertrophy or subclinical MI, 
predict mortality in these patients  (  70–  72  ) . Upon employing hs-
cTnT or sensitive cTnI assays, slight elevations above the 99 th per-
centile are commonly observed in elderly patients without AMI, as 
was recently shown by Reiter et al .   (  73  ) . The cut-off values to dis-
criminate AMI from non-AMI varied signi fi cantly between elderly 
(> 70 years) and younger patients (< 70 years), highlighting the 
need for age-optimized cut-off values. 

 Not in all instances is it understood why troponin levels are 
elevated without cardiac necrosis. The half-life of the troponins 
measured after, e.g., marathon running is much shorter than the 
troponin half-life observed after AMI, pointing at a cytoplasmic 
rather than a structural origin. Recently, Hickman et al .  proposed 
a mechanism, by which cytoplasmic troponins are released in mem-
branous blebs into the blood stream upon ischemia  (  74  ) .  

  To study the clinical signi fi cance of cTnT detection in the general 
population, Saunders et al .   (  75  )  recently measured cTnT with a 
hs-assay in over 9,000 subjects, aged 54–74, of the Atherosclerotic 
Risk in Communities (ARIC) study. In these apparently healthy, 
unselected individuals from the general population, 66.5% dis-
played cTnT serum levels above the detection limit and 7.4% had 
cTnT serum levels at or higher than the 99 th percentile. Associations 
with CAD (especially with fatal CAD), all-cause mortality and 
above all heart failure were found. Furthermore, the addition of 
cTnT to risk prediction models improved risk prediction better 
than hs-C-reactive protein (CRP) and in a similar way as N-terminal 
pro-B-type natriuretic peptide (NT-proBNP). Similar results were 
reported by de Lemos et al .   (  76  )  in a study comprising around 
3,500 individuals, aged 30–65 years, that participated in the Dallas 
Heart Study. Again, cTnT, as measured by a hs-assay, associated 
with heart disease events and all-cause mortality, and improved 
risk prediction models. In a multimarker study of 7,915 Finnish 
men and women and 2,551 Irish men, sensitive cTnI together 
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with NT-proBNP and hs-CRP were the only out of 30 parameters 
which allowed to improve the prediction of cardiovascular events 
beyond classical risk prediction rules  (  77  ) . Taken together, these 
data  indicate that cardiac troponins measured by hs-assays may 
become part of cardiovascular risk prediction in asymptomatic 
populations to identify high-risk individuals for intensive risk fac-
tor intervention, for example by lowering of cholesterol or blood 
pressure.   

 

 The discovery of the cardiac-speci fi c troponins cTnI and cTnT 
and the subsequent introduction of cardiac troponins tests into 
clinical laboratory medicine has greatly improved the management 
of patients presenting to the emergency department with acute 
chest pain in the past two decades. The most recent introduction 
of hs-cTn assays has helped to further shorten the diagnostic time 
interval. However, the trade-off for the increased sensitivity and 
high negative predictive value of hs-cTn tests, allowing a quick 
“rule-out” of AMI, is the diminished speci fi city with a lower posi-
tive predictive value, making the diagnosis of AMI (“rule-in”) 
more demanding. To address this problem, absolute and relative 
increases in hs-cTn levels over time are followed for the diagnosis 
AMI. Furthermore, combining hs-cTn test with another disease-
speci fi c and complementary biomarker may improve the diagnos-
tic ef fi cacy for AMI at a single time point in the future. It is 
expected that the diagnostic speci fi city of cardiac troponins will 
even further decrease with novel cTn tests that possess even higher 
analytical sensitivities, since low levels of cardiac troponins will be 
detected in more patients that do not suffer from ACS. Each new 
high- or ultra-sensitive cardiac troponin assay will require thor-
ough clinical evaluation, and establishing cut-off levels for speci fi c 
groups, e.g., stratifying for age, ethnicity, preexisting, and con-
comitant diseases, will become more and more important. At least 
in NSTEMI patients, more and more evidence is gathered, indi-
cating that hs-cTn assays improve short- and long-term risk pre-
diction beyond clinical risk prediction rules, including cTn 
concentrations measured by conventional assays. In addition, the 
role of hs-cTn testing on the choice of therapeutic intervention 
and clinical outcome is an important topic of ongoing research. 
Finally, hs-cTn assays may open new diagnostic areas for the use of 
cardiac troponins, namely cardiovascular risk prediction in asymp-
tomatic individuals.      

  5.  Conclusions
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    Chapter 25   

 S100A1 Gene Therapy in Small and Large Animals       

        Patrick   Most      ,    Philip   Raake   ,    Christophe   Weber   , 
   Hugo   A.   Katus   , and    Sven   T.   Pleger      

  Abstract 

 Myocardial in vivo gene delivery is a valuable technique to investigate the relevance of a protein of interest 
on cardiac contractile function, hypertrophy, and energy state in healthy animals as well as in a variety of 
models of cardiovascular disease. Rodent models are used to screen effects and to investigate molecular 
mechanisms, while large animal models, more closely re fl ecting human anatomy, physiology, and function, 
are inevitable for translational therapeutic approaches. The gene of interest, whose expression is driven by 
a non-cardioselective or cardioselective promotor is cloned into a viral vector. This vehicle is then delivered 
using an appropriate administration route to target the heart and to achieve ef fi cient protein expression in 
myocardium. 

 Here we describe myocardial gene therapy in small and large animal models of postischemic heart 
failure used to reveal the positive inotrope, antihypertrophic, and pro-energetic action of the small calcium 
sensor protein S100A1.  

  Key words:   S100A1 ,  Calcium ,  EF-hand ,  Myocardial gene therapy ,  Retroinfusion ,  Antegrade  delivery , 
 Adenovirus ,  Adeno-associated virus ,  Ef fi cacy ,  Cardioselective    

 

 There was tremendous progress in the  fi eld of in vivo genetic engi-
neering during the last decade contributing signi fi cantly to reveal 
molecular mechanisms and to explore molecular-targeted treat-
ment strategies in cardiovascular disease  (  1–  6  ) . Myocardial gene 
delivery is an add-on to transgenic animal models offering the pos-
sibility to initiate protein (over)expression at a certain time point in 
healthy animals, and thus circumventing potential side effects such 
as the possibility of a lethal embryonic phenotype or an evolution-
ary switch of the mode of action of the protein of interest. Myocardial 
gene delivery can also be used as a treatment option (gene therapy) 

  1.  Introduction
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in animal models of cardiovascular disease. The choice of species 
depends on suitable or existing animal models as well as on the 
intention to either screen effects or perform translational research 
and is of utmost importance for the technique of cardiac gene deliv-
ery, the administration route, and the viral vector  (  3,   6–  9  ) . 

 A signi fi cant aspect of myocardial gene therapy is analyses of 
potential detrimental effects of (a) the applied vector, (b) the gene 
of interest, and (c) the delivery procedure itself. Especially dosing 
of the vector, the route of vector administration, vector puri fi cation, 
choice of vector, choice of promotor, and mechanical aspects such 
as injection pressure may be of major importance interpreting 
observed effects prior clinical translation  (  10–  12  ) . 

 Here we demonstrate ef fi cient cardioselective S100A1 gene 
therapy in rat and pig models causing both, increased global cardiac 
function and cardiac reverse-remodeling in postischemic heart fail-
ure  (  13,   14  ) . Positive inotrope, antihypertrophic and pro-energetic 
effects of S100A1 gene therapy in heart failure were mediated by 
calcium dependent direct binding to distinct intracellular target 
structures: the ryanodine receptor (RyR2), the sarcoplasmic reticulum 
calcium ATPase (SERCA2a), the sarcomeric titin, and mitochon-
drial enzymes such as the F1-ATPase  (  8,   13–  26  ) . The described 
protocols are based on techniques established by Walter Koch 
et al., Roger Hajjar et al., Kenneth Chien et al., and Peter 
Boekstegers et al. which were modi fi ed to work best in our hands 
for ef fi cient and reproducible cardiac gene delivery  (  27–  30  ) . To 
achieve myocardial S100A1 overexpression in different species, 
distinct AAV serotypes, cardioselective promotors, and administra-
tion routes were used  (  13,   14  ) . Thus, we describe methods to 
genetically target the whole heart in a rat model, while for anatomy 
reasons, in pig the target area of gene delivery is the supply zone of 
the anterior descending coronary artery (LAD)  (  13,   14  ) . 

 Adeno-associated virus (AAV) vectors were produced, puri fi ed, 
and quantitated in core facilities of the “Deutsches Krebsforsc-
hungszentrum (DKFZ) and the Center for Translational Medicine 
at Thomas Jefferson University in order to achieve high-titer AAV 
vector solutions without toxic contamination. The described 
procedures should enable to reproduce ef fi cient cardioselective 
gene therapy in small and large animal models and highlight poten-
tial pitfalls.  

 

      1.    Iso fl urane condenser (e.g., Dräger or Harvard Apparatus).  
    2.    Surgical cold light source (Harvard Apparatus).  
    3.    Self-made rat laryngoscope (see Note 1).  

  2.  Materials

  2.1.  Myocardial Gene 
Delivery in Rats
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    4.    Standard rubber band (~10 cm total length).  
    5.    Styrofoam board.  
    6.    Styrofoam shields to protect the hindlimbs of the rat from 

freezing.  
    7.    Blunt nose tracheal cannula (Havard Apparatus, size depends 

on rat’s weight).  
    8.    Respirator suitable for rodents (Harvard Apparatus).  
    9.    Thermometer.  
    10.    Ice packs (18 × 10 × 1 cm).  
    11.    Heating pad (40 × 20 cm) (Harvard Apparatus).  
    12.    Standard surgical set of sterile drapes and autoclavable scissors, 

forceps, surgical clamps, and rib stretcher (Hereaus).  
    13.    P-50 tubing (Becton Dickinson).  
    14.    4-0 and 2-0 silk (Becton Dickinson).  
    15.    Millar pressure transducer system; 2F SPR-320 catheter (Millar 

instruments).  
    16.    Waterproofed marker.  
    17.    Chapstick (Labello).  
    18.    Adenosine (Glaxo).  
    19.    Substance P (Sigma chemical).  
    20.    Dobutamine Liquid (Fresenius).  
    21.    Syringes (50 ml, 3 ml, 1 ml) and needles (30½ gauge; Becton 

Dickinson).  
    22.    2.5 × 10 11  total viral particles of an AAV6-transgene.  
    23.    Timer.  
    24.    De fi brillator suitable for kids (Medtronic).  
    25.    Small electrical cauter (Harvard Apparatus).      

      1.    Respirator suitable for pigs (Dräger).  
    2.    Ketamine, Xylazine, Atropine, Buprenorphine, Heparine, 

Nitroglycerine, 0.9% saline, and Iso fl urane.  
    3.    Tracheal cannula suitable for pigs (Mallinckrodt).  
    4.    ECG monitoring, pulse oximetry monitoring (Dräger).  
    5.    Standard surgical set of sterile drapes and autoclavable scissors, 

forceps, surgical clamps, and rib stretcher (Hereaus).  
    6.    Percutaneous transluminal coronary artery (PTCA) angioplasty 

set (Smiths).  
    7.    Contrast dye (Bracco).  
    8.    3-0 and 4-0 silk (Becton Dickinson).  

  2.2.  Myocardial Gene 
Delivery in Pigs
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    9.    6F and 9F vascular sheath (Cordis).  
    10.    Peripheral venous line, peripheral venous catheter (20 gauge; 

Cordis).  
    11.    Coronary sinus catheter (Attain Command 6250 MB or 6250 

MPA2; Medtronic).  
    12.    Coronary sinus balloon catheter (Attain 6215-80 cm; 

Medtronic).  
    13.    0.0035 ¢  wire (Medex).  
    14.    6F Judkins Right catheter (Cordis).  
    15.    Angioplasty balloon (3.5 × 12 mm; Maverick).  
    16.    1.5 × 10 13  total viral particles of AAV6- or AAV9-transgene.  
    17.    Cathlab angiopump (Philips).  
    18.    X-ray C-arm (Philips).  
    19.    Timer.  
    20.    De fi brillator (Medtronic).  
    21.    Balance Middleweight PTCA wire (Abbott).       

 

       1.    Place the anesthetized rat (250–300 g) on the table (legs 
upright), on a  fl at styrofoam board (~2 cm thick), with the rats 
head towards you. Tape down the fore- and hindlimbs of the 
rat on the styrofoam board.  

    2.    To continue anesthesia place the iso fl urane line (1.2%) into a 
50 ml syringe and place the large open end of the syringe over 
the rat’s head.  

    3.    Move a strong cold light source above the rat’s upper thorax/
lower neck. Turn off the anesthesia to intubate.  

    4.    Open the rat’s mouth and lift up the tongue using a self-made 
laryngoscope and keep the upper incisors down with a rubber 
band attached to the Styrofoam box. Intubate the rat by 
advancing a blunt nose cannula into the trachea (see Note 1).  

    5.    Turn on the respirator; 8–9 ml at 45 resparations/min. When 
the rat is intubated the chest will go up and down in rhythm 
with the movements of the respirator, otherwise the stomach 
will swell. Tape-down the respirator hose to  fi x it.  

    6.    Shave the animal around the larynx and vacuum. The surgical 
 fi eld will be wiped with alcohol and prepared with Chlorhexadine 
solution      

  3.  Methods

  3.1.  Myocardial Gene 
Delivery in Rats

  3.1.1.  Intubation of the Rat
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      1.    Place a thermometer in the anus of the rat to monitor body 
temperature;  fi x it by taping down.  

    2.    Place ice packs (18 × 10 × 1 cm) on the hindlimbs of the rat. 
Use two layers of Styrofoam (3 mm thick) to protect the legs 
from freezing and necrosis (see Note 2).  

    3.    Cool down the rat to below 30°C (between 28 and 30°C) 
while preparing the carotid artery (see Note 3).  

    4.    Turn on a heating pad and lay aside (will be used after the virus 
is injected).  

    5.    Using a scalpel blade make an incision from just below the 
forelimbs anterior to the upper (proximal) third of the sternum 
along the midline.  

    6.    Grab the tissue with forceps and clamps and expand, do not cut 
because of blood vessels. There are muscles on either side of the 
neck that help the head turn, the Sternomastoids, and muscles 
that lie on top of the trachea, the Sternohyoids, cut the ster-
nohyoids down the center line exposing the ridged trachea.  

    7.    Lift (!) the sternum and cut the upper (proximal) third of the 
sternum (~ 1 cm) just in the very midline of the sternum to 
avoid major bleeding by injuring the Aa. Mammaria internae. 
Cut the sternum with scissors in short snips, signi fi cant force is 
required to cut through, go slow. If some bleeding occurs 
that’s ok, use the electric cauter to stop it. Remember the heart 
is underneath the sternum.  

    8.    Insert a rib stretcher between the severed bones of the upper 
third of the sternum. Carefully stretch the upper (proximal) 
third of the sternum.  

    9.    Open the pericardium and avoid opening of the pleura (!) (see 
Note 4).  

    10.    Clamp the thymus and de fl ect to the left side (see Note 5).  
    11.    Identify the right carotid artery and separate it from connect-

ing tissue and the N. Vagus, which runs alongside it.  
    12.    Take a loop of a 4-0 silk suture and slip it underneath the right 

carotid artery, then split the suture and move one strand 
towards the heart and the other towards the neck. Make a loop 
of the suture closest to the heart, but do not tighten.  

    13.    Place a loop of a 2-0 silk suture under the ascending aortic. 
Loop the aorta ascendens. Don’t loop the pulmonary artery or 
the vena cava superior (see Note 6).      

  Once the body temperature of the rat is below 30°C:

    1.    Knot the loop on the carotid artery situated towards the head 
of the rat. Put tension on the silk by taping to the Styrofoam 
to stretch the carotid artery.  

  3.1.2.  Preparation Prior 
Gene Delivery in Rat

  3.1.3.  Myocardial Gene 
Delivery in Rat
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    2.    Clamp the carotid below the second loop situated towards 
the heart.  

    3.    Cut a tiny hole (a third of the diameter of the vessel) in the 
upper carotid artery between the two loops using  fi ne 
scissors.  

    4.    Insert a 2F Millar pressure transducer (SPR-320) into the right 
carotid artery and advance it via the ascending aorta and the 
aortic valve into the left ventricle. Afterwards pull back the 
pressure transducer just above the aortic valve using the shape 
of the pressure curve and de fi ne the distance between the hole 
in the carotid artery and the aortic valve. Mark the distance on 
the pressure transducer and pull out the catheter (see Note 7).  

    5.    Mark the exact distance between the hole of the carotid artery 
and the aortic valve on the P-50 tubing.  

    6.    Insert the P-50 tubing into the right carotid artery. Advance 
just above the aortic valve (not in the left ventricular chamber) 
by using the mark (see Note 8).  

    7.    Reduce the iso fl urane to 0.5%.  
    8.    Inject 1.2 mg of adenosine in 400  μ l directly into the right 

ventricle chamber using a 30 ½ gauge needle. This will induce 
a temporary atrioventricular blockage and stop the heart 
beating.  

    9.    Immediately, stop blood  fl ow from the ascending aorta proxi-
mal of the tip of the P-50 tubing (which is still between the 
clamp and the aortic valve) by tightening the 2-0 suture and  fi x 
the suture using a small but strong clamp. Once you clamp the 
aorta start the timer.  

    10.    Rapidly inject half of the prepared virus solution: (2.5 × 10 11  
total viral particles in a volume of 250  μ l, 8  μ g of substance P 
in 80  μ l, and 1.6 ml of saline totaling to ~1.9 ml volume in a 
3 ml syringe) as a bolus via the P-50 tubing. We were using 
AAV serotype 6. Expression of our transgene was driven by a 
cardioselective promotor (elongation factor 1 α  promotor and 
the  α -cardiac actin enhancer). The heart is now resting and the 
color of the myocardium turns white/yellow (see Note 9).  

    11.    Wait 1-min.  
    12.    Inject the remaining half of the virus solution and  fl ush the 

P-50 tubing with saline using an appropriate volume (depends 
on the length of your tubing) to get the virus solution out of 
the P-50 tubing.  

    13.    Wait 1-min (the heart may eventually start beating).  
    14.    Inject a bolus of 30  μ g of dobutamine via the P-50 tubing to 

restart the heart.  
    15.    Remove the P-50 tubing and clamp from the ascending aorta.  
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    16.    Warm the rat to 37°C using the heating pad and removing the 
ice packs (see Note 10).  

    17.    Make a knot in the carotid artery close to the incision before 
closing.  

    18.    Suture the fascia and the muscles  
    19.    Suture the skin.  
    20.    Turn off the oxygen and iso fl urane start on room air.  
    21.    When the rat starts breathing spontaneously extubate and place 

in a cage (care for appropriate pain reliever) (see Note 11).       

       1.    Animals (30–35 kg) will not receive food in the morning of 
procedure.  

    2.    The animals will be anesthetized with an intramuscular injection 
of a cocktail containing Ketamine (20 mg/kg), Xylazine 
(2.0 mg/kg), and Atropine (0.04 mg/kg). Buprenorphine 
(0.05 mg/kg) will be given before the surgical procedure starts.  

    3.    Upon loss of responsiveness and spontaneous movement, the 
animal will be intubated and maintained on iso fl urane (1–4%) 
and oxygen. If necessary, pigs may be ventilated using an inter-
mittent positive pressure ventilator. Heart rate, EKG, and oxy-
genation (pulse oximetry) will be monitored throughout the 
duration of the procedure.  

    4.    The neck area of each animal will be shaved; the surgical  fi eld 
will be wiped with alcohol and prepared with Chlorhexadine 
solution. A marginal ear vein will be catheterized for  fl uid admin-
istration and any necessary drug delivery during procedure.      

      1.    Surgically expose the right carotid artery and the right jugular 
vein. Carefully prepare the carotid artery and the jugular vein 
from connecting tissue and the N. vagus.  

    2.    Take a loop of a 3-0 or 4-0 silk suture and slip it underneath 
the right carotid artery, then split the suture and move one 
strand towards the heart and the other towards the neck. Make 
a loop of the suture closest to the heart, but do not tighten. 
Perform the same procedure to prepare the right jugular vein 
(see Note 12).  

    3.    Ligate the right carotid artery using the suture towards the head. 
Carefully stretch the vessel towards the head using a clamp.  

    4.    Ligate the right carotid artery using the suture towards the 
head. Carefully stretch the vessel towards the head using a 
clamp.  

    5.    Cut a small hole, both in the upper right carotid artery and the 
upper right jugular vein between the two loops using  fi ne scis-
sors and insert a vascular sheath (6F or larger for carotid artery 
and 9F for jugular vein).  

  3.2.  Myocardial Gene 
Delivery in Pig

  3.2.1.  Preparation Prior 
Myocardial Gene Delivery 
in Pig

  3.2.2.  Myocardial Gene 
Delivery in Pig (Target Area 
Is the Supply Zone of the 
LAD)
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    6.    Administer heparin (2,500 IU) intravenously using a peripheral 
line via an ear vein.  

    7.    Advance a coronary sinus catheter (Attain Command 6250 
MB2 or 6250 MP A2) into the coronary sinus (Fig.  1 ; arrow 
A) and next into the vein draining blood from the coronary 
arteries (Fig.  1 ; arrow C) (see Note 13).   

    8.    After the catheter intubates the vein draining blood from the 
coronary arteries (Fig.  1 , arrow C) insert a 0.014 ¢  Balance 
Middleweight Wire (BMW) or Balance Heavyweight Wire 
(BHW) into anterior interventricular cardiac vein (AICV) 
(Figs.  2  and  3 ) which runs parallel to the left ascending coro-
nary artery (LAD).    

    9.    Advance a coronary sinus balloon catheter (Attain 6215-80 cm 
or Arrow A1-7F) to the entrance of the AICV (Fig.  2 ) (see 
Note 14).  

    10.    Introduce the guiding catheter (6F Judkins right) via the right 
carotid artery into the ostium of the left coronary artery (LCA) 
using an LAD 0.035 ¢  standard wire.  

    11.    Via the guiding catheter introduce a 0.014 ¢  BMW wire in the 
LAD (see Note 15).  

    12.    Introduce a 3.5 mm × 12 mm PTCA balloon into the LAD 
distal of the  fi rst diagonal branch using contrast dye.  

    13.    Occlude LAD distal to the  fi rst diagonal branch (see Note 16).  

  Fig. 1.    Visualization of the coronary sinus in German farm pigs. Radioscopic image in 
anterior posterior projection showing (A) the coronary sinus, (B) the V. azygos, and (C) the 
vein draining blood from the coronary arteries. Contrast dye is primarily injected into 
the coronary sinus.       
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  Fig. 2.    Visualization of the anterior interventricular cardiac vein (AICV). Radioscopic image 
in anterior posterior projection. The  arrow  marks the entrance of the AICV draining blood 
from the left anterior descending coronary artery (LAD). At the entrance of the AICV the 
coronary sinus balloon catheter should be situated and virus solution should be retro-
gradely injected in the AICV. The AICV runs towards the  lower left corner  of the image.       

  Fig. 3.    Visualization of the anterior interventricular cardiac vein (AICV). Radioscopic image 
in anterior posterior projection. The  arrow  marks a wire situated in the AICV running paral-
lel to the LAD.       
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    14.    Immediately, occlude the AICV using the coronary sinus 
 balloon at the entrance of the AICV (Fig.  2 ).  

    15.    Immediately, inject 0.2 mg of nitroglycerine (NTG) into the 
AICV (see Note 17).  

    16.    Immediately, inject a third of the virus solution containing 
1.5 × 10*13 tvp of AAV6 or AAV9-transgene using a cardiose-
lective promotor (cytomegalovirus/myosin light chain 0.26 
(CMV/MLC0.26)), 0.4 mg of NTG and 0.9% saline totaling 
to a volume of 50 ml using a 50 ml syringe (see Note 18). Start 
timer.  

    17.    Wait 45 s from the start of virus delivery. Then de fl ate the 
balloons in the LAD and in the AICV (see Note 19).  

    18.    Wait 3 min.  
    19.    Repeat steps 14–17   twice to inject the whole virus solution.  
    20.    Remove catheters and balloons from the LAD and the AICV. 

Perform a follow-up coronary angiography of the LCA to 
ensure integrity of the vessel.  

    21.    Close the incision using three layers of suture (fascia, muscle, 
and skin). Care for appropriate pain reliever.        

 

     1.    This is a dif fi cult procedure that must be done quickly. Use a 
strong cold light source placed over the neck, not the top of 
the throat, but the neck near the top of the thorax. The trachea 
and the vocal cords are quite apparent with the light. Don’t 
push too hard. There may be some resistance, but it should not 
feel like your pushing through the body. 

   It is important to use bright focused surgical light. The light 
used during this procedure must be a cold light source since 
the brain will not tolerate the procedure at a temperature above 
30°C. 

   An iron or aluminum sheet sized 7 cm (length) and 6 mm 
(wide) can be used to construct a rat laryngoscope (create a 
 fl attened S-shape of the sheet).  

    2.    Without Styrofoam to protect the legs you will  fi nd necrosis at 
the hindlimbs of the rat eventually causing loss of toes.  

    3.    A body temperature below 30°C is required to perform the 
procedure without brain and myocardial damage due to the 
cardiac arrest for ~2 min. Further reduction of the body tem-
perature (below 28°C) is possible but will cause a signi fi cant 
longer period of time for the rat to wake up and recover.  

  4.  Notes
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    4.    Open the pericardium only at the basis of heart. Do not open 
the pleura since otherwise the lungs collapse.  

    5.    The thymus may be a large organ especially in young rats. 
Cutting the thymus will cause signi fi cant bleeding. Avoid cut-
ting, mobilize the thymus by using electrical cauterization on 
the right side just enough to get access to the ascending aorta 
and de fl ect the thymus to the left side.  

    6.    A 90°C needle holder with a thin but blunt proximal tip is use-
ful for this procedure.  

    7.    This procedure is necessary since the virus solution need to be 
injected between the aortic valve and the silk-loop around the 
ascending aorta to allow perfusion of the coronary arteries. 
Injection of the virus solution into the left ventricular chamber 
(having a resting heart) will not cause myocardial gene delivery.  

    8.    This is not easy, take your time, carotid is  fl exible. Slide the 
tubing into the carotid without rupturing the carotid artery 
and advance the catheter past the clamp. Determine the posi-
tion of the catheter in the ascending aorta using forceps. 
Advance just above the aortic valve (not in the left ventricle) by 
using the mark. Use chapstick on the outer side of the P-50 
tubing to reduce friction.  

    9.    Myocardial gene delivery will only be ef fi cient in a resting 
heart, some beats may occur.  

    10.    Because substance P causes the rat to secrete  fl uid you eventu-
ally need to dry the mouth and nose using cotton tips during 
the following 10 min.  

    11.    During the  fi rst hour after the procedure some rats will develop 
ventricular  fi brillation. The animal might suddenly cramp and 
faint. Use the de fi brillator to convert into sinus rhythm.  

    12.    Do not rotate the jugular vein. Otherwise you may occlude the 
vessel.  

    13.    Carefully turn the catheter to the left side in the proximal third 
of the right atrium to intubate the coronary sinus (Fig.  1 ; arrow 
A). Pigs have a prominent V. azygos (Fig.  1 ; arrow B) draining 
into the coronary sinus (Fig.  1 ; arrow A). To intubate the vein 
draining blood from the coronary arteries (Fig.  1 , arrow C) 
slightly rotate and advance the catheter clockwise. Sometimes 
there is a valve in front of the vein draining blood from the 
coronary arteries (Fig.  1 , arrow C). Try to visualize by using 
contrast dye. Overall aim is to intubate the anterior intraven-
tricular coronary vein (AICV) (Fig.  2 ; arrow) draining venous 
blood from the supply zone of the anterior descending coro-
nary artery (LAD). Retrograde delivery of the virus solution via 
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the AICV will cause myocardial gene delivery to the anterior/
septal myocardium (supply zone of the LAD) which is the  target 
zone for cardiac gene delivery described in this protocol.  

    14.    Alternatively (to steps 7–9) use a multipurpose catheter (7F) to 
intubate the vein draining blood from the coronary arteries 
(Fig.  1 ; arrow C); advance a 260 cm 0.014 ¢  or 0.018 ¢  wire into 
the AICV. Using the wire in place remove the multipurpose 
catheter and introduce the coronary sinus balloon catheter 
(Attain 6215-80 cm or Arrow A1 -7F) into the entrance of the 
AICV (Fig.  2 ).  

    15.    The wires in the LAD and the AICV now run in parallel. Of 
note, there is considerable variation in the anatomy of the 
AICV depending on the breed of the pigs. In German farm 
pigs, we always observed an anatomy as described here and 
also shown in Figs.  1 ,  2 , and  3 . However, Yucatan pigs and 
cross-breeding pigs between Yorkshire pigs and Yucatan pigs 
sometimes show draining of the AICV directly into the V. cava 
superior making retrograde myocardial gene delivery as 
described in this protocol impossible.  

    16.    This will block antegrade perfusion of the target area and facili-
tate myocardial gene delivery. Further proximal temporary 
occlusion of the LAD will cause a signi fi cant higher rate of 
ventricular  fi brillation and eventually myocardial damage.  

    17.    To reduce the endothelial barrier.  
    18.    Use an angiopump which is standard in every cathlab to con-

trol injection velocity and maximal pressure within the vessel. 
Use a ramp to avoid a pressure peak and thus damage of the 
AICV. Possible injection velocity may vary between 16 ml 
within 15–45 s and allowing a maximum injection pressure of 
100 mmHg.  

    19.    Injection of the virus solution is divided into three portions to 
reduce the time of myocardial ischemia but to allow a pro-
longed time of incubation of the virus within the vessel.          
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