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The Arabidopsis thaliana K+ transporter 1 (AKT1) participates in the

maintenance of an adequate cell potassium (K+) concentration. The CBL-

interacting protein kinase 23 (CIPK23) activates AKT1 for K+ uptake under

low-K+ conditions. This process is mediated by the interaction between the

cytosolic ankyrin-repeat (AR) domain of AKT1 and the kinase domain of

CIPK23. However, the precise boundaries of the AR domain and the residues

responsible for the interaction are still unknown. Here, the optimization

procedure to obtain an AR domain construct suitable for crystallization and the

preliminary crystallographic analysis of the obtained crystals are reported. The

crystals belonged to space group P21212, with unit-cell parameters a = 34.83, b =

65.89, c = 85.44 Å, and diffracted to 1.98 Å resolution.

1. Introduction

Because of their sessile nature, plants have evolved to adapt to

environmental stress situations such as starvation, cold, salt, drought,

floods, light etc. At the cellular level, the primary stress stimulus is

encoded into a fluctuation of the cytosolic calcium (Ca2+) concen-

tration (Allen & Schroeder, 2001). Plant cells have developed a

specific family of Ca2+ sensors, the calcineurin B-like proteins

(CBLs), that provide the molecular machinery to decode this infor-

mation (Kudla et al., 1999; Luan et al., 2002; Sánchez-Barrena et al.,

2005). However, an additional level of regulation is necessary to

produce a specific cell response. This is provided by the Ca2+-

dependent, CBL-mediated interaction and activation of the CIPK

family of protein kinases (Shi et al., 1999). Active CIPKs specifically

target a protein substrate to trigger the cell response.

K+ starvation is one of the most relevant stress situations for plants

since K+ is the most abundant ion in cells and contributes to cell

growth and development (Leigh & Jones, 1984). Under low-K+

conditions, the AKT1 (Arabidopsis thaliana K+ transporter 1) is

responsible for K+ uptake in roots, restoring the proper K+ concen-

tration inside the cells (Sentenac et al., 1992). It has been shown that

the Ca2+ sensors CBL1 and CBL9 are involved in AKT1 regulation

(Xu et al., 2006). In the presence of Ca2+ they interact with CIPK23,

which subsequently phosphorylates and activates AKT1 (Xu et al.,

2006).

AKT1 is a shaker-like K+ channel of Arabidopsis with a cyto-

plasmatic region consisting of a cAMP-binding domain and an AR

(ankyrin-repeat) domain. The interaction between AKT1 and

CIPK23 has been well characterized at the functional and molecular

levels and involves the AR domain of AKT1 and the catalytic domain

of CIPK23 (Lee et al., 2007). To understand the molecular and

structural basis of the regulation of AKT1 by CIPK23, we planned to

determine the structure of the AR domain of AKT1. This included

construct optimization to remove unstructured regions of the domain,

and the purification, crystallization and preliminary crystallographic

analysis of the protein.
# 2014 International Union of Crystallography

All rights reserved

http://crossmark.crossref.org/dialog/?doi=10.1107/S2053230X14005093&domain=pdf&date_stamp=2014-03-25


2. Materials and methods

2.1. Gene cloning, protein expression and purification

Three different constructs (AKT1516–730, AKT1516–715 and

AKT1516–706) were amplified by PCR using primers that contained

NdeI and NotI restriction sites (Table 1). The amplified product was

cloned into pET-28a vector (Novagen) and the final constructs were

confirmed by DNA sequence analysis. Recombinant proteins were

overexpressed in Escherichia coli strain Rosetta 2(DE3)pLysS

(Novagen) grown in 2�TY medium. Protein expression was induced

with 0.3 mM IPTG and the cells were subsquently incubated for 16 h

at 16�C. The cells were harvested by centrifugation (20 min, 1300g).

The bacterial pellet was resuspended and lysed by sonication in a

buffer consisting of 20 mM HEPES pH 7.0, 150 mM NaCl, 0.5 mM

TCEP. After clarification (45 min, 47 808g), the proteins were puri-

fied by Ni2+–NTA agarose bead affinity chromatography (Qiagen).

The polyhistidine tag located at the N-terminus was cleaved on the

column using 10 units of thrombin per milligram of recombinant

protein and adding 10 mM CaCl2. The cleaved protein was further

purified by size-exclusion chromatography, obtaining a unique peak

that elutes with an apparent molecular weight corresponding to a

monomer (Fig. 1a). The eluted proteins were concentrated to

14 mg ml�1 using a concentrator with a 10 kDa cutoff membrane

(Vivaspin) and frozen at �80�C for subsequent experiments. The

sample purity was verified by SDS–PAGE (Fig. 1b) and mass spec-

trometry (MALDI–TOF) (Fig. 1c). The observed molecular weight

corresponds to that calculated for this construct plus one residue

derived from the digestion with the protease.

2.2. Crystallization

Initial crystallization screens were set up as sitting-drop vapour-

diffusion experiments. We used an Innovadine crystallization robot

and crystallization kits from Qiagen, Hampton Research and Jena

Bioscience. Screens were pipetted in 96-well plates with a final drop

size of 0.5 ml and a 1:1 mixture of protein and precipitant solutions.

Several crystallization conditions produced spherulites, flower-

shaped crystals or thin plate-shaped crystals when using the AKT1516–

730, AKT1516–715 or AKT1516–706 protein fragments, respectively (Fig.

2). However, after extensive optimization of the crystallization

conditions, only those crystals corresponding to the AKT1516–706

fragment were suitable for diffraction experiments. The final crys-

tallization condition consisted of 0.1 M Tris pH 8.5, 25% PEG 4000,

0.3 M MgCl2 and the crystals grew in 3 d at room temperature.

2.3. X-ray analysis

AKT1516–706 crystals were cryoprotected with the crystallization

solution supplemented with 10%(v/v) glycerol. They were mounted

in a fibre loop and flash-cooled in liquid nitrogen. One data set was

collected at the ESRF, Grenoble (Fig. 3 and Table 2). Data were

processed with iMosflm (Battye et al., 2011) and scaled with SCALA

(Evans, 2006) from the CCP4 package (Winn et al., 2011)

3. Results and discussion

There is a well established relationship between sample homogeneity

and success in crystallization. Sample homogeneity can be achieved

by the optimization of protein constructs to remove unstructured

regions (Derewenda, 2010). This is crucial for multidomain structures

in which the domain boundaries are not clearly defined. In particular,

the domain structure of AKT1 is poorly defined from a structural

point of view. Although AR domains consist of a repetition of a well

conserved motif in terms of sequence and structure, the capping

repetitions display singularities that challenge the identification of

the boundaries.

To figure out the boundaries of the AR domain of AKT1, we

performed secondary-structure predictions using the SCRATCH
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Table 1
Primer information.

Construct Primer Sequence

AKT1516–730 50-primer GGAATTCCATATGGATCTTCCTCTC
30-primer GCGCATGCGGCCGCTCAGAATCTTCCG

AKT1516–715 50-primer GGAATTCCATATGGATCTTCCTCTC
30-primer CGCGAGCGGCCGCTCACGAAGAACTT

AKT1516–706 50-primer GGAATTCCATATGGATCTTCCTCTC
30-primer CGCGAGCGGCCGCTCACTCATGTAACTTT

Figure 1
Purification of AKT1516–706. (a) Size-exclusion chromatography. The solid line
shows the elution of AKT1516–706 in the presence of 20 mM HEPES pH 7.0, 150 mM
NaCl, 0.5 mM TCEP. The dashed line shows elution corresponding to molecular-
weight markers (kDa; Gel Filtration Standard, Bio-Rad). (b) 12% SDS–PAGE of
the final purified sample. Lanes M and P correspond to molecular-weight marker
(labelled in kDa; Low-Range, Bio-Rad) and AKT1516–706, respectively. Samples
were loaded under reducing conditions. The gel was stained with Coomassie
Brilliant Blue (Bio-Rad). (c) MALDI–TOF spectrum of the final purified sample.



server (Cheng et al., 2005) and used this information to design

different protein constructs. Subsequently, we estimated the crystal-

lizability of those constructs using the XtalPred server (Slabinski et

al., 2007). The server estimations are based on the statistical analysis

of structural genomics data.

The sequence analysis of AKT1 cytosolic region predicted that

residues 516–730 include six ankyrin repetitions and an extra �-helix

linked by a 15-amino-acid loop. Therefore, as a first approach, we

designed a construct containing all these secondary-structure

elements (AKT1516–730). The overexpressed protein was purified to

homogeneity and conditioned for crystallization experiments. The

analysis of the commercial crystallization screens showed that

AKT1516–730 produced spherulites in several conditions (Fig. 2a).

However, after extensive optimization of the buffer composition, pH

and protein concentration, the crystal quality did not improve and we

were not able to perform a successful diffraction experiment.

Spherulites are clusters of needle-shaped crystals that grow radially

from a single nucleus. These patterns are formed if the crystal growth

is hindered in one or two directions owing to conformational or

chemical inhomogeneities (Gránásy et al., 2005). Since our sample

was chemically homogeneous (Fig. 1b), we guessed that protein

flexibility was responsible for the formation of spherulites.

The XtalPred server estimated enhanced crystallizability for two

shortened protein fragments that lacked the predicted C-terminal �-

helix included in the original construct. Thus, we cloned, expressed

and purified AKT1516–715 and AKT1516–706 fragments following the

previously optimized experimental procedures. The crystallization

experiments using the AKT1516–715 fragment yielded spherulites and

flower-shaped crystals (Fig. 2b) but, as with the larger fragment, we

were not able to optimize the crystallization condition for diffraction

experiments. Instead, the shortened AKT1516–706 construct produced

plate-like crystals (Fig. 2c). These crystals diffracted to 1.98 Å reso-

lution and belonged to space group P21212, with unit-cell parameters
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Figure 3
X-ray diffraction pattern of an AR domain crystal from AKT1. The diffraction
pattern was obtained using a synchrotron-radiation source. The inset shows a
magnification of a sector of the diffraction frame. Numbers show the resolutions (in
Å) of the circles.

Figure 2
Crystals of the different constructs of AKT1. (a) Spherulites obtained with the
AKT1516–730 construct. (b) Flower-shaped crystals grown with the AKT1516–715

construct. (c) The final diffracting plate-like crystals.

Table 2
Data-collection and processing statistics.

Values in parentheses are for the outer shell.

X-ray source ID14-1, ESRF
Wavelength (Å) 0.9400
Space group P21212
Unit-cell parameters (Å, �) a = 34.83, b = 65.89, c = 85.43,

� = � = � = 90.0
Resolution limits (Å) 52.18–1.98 (2.09–1.98)
Rp.i.m.† (%) 4.4 (32.5)
CC1/2‡ 99.6 (74.9)
hI/�(I)i 7.9 (3.0)
Completeness (%) 98.6 (98.6)
Multiplicity 3.4 (3.5)

† Diederichs & Karplus (1997). ‡ CC1/2 is the intra-data-set correlation coefficient
calculated from the percentage of correlation between intensities (I1 and I2) from random
half data sets (Karplus & Diederichs, 2012): CC1/2 = Corr(I1, I2).



a = 34.83, b = 65.89, c = 85.44 Å. Diffraction data statistics are shown

in Table 2. The high-resolution cutoff was selected considering a

value of hI/�(I)i greater than 3 to include data to the maximum

resolution while maintaining the completeness of the data.

Assuming the presence of one molecule in the asymmetric unit, the

Matthews coefficient (VM) and solvent content were calculated to be

2.31 Å3 Da�1 and 46.7%, respectively (Matthews, 1968). We will

address the structure solution by molecular replacement since there

are highly conserved AR domain structures with a sequence identity

of 54% (PDB entry 1n0q; Mosavi et al., 2002).
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