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activator. A NMR and molecular modelling study†
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The motional behaviour of heparin oligosaccharides in solution is best described as a top rotor having

two perpendicular rotation axes. This prevents an accurate extraction of interprotonic distances by

NOESY/ROESY based methods. In this paper, we describe the solution structure of the hexasaccharide 1

calculated from high exactitude distance data obtained from off-resonance ROESY combined with a long

MD simulation of 500 ns. In previous studies, we have found that two synthetic hexasaccharides having

the sulphate groups directed towards one side of its central plane have an opposite biological activity,

while 1 is unable to activate the FGF-1 signalling pathway, the other (2) is even more active than the

regular region derived hexasaccharide (3) that mimics the natural active compound, heparin. From the

structural analysis it was concluded that 1 has similar three-dimensional characteristics to 2 or 3 and

therefore the differences in the activity should be due to the arrangement of the sulphate groups within

the hexasaccharidic sequence.

Introduction

The study of molecular recognition processes between carbo-
hydrates and protein receptors has attracted considerable
attention during the past few decades.1–3 Among these pro-
cesses, the interactions of glycosaminoglycans (GAGs) and sig-
nalling proteins have been attracting the attention of many
research groups due to their biological relevance and large
number of cases. As a consequence of this, their structural
details have been extensively studied.4–7 The versatility of the
biosynthesis of these polysaccharides, which involves several
enzymatic reactions in a non-template driven mode, yields a
large number of possible substitution patterns that make
GAGs highly dense information carriers. There are many
examples where the specificity of the interaction between a
GAG and a signalling protein relies on the substitution
pattern.8 Among them, worth mentioning are the interactions
with the fibroblast growth factor (FGF) family,9 chemokines,10

antithrombin-III (AT-III),11 ECM12 and plasma proteins.13

In the context of a wider research programme about the
factors that regulate the activation of the FGF–FGFR signalling
pathway by glycosaminoglycans, some hexa- and octasacchar-
ides related to the structure of heparin and/or heparan

sulphate with diverse substitution patterns were prepared,
tested, and their structures solved (Fig. 1).14–18

The heparin regular region is made of repetitions of the
D-GlcN–L-IdoA disaccharide, connected by α(1–4) linkages, with
sulphate groups at positions 6 and 2 of glucosamine, and 2 of
iduronate. In previous reports from our group, we have studied
the activation of the mitogenic activity mediated by FGF-1
analysing the three-dimensional structure and dynamics of
several hexa- and octasaccharides differing in their substitution
pattern.14–18 The structure evaluation by high resolution NMR
afforded similar overall shapes for the five substitution patterns:
(a) two with sulphate groups on one side (118 and 215), (b) one
similar to the regular heparin pattern with sulphates on both
sides (3)14 and (c) the other two with the absence of a type of
sulphate group (either at position 6 primary hydroxyl of glucosa-
mine residues, D-GlcN,6OH (4),16 or at position 2 of the iduro-
nate rings, L-Ido2OH (5)).16 The activity results disclosed a
strong influence of the sulphation pattern; while the regular
heparin pattern (3) showed reasonable activity, the axially asym-
metric substitution (2) had an improved activity (Fig. 1). On the
other side, while the absence of sulphate groups in the glucosa-
mine residues (4) weakened the activity; the removal of those at
position 2 of the IdoA residues (5) removed completely the
induction of activity.17

In a further work, the group prepared an alternative
sequence, hexasaccharide 1,18 based on crystallographic data
and representing the most suitable minimum sequence for
the interaction to yield activity according to the analysis by
others and us.19 However, the biological results were negative
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in terms of activity.18 Note that in compound 1 the spatial
orientation of the negative charges is similar to 2, with five
sulfate groups displayed on one side of the helical structure.
However, compound 1 contains the alternative sequence of
constituent monosaccharides with an L-iduronic acid unit at

the non-reducing end and a D-glucosamine residue at the redu-
cing terminal. As the original work did not include a detailed
structural analysis, we have decided to obtain the structure of
1 with the highest possible resolution to analyse the potential
reasons for the unexpected lack of activity.

It is well known that heparin oligomers longer than a tetra-
saccharide are anisotropic, exhibiting a hydrodynamic top
rotor21,22 behaviour.23,24 Consequently, the NOEs depend,
additionally to the distances, on the orientation of the inter-
protonic vector with respect to the molecular axis. As expected,
all the six compounds exhibit such hydrodynamic anisotropic
behaviour originating from the rigidity of the glycosidic lin-
kages that may be reflecting the electrostatic repulsions of the
negatively charged groups (i.e. sulphate and carboxylate). In
previous reports, we have studied this issue by analysing the
differences in perpendicular and parallel correlation times by
means of the NOE/ROE quotient at different magnetic field
strengths for all the substitution patterns 2–514–17 or by com-
plete 13C relaxation analysis for 2 and 3.24

In an anisotropic molecule, the NOESY or ROESY based dis-
tances calculated using the isolated spin pair approximation
with a single distance, and therefore a single correlation time,
as a reference are not accurate. One of the approaches used to
circumvent this inconvenience has been to estimate several
reference distances selected by their orthogonal orientation
with respect to the molecular vector. Thus, ranges for all the
unknown distances were obtained.14–17 However, the accuracy
needed to distinguish some of the characteristic features of
heparin-derived oligosaccharides is lost.

In this work, we apply to hexasaccharide 1 the off-resonance
ROESY methodology25,26 for the estimation of precise dis-
tances in anisotropic molecules independently of their relative
orientation with respect to the molecular axis. Distances were
calculated by obtaining simultaneously the correlation time
and the distance for each pair of protons. This method relies
on calculating several off-resonance ROESY relaxation rates by
varying the tilted angle of the effective ROESY spin-lock field
to achieve enough independent data as to extract the corre-
lation time for each vector and from this to calculate the inter-
protonic distance.24,25

Results and discussion

We have performed a combined NMR and molecular dynamics
structural study of 1 to obtain an NMR derived structure as
precise as possible that could shed some light on its un-
expected lack of biological activity. The spectra of 1 were
assigned by standard procedures, i.e. identifying the spin
systems of each ring by scalar couplings and interconnecting
them via interglycosidic NOEs.

In this work, we have used the off-resonance ROESY methodo-
logy to calculate experimental distances from dipolar
relaxation measurements without a pre-assigned model of
motion.26 This procedure allows to extract simultaneously
cross relaxation rates σNOE and σROE and effective correlation

Fig. 1 Structures (top) and schematic representation (bottom) of five hexasac-
charides representing the heparin regular region (3), the same sequence with
sulphate groups only on one side of the helix (2), an inactive sequence for FGF-1
induced mitogenic activity (1) and two hexasaccharides lacking one type of sul-
phate (4 and 5), both also inactive. The bottom panel represents the 3D struc-
ture of heparin (PDB code 1hpn20) with the relative disposition of the sulphate
groups (balls, up or down the molecular plane).
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times τc by measuring a linear combination of NOE and ROE
effects controlled by the spin lock offset (see details in the
Experimental section). In order to quantify the distances,
arrays of several series of off-resonance ROESY experiments at
several mixing times were recorded at different tilted angles
(6, 10, 20 and 30 kHz). All growth curves for each proton and
each tilted angle were linearly fitted. Then, calculating the
growth rate of several series of off-resonance ROESY experi-
ments corresponding to different spin lock offsets, the values
of σNOE, σROE and τc can be independently obtained for each
proton pair (Table 1) without the use of an internal reference
distance.26

We have performed intensive molecular dynamics calcu-
lations of 1, in order to get a deeper insight into its structural
properties. We have run the simulation using AMBER 1227

with the latest GLYCAM parameters28 and partial charges,29

which represent a consistent parameterization to model glycos-
aminoglycans, and it has been employed with that aim.30

After the appropriate equilibration steps we have run a long
simulation (500 ns) in explicit water (TIP3P),31 periodic bound-
ary conditions (PBC)32 using the particle mesh Ewald method
(PME).33 Results were consistent with stable 1C4 puckering
with scarce transitions to 2S0, and a narrow syn-Φ and syn-ψ
glycosidic linkage distribution (Fig. S1†).

From the molecular dynamics data we calculated the
theoretical interprotonic distances and compared them with
the experimental ones obtained from the off-resonance ROESY
experiments (Table 2). The agreement between the experi-
mental and theoretical distances was in general good for all
the interglycosidic proton pairs. The experimental distances fit
well with the NOE calculated distances using both r−3 or r−6

averages, as the usage of one or another average depends
on the relationship of the global and internal motions.
This observation indicates that either this is an intermediate

hydrodynamic behaviour of the molecule that fits to both
models of motion or that the distances do not fluctuate signifi-
cantly (Table 2).

One of the key issues of the iduronate ring is the balance
between the populations of the conformers in equilibrium
depending on the position along the chain, their substitution,
or the charge distribution of neighbour residues. This is
reflected in the values of the intra-ring three-bond coupling
constants and in the H2–H5 distance, that in some cases give
observable NOE peaks.4,18 We have performed several analyses
of the populations of conformers of the L-IdoA residues assum-
ing a mixture of two conformations, 1C4 and

2S0, in fast equili-
brium in the chemical shift time scale (Table 3).

Interestingly the iduronate rings of 1 have a rich and varied
behaviour. In the NOESY experiments, the non-reducing end
iduronate (F) does not show a NOE cross-peak between H2 and
H5, which is characteristic of the participation of the 2S0 con-
formation in the equilibrium. On the other hand, the iduro-
nates B and D display some features corresponding to the
expected participation in the equilibrium of the conformer 2S0,
as is the medium–weak intensity NOE cross peak between the
protons H2 and H5. The NOESY experiments show that the
proportion of 2S0 decreases along the chain being larger in B
than in D, and not observing the exclusive NOE peak in the

Table 1 σNOE and σROE cross relaxation rates and correlation times of the intra
and interresidual proton pairs calculated from off-resonance ROESY measure-
ments (500 MHz, 298 K)

σNOE (s−1) σROE (s−1) τc (ns)

H1B–H4A −0.09 0.61 0.50
H1B–H6Aa −0.03 0.17 0.51
H1C–H3B −0.05 0.20 0.59
H1C–H4B −0.07 0.40 0.53
H1D–H4C −0.03 0.18 0.50
H1D–H6C −0.07 0.41 0.51
H1D–H6′C −0.05 0.16 0.75
H1F–H4E −0.08 0.69 0.46
H1F–H6E −0.13 0.83 0.50
H1F–H6’E −0.04 0.12 0.85
H1B–H3B −0.04 0.17 0.57
H4B–H5B −0.11 0.54 0.57
H1C–H2C −0.02 0.07 0.65
H2C–H4C −0.01 0.07 0.54
H1D–H2D −0.03 0.19 0.51
H1E–H2E −0.01 0.06 0.62
H2E–H4E −0.01 0.07 0.50
H4F–H5F −0.05 0.47 0.45

a Average values over the proR and proS measurements.

Table 2 Theoretical and experimental distances calculated from MD simu-
lations or from 2D off-resonance ROESYexperiments

Proton pair

Theoretical distances, MDa (Å)
Experimental
distances

b

(Å)<r−3>−1/3 <r−6>−1/6

H1B–H4A 2.3 2.3 2.3
H1B–H6Ac 3.7 3.3 2.8
H1C–H3B 2.5 2.4 2.8
H1C–H4B 2.4 2.4 2.4
H1D–H4C 2.3 2.3 2.8
H1D–H6proRd 2.9 2.7 2.4
H1D–H6proSd 3.3 3.0 3.0
H1E–H3D 2.3 2.3 —
H1E–H4D 2.5 2.5 —
H1F–H4E 2.3 2.3 2.2
H1F–H6proR 3.2 2.9 2.2
H1F–H6proS 4.0 3.6 3.2
H1B–H2B 2.6 2.6 —
H1B–H3B 4.2 4.2 2.9
H2B–H5B 3.9 3.9 3.0c

H4B–H5B 2.4 2.4 2.3
H1D–H2D 2.6 2.6 2.8
H1D–H3D 4.2 4.2 —
H2D–H5D 4.0 3.9 3.3c

H4D–H5D 2.4 2.4 —
H1F–H2F 2.6 2.5 —
H1F–H3F 4.2 4.2 4.0c

H2F–H5F 4.0 4.0 —
H4F–H5F 2.4 2.4 2.3

aDistances calculated as <r−3>−1/3 and <r−6>−1/6 from 500 ns of MD
simulation. bDistances derived from 1H-NMR off-resonance 2D-ROESY
experiments. c Theoretical distances obtained from r−3 and r−6 average,
respectively, over the proR and proS values. d Values assigned to each
diastereotopic hydrogen (proR and proS) under the approximation that
the most populated conformer around the GlcN (C) ω torsion is gg
(in agreement to MD results, see below).
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case of the last iduronate, F, with the lowest population among
the three. We compared the theoretical H2–H5 distances from
the output of the MD simulation with the experimental ones
based on off-resonance ROESY measurements (Table 3). A
decrease of the equilibrium population of the 2S0 confor-
mation can be detected along the chain towards the non-
reducing end.

A more precise method to determine the conformer popu-
lation in this case is by using three bonds interprotonic coup-
ling constants. In this case, we have used two different sets of
canonical values for the 1C4 and 2S0 conformers of an IdoA
residue (corresponding to an α-D-IdoA2S-OH monosacchar-
ide34 and an α-D-GlcNS,6S-(1–4)-α-D-IdoA2S-OMe disacchar-
ide35) (Table 4). Then, we have calculated the conformer
populations assuming a mixture of two conformations for the
three iduronate rings. When we calculated the conformer
populations using the coupling constant analysis we found
that they follow the same tendency (see Table S2 in ESI,† entry
H2–C2–C3–H3: 6.0–5.5–4.4 Hz for B, D and F iduronate
respectively). Interestingly, when ring F is subjected to this
analysis some appreciable population of 2S0 (17–19%) is
obtained, suggesting that the energetic barrier is still low
enough to reach the equilibrium. In this case the exclusive
NOE for this conformation cannot be detected as the popu-
lation of the conformation is too low.

When we analysed the conformer populations along the
MD simulations using the puckering values we observed
scarce conformational transitions from 1C4 to 2S0 (Fig. S1†).
Although the frequency of the transitions was not as high as to
explain the coupling constant analysis, we detected some tran-
sitions, which qualitatively correspond to our experimental
observations where the population of skew boat decreases
from B to F. While the behaviour of ring D can be explained by
the absence of the sulphate group in the iduronate, we

propose that the case F can be due to the situation on the
chain at the non-reducing end.

An additional characteristic of the conformation of IdoA con-
taining GAGs is the rigidity of its backbone in contrast with the
large conformational equilibrium of the iduronate residues. It
has been proposed that the electrostatic repulsions between
charged groups are responsible for this behaviour. The distri-
butions of the values of glycosidic linkage dihedral angles Φ and
Ψ along the MD simulation are shown in Fig. S2.† The results
are consistent with its habitual behaviour, where the linkages
GlcN–Ido are more rigid than the Ido–GlcN and the Ψ angle
covers a wider range than Φ (Fig. 2). The effect of the central
iduronate glycosidic linkages on the stiffness of the backbone is
smaller than for the other linkages reflecting the absence of the
sulphate group at position 2 of the iduronate ring.

Table 4 Populations of the skew-boat 2S0 pucker of the L-IdoA rings calculated
by multi-parametric fitting of the experimental and theoretical proton–proton
vicinal coupling constants

Canonical 3JHH

IdoA2S
(B) χ 2

red

IdoA2OH
(D) χ 2

red

IdoA2S
(F) χ 2

red

Hricovíni 200634 40% 0.20 33% 0.41 17% 0.09
Hricovíni 200735 37% 0.27 32% 0.44 19% 0.37

Table 3 Population-weighted H2–H5 distance (in Å) of each iduronate ring
compared with the experimental one determined from 2D-NOESY experiments.
The 1C4 and 2S0 puckers populations previously calculated by iterative fitting of
the experimentally derived IdoA 3JHH and two different sets of canonical 3JHH
values (Hricovíni 2006 and 2011)34,35 have been used. The canonical H2–H5 dis-
tance for both the 1C4 and 2S0 conformers, 4 Å and 2.4 Å, respectively, have
been taken from the NMR resolved structure of heparin with PDB code 1hpn

IdoA2S (B) IdoA2OH (D) IdoA2S (F)

Hricovíni 200634 2.8 2.8 3.1
Hricovíni 201135 2.8 2.9 3.1
Experimental 3.0 3.3 Undetected

Fig. 2 Φ and Ψ glycosidic dihedral angles frequency distribution curves for
each linkage. A bin size of 10° has been used.
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The diffusional anisotropy is the quotient between the paral-
lel and perpendicular correlation times and the most precise
method to calculate it is by a complete relaxation analysis
using 13C T1, T2 and heteronuclear NOE, avoiding the influ-
ence of the internal correlation times that decrease these
ratios. However, this time consuming method could be
replaced by the relationship between the correlation times of
two orthogonal interprotonic vectors of similar distances
aligned with respect to the molecular axis. We have calculated
the ratios of the apparent correlation times, obtained from the
off-resonance ROESY, for two vectors: H1–H2 and H2–H4 of glu-
cosamine (τ⊥/τk = 1.2 for ring D and 1.24 for ring E) which are
orthogonal between them, and the vector H1–H2 is nearly paral-
lel to the molecular axis of the hexasaccharide 1. Therefore,
this quantity stands for the anisotropy factor. Finally, we
compare the anisotropy factor obtained from the quotients
between the experimental correlation times for 1, with those
previously obtained for 2 and 3 (τcH1–H2/τcH2–H4 = 1.22, 1.50
and 1.46 for 1, 2 and 3, respectively).15 Therefore, it can be
concluded that 1, although slightly less anisotropic than 2 or
3, still exhibits this characteristic behaviour.

In general the structural characteristics of 1 are similar to
those observed for 2 and 3: linear overall shape, rotational an-
isotropy, backbone rigidity and iduronate conformational equi-
librium. The superimposition of 20 frames taken along the
molecular dynamics simulation is shown in Fig. 3.

Experimental
NMR

A NMR sample was prepared by dissolving 2.5 mg of 1 in
600 μL of D2O 100%, pH* was adjusted to 7.0. 2D experiments
were recorded using the following versions with z-gradients
when possible: gs-DQF-COSY,36 TOCSY37 using 80 ms of spin
lock, NOESY,38,39 ROESY,40 HSQC using gradient selected with
sensitivity enhanced versions,41 and coupled HSQC.

Estimation of 1H–1H distances. In order to estimate the
longitudinal and transversal cross relaxation rates, σNOE and
σROE, compensated off-resonance ROESY25,42 experiments have

been acquired at 500 MHz using different mixing times
(100, 200, 300, 400 and 500 ms) and several radiofrequency
offsets (6, 10, 20 and 30 kHz) for the spin-lock. The spin
locking field was 7.14 kHz and the experiments were carried
out at 298 K.

Molecular dynamics

Input preparation. The initial coordinates were based on
the NMR-resolved dodecasaccharide structure of natural
heparin (PDB code 1hpn20). The topology and coordinates files
were built with the tLEAP module of AMBER 11 package.43 The
system was neutralized with sodium ions and then immersed
in a TIP3P31 water box, giving rise to a molecular system of
4526 atoms. The GLYCAM_06 h parameters28 were used to
model the sugar moiety, including the sulfate and sulfamate
groups,44 and the AMBER ff12SB parameters29 for the water
molecules and calcium ions. The partial charges of
GLYCAM0628 were employed for the sugar moiety, adjusting
the partial charge on the O- and N-atoms bound to the SO3

groups according to the GLYCAM procedure for charge devel-
opment. For the O-isopropyl group, partial charges were
derived from the molecular electrostatics potential (MEP)
using the RESP method with a constraint of 0.01, for consist-
ency with the procedure employed in GLYCAM06 force field28

development. The HF/6-31G* level of theory was used for both
the structure optimization and the MEP calculation. Detailing
the procedure employed, a methyl-O-isopropyl and a D-Glc-
OMe were built and charge constraints imposed as follows: the
total charge of both molecular models is set to 0, the methyl
group in the D-Glc-OMe must have a charge of +0.194 whereas
the charge of the oxygen involved in the glycosidic linkage is
set to −0.194, and both methyl groups are set to be equivalent
and to be removed during the last step of charge derivation,
and, thus, being both compounds merged to form a D-Glc-O-
isopropyl. Additionally, the partial charges on aliphatic hydro-
gens and on the O-isopropyl group were constrained to 0 and
−0.194, respectively, in agreement with the GLYCAM pro-
cedure. The standard error and the relative root mean square
error were, respectively, 0.005 and 0.188. It is noticeable
that a similar protocol has been successfully applied for the
development of parameters for different sugar derived com-
pounds.45,46 The quantum mechanical calculations and the
RESP procedure were carried out with ante-R.E.D 2.0 and
R.E.D IV of the R.E.D web server.47

Molecular dynamics simulations. The molecular dynamics
simulations have been run on a 4-node AMD Opteron Inter-
lagos cluster (2.3 GHz, 16 cores per node).

MD simulations were carried out with AMBER 12.27 The
equilibration protocol consisted of an initial minimization of
the water box (20 000 steps), followed by a minimization of the
whole system (10 000 steps); finally, the system was heated
(40 000 steps) at a constant volume until 300 K using a time
constant for the heat bath coupling of 1 ps. The production
dynamics have been carried out at a constant temperature of
300 K, by applying the Langevin thermostat48 with a collision
frequency of 5 ps−1, and at a constant pressure (1 bar),

Fig. 3 Superimposition of 20 conformers randomly taken from the MD simu-
lation. The backbone of the two central residues (IdoA(D) and GlcN(C)) has been
considered for the superimposition, and thus, the increase of flexibility from the
center to the ending residues of the polysaccharide chain is clearly observed.
The hydrogen atoms and the sulfate groups have been removed for clarity.
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applying periodic boundary conditions (PBC)32 and using the
particle mesh Ewald method33,49 (PME) to account for the long
range electrostatic effect (the grid spacing was approximately
1 Å). The SHAKE algorithm50,51 was also employed, thus, allow-
ing a 2 fs time step, and non-bonded interactions were cutoff
at 8.0 Å and updated every 25 steps.

The equilibration protocol and production dynamics have
been performed with the sander.MPI and pmemd.MPI modules
of AMBER 12,27 respectively. One MD simulation of 500 ns has
been performed; saving the trajectory coordinates each pico-
second. The analysis of the MD trajectory was performed using
the ptraj module of AMBER 12.27 The Cremer–Pople coordi-
nates were calculated with a script from R. J. Woods’ group
(see the Acknowledgements section).

Conclusions

We have analysed the 3D structure of the hexasaccharide 1
which is inactive as an inductor of the FGF1–FGFR signalling
pathway.18 We have found that the structure of the hexa-
saccharide 1 has the same overall features as the previously
studied heparin-like oligosaccharides, a rigid linear structure
due to the geometry of the glycosidic linkages driven by the
electrostatic repulsions between the charges of the sulphate
groups.14–17 In particular, it is very close to the structure of 2
that has remarkable mitogenic activity mediated by FGF-1 and
shares many of its structural characteristics with the non-
symmetrical distribution of the sulphate groups on both sides
of the molecule.17

Although, differences have been found in the populations
of the conformational equilibrium with the previously ana-
lysed compounds with the same length but with different sul-
phation patterns and sequences. The populations of the 2S0
conformer are lower than in 2, for residues B and D, and even
undetectable in terms of NOE for the terminal iduronate
E. However, this is not likely to be the cause of the inactivity
as the differences in energy that can be inferred from differ-
ences in populations are not large enough to justify differ-
ences on binding. Furthermore, it has been reported that the
conformational equilibrium remains even when the hexasac-
charide 2 is within the complex with FGF-1 as a result of inter-
actions with flexible side chains via electrostatic charges.52,53

The solution structure of the heparin was described by
Mulloy et al. as an extended helix with four residues per turn20

that leads to clustering three consecutive sulphate groups
directed towards the same side, relative to the central chain,
while the subsequent cluster is directed towards the opposite
side. The distribution of sulphate group charges in 1 can be
considered to be analogous to that of compound 2 but in the
reversed directionality (from the reducing to the non-reducing
end; see Fig. 1). We are now exploring a potential explanation
for the lack of activity of 1 based on the previous results for
the FGF-1 and FGF-2 specific interactions, together with the
X-ray structures of the ternary complexes with the extracellular
domains of the receptor FGFR.

Acknowledgements

We thank the CSIC (grant no. 201180E021), the Spanish Minis-
try of Science and Innovation (grant no. CTQ2009-07168 and
CTQ2012-32605), the Junta de Andalucía (grant no. P07-
FQM-02969) and the European Union (FEDER support and
Marie Curie Reintegration Grant) for financial support.
We also thank the group of Prof. R.J. Woods for kindly making
available a script for calculating the Cremer–Pople coordinates.
We acknowledge CESGA and MICINN for co-financing
the prioritized computing time awarded (ICTS-2009-40).
J. C. M. acknowledges financial support from CSIC. J. A.
acknowledges financial support from the MICINN through the
Ramón y Cajal program.

Notes and references

1 A. Varki, Glycobiology, 1993, 3, 97–130.
2 H. J. Gabius, H. C. Siebert, S. Andre, J. Jimenez Barbero

and H. Rudiger, ChemBioChem, 2004, 5, 740–764.
3 H.-J. Gabius, S. Andre, J. Jimenez Barbero, A. Romero and

D. Solis, Trends Biochem. Sci., 2011, 36, 298–313.
4 B. Casu and U. Lindahl, Adv. Carbohydr. Chem. Biochem.,

2001, 57, 159–206.
5 D. J. Hamel, I. Sielaff, A. E. I. Proudfoot, T. M. Handel,

M. H. Tracy and J. H. Damon, Methods in Enzymology,
Academic Press, 2009, vol. 461, pp. 71–102.

6 U. Lindahl and J.-P. Li, in International Review of Cell
and Molecular Biology, ed. K. W. Jeon, 2009, vol. 276,
pp. 105–159.

7 J. Jimenez-Barbero, M. D. Diaz and P. M. Nieto, Anti-Cancer
Agents Med. Chem., 2008, 8, 52–63.

8 J. D. Esko and U. Lindahl, J. Clin. Invest., 2001, 108, 169–173.
9 M. Mohammadi, S. K. Olsen and O. A. Ibrahimi, Cytokine

Growth Factor Rev., 2005, 16, 107–137.
10 T. M. Handel, Z. Johnson, S. E. Crown, E. K. Lau, M. Sweeney

and A. E. Proudfoot, Annu. Rev. Biochem., 2005, 74,
385–410.

11 W. Li, D. J. D. Johnson, C. T. Esmon and J. A. Huntington,
Nat. Struct. Mol. Biol., 2004, 11, 857–862.

12 F. Levy-Adam, G. Abboud-Jarrous, M. Guerrini, D. Beccati,
I. Vlodavsky and N. Ilan, J. Biol. Chem., 2005, 280, 20457–
20466.

13 J. M. Whitelock and R. V. Iozzo, Chem. Rev., 2005, 105,
2745–2764.

14 J. L. de Paz, J. Angulo, J. M. Lassaletta, P. M. Nieto,
M. Redondo-Horcajo, R. M. Lozano, G. Gimenez-Gallego
and M. Martin-Lomas, ChemBioChem, 2001, 2, 673–685.

15 R. Ojeda, J. Angulo, P. M. Nieto and M. Martin-Lomas,
Can. J. Chem.-Rev. Can. Chim., 2002, 80, 917–936.

16 R. Lucas, J. Angulo, P. M. Nieto and M. Martin-Lomas, Org.
Biomol. Chem., 2003, 1, 2253–2266.

17 J. Angulo, R. Ojeda, J. L. de Paz, R. Lucas, P. M. Nieto,
R. M. Lozano, M. Redondo-Horcajo, G. Gimenez-Gallego
and M. Martin-Lomas, ChemBioChem, 2004, 5, 55–61.

Paper Organic & Biomolecular Chemistry

8274 | Org. Biomol. Chem., 2013, 11, 8269–8275 This journal is © The Royal Society of Chemistry 2013

Pu
bl

is
he

d 
on

 1
0 

O
ct

ob
er

 2
01

3.
 D

ow
nl

oa
de

d 
by

 C
en

tr
o 

de
 I

nv
es

tig
ac

io
ne

s 
C

ie
nt

if
ic

as
 I

sl
a 

de
 la

 C
ar

tu
ja

 (
C

IC
IC

) 
on

 2
9/

04
/2

01
4 

10
:0

2:
36

. 
View Article Online

http://dx.doi.org/10.1039/c3ob41789a


18 J. L. de Paz and M. Martin-Lomas, Eur. J. Org. Chem., 2005,
1849–1858.

19 L. Pellegrini, Curr. Opin. Struct. Biol., 2001, 11, 629–634.
20 B. Mulloy, M. J. Forster, C. Jones and D. B. Davies, Biochem.

J., 1993, 293, 849–858.
21 D. E. Woessner, J. Chem. Phys., 1962, 37, 647–654.
22 G. Lipari and A. Szabo, J. Chem. Phys., 1981, 75, 2971–

2976.
23 M. Hricovini and G. Torri, Carbohydr. Res., 1995, 268,

159–175.
24 J. Angulo, M. Hricovini, M. Gairi, M. Guerrini, J. L. de Paz,

R. Ojeda, M. Martin-Lomas and P. M. Nieto, Glycobiology,
2005, 15, 1008–1015.

25 H. Desvaux, P. Berthault, N. Birlirakis and M. Goldman,
J. Magn. Reson., Ser. A, 1994, 108, 219–229.

26 P. Berthault, N. Birlirakis, G. Rubinstenn, P. Sinay and
H. Desvaux, J. Biomol. NMR, 1996, 8, 23–35.

27 T. A. D. D. A. Case, T. E. Cheatham, III, C. L. Simmerling,
J. Wang, R. E. Duke, R. Luo, R. C. Walker, W. Zhang,
K. M. Merz, B. Roberts, S. Hayik, A. Roitberg, G. Seabra,
J. Swails, A. W. Goetz, I. Kolossváry, K. F. Wong, F. Paesani,
J. Vanicek, R. M. Wolf, J. Liu, X. Wu, S. R. Brozell,
T. Steinbrecher, H. Gohlke, Q. Cai, X. Ye, J. Wang,
M.-J. Hsieh, G. Cui, D. R. Roe, D. H. Mathews, M. G. Seetin,
R. Salomon-Ferrer, C. Sagui, V. Babin, T. Luchko,
S. Gusarov, A. Kovalenko and P. A. Kollman, University of
California, San Francisco, 2012.

28 K. N. Kirschner, A. B. Yongye, S. M. Tschampel,
J. González-Outeiriño, C. R. Daniels, B. L. Foley and
R. J. Woods, J. Comput. Chem., 2008, 29, 622–655.

29 V. Hornak, R. Abel, A. Okur, B. Strockbine, A. Roitberg and
C. Simmerling, Proteins: Struct., Funct., Genet., 2006, 65,
712–725.

30 Z. Zhang, S. A. McCallum, J. Xie, L. Nieto, F. Corzana,
J. Jimenez-Barbero, M. Chen, J. Liu and R. J. Linhardt,
J. Am. Chem. Soc., 2008, 130, 12998–13007.

31 W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey
and M. L. Klein, J. Chem. Phys., 1983, 79, 926–935.

32 D. M. York, T. A. Darden and L. G. Pedersen, J. Chem. Phys.,
1993, 99, 8345–8348.

33 H. G. Petersen, J. Chem. Phys., 1995, 103, 3668–3679.
34 M. Hricovíni, Carbohydr. Res., 2006, 341, 2575–2580.
35 M. Hricovíni, E. Scholtzova and F. Bizik, Carbohydr. Res.,

2007, 342, 1350–1356.
36 A. A. Shaw, C. Salaun, J. F. Dauphin and B. Ancian, J. Magn.

Reson., Ser. A, 1996, 120, 110–115.

37 A. Bax and D. G. Davis, J. Magn. Reson., 1985, 65, 355–
360.

38 J. Jeener, B. H. Meier, P. Bachmann and R. R. Ernst,
J. Chem. Phys., 1979, 71, 4546–4553.

39 K. Stott, J. Keeler, Q. N. Van and A. J. Shaka, J. Magn.
Reson., 1997, 125, 302–324.

40 A. Bax and D. G. Davis, J. Magn. Reson., 1985, 63, 207–213.
41 A. G. Palmer, J. Cavanagh, P. E. Wright and M. Rance,

J. Magn. Reson., 1991, 93, 151–170.
42 H. Desvaux and P. Berthault, Prog. Nucl. Magn. Reson. Spec-

trosc., 1999, 35, 295–340.
43 T. A. D. D. A. Case, T. E. Cheatham III, C. L. Simmerling,

J. Wang, R. E. Duke, R. Luo, R. C. W. Luo, W. Zhang,
K. M. Merz, B. Roberts, B. Wang, S. Hayik, A. Roitberg,
I. K. G. Seabra, K. F. Wong, F. Paesani, J. Vanicek, J. Liu,
X. Wu, S. R. Brozell, H. G. T. Steinbrecher, Q. Cai, X. Ye,
J. Wang, M.-J. Hsieh, G. Cui, D. R. Roe, D. H. Mathews,
M. G. Seetin, C. Sagui, V. Babin, T. Luchko, S. Gusarov,
A. Kovalenko and P. A. Kollman, University of California,
San Francisco, 2010.

44 C. J. M. Huige and C. Altona, J. Comput. Chem., 1995, 16,
56–79.

45 S. G. Gouin, E. Vanquelef, J. M. G. Fernández, C. O. Mellet,
F. Y. Dupradeau and J. Kovensky, J. Org. Chem., 2007, 72,
9032–9045.

46 N. Sapay, E. Cabannes, M. Petitou and A. Imberty, Glyco-
biology, 2011, 21, 1181–1193.

47 F. Y. Dupradeau, C. Cézard, R. Lelong, É. Stanislawiak,
J. Pêcher, J. cher, J. C. Delepine and P. Cieplak, Nucleic
Acids Res., 2008, 36, D360–D367.

48 J. A. Lzaguirre, D. P. Catarello, J. M. Wozniak and
R. D. Skeel, J. Chem. Phys., 2001, 114, 2090–2098.

49 T. Darden, D. York and L. Pedersen, J. Chem. Phys., 1993,
98, 10089–10092.

50 J. P. Ryckaert, G. Ciccotti and H. J. C. Berendsen, J. Comput.
Phys., 1977, 23, 327–341.

51 S. Miyamoto and P. A. Kollman, J. Comput. Chem., 1992, 13,
952–962.

52 A. Canales, J. Angulo, R. Ojeda, M. Bruix, R. Fayos,
R. Lozano, G. Gimenez-Gallego, M. Martin-Lomas,
P. M. Nieto and J. Jimenez-Barbero, J. Am. Chem. Soc., 2005,
127, 5778–5779.

53 A. Canales, R. Lozano, B. Lopez-Mendez, J. Angulo,
R. Ojeda, P. M. Nieto, M. Martin-Lomas, G. Gimenez-
Gallego and J. Jimenez-Barbero, FEBS J., 2006, 273, 4716–
4727.

Organic & Biomolecular Chemistry Paper

This journal is © The Royal Society of Chemistry 2013 Org. Biomol. Chem., 2013, 11, 8269–8275 | 8275

Pu
bl

is
he

d 
on

 1
0 

O
ct

ob
er

 2
01

3.
 D

ow
nl

oa
de

d 
by

 C
en

tr
o 

de
 I

nv
es

tig
ac

io
ne

s 
C

ie
nt

if
ic

as
 I

sl
a 

de
 la

 C
ar

tu
ja

 (
C

IC
IC

) 
on

 2
9/

04
/2

01
4 

10
:0

2:
36

. 
View Article Online

http://dx.doi.org/10.1039/c3ob41789a

