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Abstract—The specific binding of Ca?* to synthetic hexasaccharide models of modified heparin has been investigated by NMR and
molecular modeling and compared with previous results on a model of regular heparin. These two models represent the regular
region of heparin lacking one type of O-sulfate group, either at C-6 of glucosamine or at C-2 of iduronate. The NMR experiments
show different responses to the presence of Ca’*. In the case of the compound lacking O-sulfate groups at C-2, the results are
indicative of specific binding similar to that observed for the regular heparin, while the model lacking sulfate groups in position 6
interacts more weakly with Ca®*. In order to understand the basis of this difference, a molecular modeling study based on a rigid
body docking approach of the interaction of these carbohydrates with Ca?>* and Na* was performed. We have found that the results
are strongly dependent on the starting orientation of the lateral side chains of the charged groups of the carbohydrate, and that the
best agreement with the experimental results is obtained when the starting conformations are taken from previous simulations in the

presence of Ca’*.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Heparin is a negatively charged glycosaminoglycan
constituted mainly by a basic repeating disaccharidic
unit made of a-(1—4) linked L-iduronic acid and
D-glucosamine units.!?> This basic unit is found vari-
ously sulfated and its sulfation pattern is the main
source of the structural polydispersity of heparin.
Although other arrangements are also possible, heparin
is typically sulfated at positions 6 and 2 of glucosamine
and 2 of iduronate. The same substitution pattern is
frequently found in heparan sulfate but, in this case, is
not the major component of the polysaccharide.'?
Heparin and heparan sulfate interact with extracellular
proteins regulating their activities,'* and in several cases
these interactions involve cations such as Ca?* or
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Mg+ 3% Although the mechanisms by which the cation
modulates heparin activity are often unknown, it is
accepted that cations can interact with heparin in different
manners. These polysaccharides, due to their high linear
charge, behave as polyelectrolytes displaying specific
physicochemical properties.” The polyelectrolytes can
bind counterions either territorially or site-specifically
by means of long-range electrostatic forces or by specific
short-range interactions, respectively. In the territorial
binding, the hydrated counterions are delocalised in a
volume around the polyion while in the site-specific
mode, complexes with defined structure are formed.” It
has been concluded that while the binding of Ca?* or
Zn”* to heparin is primarily site specific, this is not in
the case of other physiological metal ions as Na™ or
Mg**, which are always territorially bound.® Also it has
been found that the carboxylate groups of the iduronate
residues are essential for Ca>* specific binding as this
capability is lost when heparin is chemically modified as
methyl ester or when these groups are protonated.® A
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similar role has been attributed to the sulfamido group
of the glucosamine residues as heparin fragments lack-
ing of this function are unable to bind Ca®* as the reg-
ular heparin.”!'® However, there are evidences that the
binding properties are not affected by the loss of the
2-O-sulfate groups of the iduronate residues.!®!! These
results taken together strongly suggest the existence of a
Ca?* binding site in the structure of heparin.

Because of its physiological importance, we have
investigated the interaction of Ca?* with heparin using
synthetic models, which provide homogeneous and well
defined structures, as well as simpler NMR spectra.'>!3
We have previously studied two synthetic models of the
regular region of heparin: the basic disaccharide unit
and hexasaccharide 1'% observing 'H NMR changes
consistent with Ca** specific binding.!? The existence of
metal binding sites in heparin was also explored by
molecular dynamics simulations of 1 in the presence of
Ca?", which suggested that some regions of heparin
were especially favourable for the interaction with
Ca?*.”? In order to quantify this interaction, we made
use of a computational protocol based on rigid body
docking, which was able to reproduce the binding
selectivity favourable to Ca’" as opposite to Na*t or
Mg”.”

Now, we have extended our NMR studies on Ca*—
heparin interaction to two more synthetic hexasacchar-
ides (2 and 3),"* which lack the sulfate groups in position
2 of the iduronate and 6 of the glucosamines, respec-
tively. These results, combined with those for 1, should
contribute to estimate the relative importance of heparin
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O-sulfation pattern in the specific interaction with Ca*.
We also have explored the suitability of the computa-
tional procedure used for the quantitative analysis of the
potential interaction sites of 1 to other substitution
patterns as those present in 2 and 3.

2. Results
2.1. NMR

We have recorded 1D and 2D NMR spectra of the
model hexasaccharides 2 and 3 in the presence of dif-
ferent concentrations of calcium chloride in order to
verify if calcium interacts specifically with them (Fig. 1).
The chemical shift displacement of the signals was fol-
lowed by analysing the 1D spectra using standard 2D
NMR techniques when necessary. We have focused the
analysis on the resonances of H-1 and H-5 of the idur-
onate residues as they display the largest variations and
appear in both hexasaccharides in a nonoverlapped
region of the spectra. The chemical shift values for H-1,
H-2 and H-5 resonances and their variation in the
presence of Ca®* are shown in Tables 1 and 2.

The chemical shifts of 1, 2 and 3 in absence of Ca**
are very similar (Table 1), and the observed differences
can be interpreted in terms of the effect of the electro-
negativity of the heteroatoms of the sulfate groups.
Such variations of the chemical shift depending on the
O-substitution are well known for this type of com-
pounds from the studies on heparin and heparin sulfate
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Figure 1. 'H NMR spectra (D,0, 298 K, pH* = 7.2, 500 MHz) of (A) 2, and (B) 3; sodium salt (bottom), in the presence of 4.5 mol equiv of calcium

chloride (top).
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Table 1. Chemical shift of selected signals for the sodium salts of 1, 2 and 3 at 298 K, 500 MHz in D,0

Ido A Ido C Ido E
H-1 H-2 H-5 H-1 H-2 H-5 H-1 H-2 H-5
1 522 4.16 4.51 5.25 4.32 4.82 5.20 4.31 4.80
2 4.94 3.56 4.49 4.98 3.77 4.80 4.98 3.76 4.79
3 5.23 4.16 4.51 5.25 4.32 4.85 5.24 4.31 4.84

Table 2. 'H Chemical shift variation for selected protons for hexasaccharides 1, 2 and 3 in the presence of 6, 4.5 and 4.5molequiv of Ca?*,

respectively, with respect to the Na* salt'?

Ido A

Ido C Ido E

H-1 H-2 H-5 H-1

H-2 H-5 H-1 H-2 H-5

1 0.08 0.04 0.05 0.17
0.07 0.06 0.07 0.24
3 0.04 -0.03 0.02 0.09

0.06 0.11 0.11 0.04 0.05
0.11 0.15 0.22 0.10 0.12
0.00 0.06 0.06 -0.03 0.02

derivatives,'®!7 and in this sense the synthetic com-

pounds behave as the natural derivatives.!'

The binding of calcium to the hexasaccharides was
followed by titration with calcium chloride (Table 2 and
Figs. 2 and 3). The specific interaction could be detected
by the nonlinear behaviour of the increment of the
chemical shifts as opposite of the linear response,
expected in case of nonspecific binding.'> While in the
case of 2, an appreciable variation on the chemical shift
of the signals upon calcium chloride addition was
observed, a smaller effect was detected for 3 (Fig. 1). The
changes on the chemical shift of significant signals of 3
were smaller than 0.05 ppm except for the central idur-
onate anomeric proton (0.10 ppm), and in all cases the
variations were significantly smaller than those found
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Figure 2. Variation of chemical shift values of proton H-1 (dots), H-2
(lines) and H-5 (broken lines) of iduronate residues at position 1
(diamonds), 3 (circles), and 5 (squares) of 2 with the concentration of
calcium chloride.
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Figure 3. Variation of chemical shift values of the anomeric protons of
iduronate residues at positions 1 (diamonds), 3 (circles), and 5
(squares) of 1 (filled) and 2 (open) with the concentration of calcium
chloride.

for 1 and 2. The profile of the chemical shift increment
with Ca?" concentration shown in Figure 3 shows a
complex behaviour with several inflexion points, which
indicates clearly some type of specific binding. This type
of response is comparable with the observed for 1'2
(Fig. 3), which reproduces the regular region of heparin,
and has shown a specific interaction with calcium. The
effect of the addition of Ca®*, within the same residue, is
larger for the iduronate anomeric protons than for H-5
protons and it is smaller for the H-2 ones (Fig. 2). This
trend as well as the downfield shift of these signals
correspond with the findings for the regular compound
1.2 There is also a clear influence of the position of the
residue along the chain on the magnitude of the chem-
ical shift variation. The inner iduronate protons display
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larger increments than the equivalent protons from
other residues while those from the terminal ones are the
less affected by the cation. Such observation also agrees
with the behaviour of the regular model 1.!> The ano-
meric protons of the glucosamines for both compounds
are also affected but they suffer a small upfield shift
lower than 0.05 ppm in all cases.

We noticed that once the added cation neutralises the
hexasaccharide 2 negative charges, further addition of
calcium chloride does not modify the chemical shifts;
this is not the case for 1 where some signals still show a
small drift after this point. This saturation behaviour is
observed as a plateau in the titration curve approxi-
mately at 6 and 4.5 equiv of calcium chloride for 1 and 2,
respectively. As 1 and 2 feature 12 and 9 negative
charges, respectively, at pH 7 these equivalence points
represent the oligosaccharide charge compensation by
the added Ca’". This behaviour is indicative that the
Ca?" interaction with heparin is as stronger as to dis-
place all the Na* from the oligosaccharides.

The interaction of these oligosaccharides with Ca’*
does not affect their overall conformation. The global
structure of heparin like molecules adopts a helix
shape,!® giving rise to an elongated molecule generated
by the overall structure of the saccharidic ring back-
bone. This basic structure is driven by the carbohydrate
backbone and is rather independent of the particular
sulfation pattern considered.*!'®* We have previously
demonstrated by NMR that the presence of Ca’* does
not alter appreciably the shape of 1 as to be detected by
the analysis of interresidue key NOE peaks, which must
be affected if such structure is changed.!> The intergly-
cosidic NOE patterns of 2 are essentially the same in
presence of Na* or Ca?* and, in both cases, equivalent
to that of 1.

Other structural feature of this type of compound
easily detected by NMR is a characteristic conforma-
tional equilibrium of their iduronate rings, which com-
prises two conformations: the 'C, chair and %S, skew
boat (Fig. 4).!°?° Interestingly, this equilibrium does not
break the helical symmetry of these compounds,
although it may change the orientation of some exocy-
clic groups generating local changes in the spatial
arrangement of the sulfate groups.'® This equilibrium is
easily detected by the observation of the NOE between
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Figure 4. Iduronate conformational equilibrium between conformers
'C, and 2So showing the H-2-H-5 exclusive NOE.

H-2 and H-5 protons together with averaged intraan-
nular coupling constants accounting for both confor-
mations.> While the NOE is exclusive of the 2Sgo
conformation and is symptomatic of its presence in the
equilibrium, the analysis of the intraannular coupling
constants can be used to quantify the conformer popu-
lations.> We have previously observed an influence of
the presence of Ca’* in the iduronate conformational
equilibrium as the complexation of the cation causes an
enhancement of the 'C, population for 1 (from 55% to
70%) as well as in a model disaccharide.'>'3 Unfortu-
nately a similar quantitative analysis was not possible
for 2 due to the signal overlapping and line broadening,
which prevents the accurate measurement of the cou-
pling constants, nevertheless a partial analysis of
resolved signals (data not shown) agrees qualitatively
with an increase of the !C, population. This observation
is also supported by the semiquantitative analysis of the
NOE between H-2 and H-5 iduronate protons, which is
diagnostic of the 2So conformation.!” We have observed
a decrease of the relative intensity of the H-2-H-5 NOE
cross-peaks with increasing concentration of Ca*,
which is indicative of an enhancement of the population
of the 'C, conformation in the equilibrium.

Summarising, we have observed very different
responses to the interaction with Ca®* from the two
models lacking either 2- or 6-O-sulfate groups, with
respect to the heparin regular region. While 2, which is
sulfated at the glucosamine 6 position, has a behaviour
indicative of specific binding and very close to 1, the
model lacking sulfate groups at this specific position, 3,
shows a less significant response, indicative of a weaker
interaction.

2.2. Modeling

In order to explain the differences in the interaction with
Ca?* displayed by 1, 2 and 3 observed by NMR, we
decided to evaluate the relative binding energies using
the program GRID.?'?? GRID allows to examine the
surface of a target molecule, calculating the interaction
energy with the ligand at the molecular surface very
efficiently, locating the binding regions. However, it may
fail exploring flexible molecules, such as 1-3, as it does
not consider properly conformational features because it
is based on static structures. We have previously used a
combination of molecular dynamics simulations with
GRID to study the selectivity of the interaction between
1 and several cations.!® The procedure used was based
on the properties of the MD sampling the conforma-
tional space of the carbohydrate side chains and the
accuracy of GRID evaluating the interaction. Thus, an
ensemble of representative structures was generated
from a MD simulation and further analysed by GRID
program. This ensemble should represent all the possible
structural alternatives as to contain implicitly the
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information about the flexibility of the system in order
to overcome the limitations of GRID. In our hands, this
procedure was able to locate the cation binding site
suggested by NMR'?>!* and to reproduce the cation
selectivity reported for heparin.®

The first stage of the study of 2 and 3 was to optimise
the method for the preparation of the ensemble to be
used in the evaluation phase. We initially assumed that
the geometry of the binding site should be very similar
to the one previously found in 1, and the values of the
angles @, ¥, o and y (see Fig. 5) should be similar as
well. This assumption was based on NMR and MD
studies of the sodium salts of 1, 2 and 3 that indicated
that their general conformational behaviour was essen-
tially the same.?’ Accordingly, we prepared the starting
ensemble of 2 and 3 constructing manually the struc-
tures using the @, ¥, w and y values from the previous
study of 1. All the iduronate residues in these structures
were built in the !C4 chair conformation because the
NMR results and previous works'>!? indicate that this is
the most favourable form for the interaction. The results
obtained for the interaction of these sets of structures
with Ca?'t were unsatisfactory because the interaction
energies calculated for 2 and 3 were always similar, not
reflecting the differences found by NMR indicatives of
the specific binding of Ca?>* by 2 but not by 3. We ex-
plain this inconsistency by an inadequate choice of the
studied ensemble.

In order to take into account possible structural dif-
ferences between 1, 2 and 3 in a second approach the
initial ensembles of structures were generated from
molecular dynamic simulations specifically performed
for 2 and 3.2°2 In this way, the possible structural dif-
ferences will be considered. We used previous molecular
dynamic simulations of 2ns in explicit water from a
structural study of the free hexasaccharides to generate
the ensemble.'®?* The trajectories were divided in 10
periods of 200 ps, obtaining a representative structure
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for each one by averaging.!® The results obtained

using this approach were also contradictory with the
NMR observations. In order to verify whether this
disagreement could be due to the fact that the source
MD simulations included Na® instead of Ca’", we
created a new set of ensembles for 2 and 3 from MD
simulations in the presence of Ca*. In this case, we did
not use explicit water as we were more interested in
sampling a region of the conformational space as wider
as possible. The results show a different distribution of
the torsional angles of some side chains compared with
the MD simulations in presence of Na*. Here it should
be noticed that comparable calculations previously
performed for 1 did not display such variation. From
new MD trajectories we built the corresponding
ensembles of structures as combination of the allowed
®, ¥, o and y angles to be used as input for the analysis
made by GRID. A new torsional angle value was con-
sidered in the construction of the ensemble if a variation
larger than 15° was observed in the corresponding
molecular dynamic simulations. The values of torsional
angles found using this criterion were different as com-
pared to those previously deduced for 1, probably as a
consequence of the change in the substitution pattern.
As in the other ensembles, only the iduronate 'C, chair
conformer was considered in the present study. The
accuracy of this choice was confirmed by probing some
examples of %S, conformation, which yielded lower
interaction energy than the 'C, chair (data not shown).
Finally, this procedure resulted in the construction of
four structures for 2 and only one for 3. The values of
the stronger interaction energy found for each model
using GRID are shown in Table 3. The higher Ca**
interaction energies of each compound are more
favourable for 2 (Table 3, entries 1, 4 and 5) than for 3
while the lower are similar in both cases (Table 3, entries
2, 3 and 5). The magnitude of the larger Ca?* interaction
for 2 is similar to that found for 1 and, on the other
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Figure 5. Torsion angles considered for the construction of the ensemble of structures used in the calculation of the cation interaction energy: top,

torsion angles considered for 2 and bottom, torsion angles considered for 3.
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Table 3. Interaction energy calculated for 2 (entries 1-4) and 3 (entry 5) conformers

Energy (kcal/mol)

Torsional angle (°)

Entry Ca** Nat J1F LoF XD Z2p Z1B 128 13F /3D 13
1 -90 -47 78 —-68 100 -60 -135 66 65 —100 129
2 -78 —44 78 —68 100 -60 -135 66 100 —-100 180
3 =77 —43 78 —-68 -120 90 120 66 100 —100 180
4 -90 —49 78 -68 -120 90 120 66 65 -100 129
5 =77 —42 —66 —68

hand, also the Na* interaction energies for 1, 2 and 3 are
comparable.

Concerning the geometry of the binding site, in our
previous study of 1 we proposed three different potential
sites of interaction of the regular region heparin with
Ca’* on the basis of MD simulations and GRID
calculations.'® The first, called A, implied the N-sulfate
of glucosamine and the oxygen of the O-glycosidic
linkage together with the sulfate in position 2, the car-
boxylate and the ring oxygen of the preceding iduronate
residue; the second one, named B, involved the two
glucosamine sulfate groups and the carboxylate of the
following iduronate residue; and the last one, C,
includes the sulfate groups of both glucosamine and
iduronate, but in reverse order as in A. It could be
expected that the changes in the sulfation pattern in 1, 2
and 3 would modify the arrangement of these binding
sites. First, the lack of sulfate group at C-6 of the glu-
cosamine in 3 would exclude the existence of B or C type
sites, and finally the lost of the iduronate 2-O-sulfate
groups in 2 would prevent arrangements like A and C.
However, the experimental results for 2 and 3 could not
be explained using the same binding sites than those for
the regular region heparin. Moreover, the exocyclic
torsional angles of the calcium salt are dependent on the
substitution pattern and the values found for 1 yield
inaccurate interaction energies. However, the analysis of
the regions of higher interaction of the molecular surface
of 2 and 3 allow the location of common favourable sites
within the models built for 2, which are not present in 3.
These sites are similar to the type B ones found in 1, and
involve the carboxylate of the iduronate residue and the
N-sulfamide of the previous glucosamine, but now also
participates the 6-O-sulfate of the following glucosamine
residue. Such arrangement is possible for 2 but not for 3,
and therefore it would explain the selectivity found by
NMR for the hexasaccharides 1, 2 and 3 as well as other
results on chemically modified heparin that have shown
that both carboxylate and N-sulfamide groups are
essential for calcium binding.®!!

3. Discussion
Heparin and derivatives are anionic polymers that pres-

ent a wide and complex range of modes of interaction
with cations: acting as polyelectrolyte with delocalised

binding with some, by forming a specific chelate-like
complex with others or even displaying mixed behav-
iours in some cases. Previous studies have found that
Ca’" is specifically bound to heparin, and that gluco-
samine N-sulfamido and iduronate carboxylate groups
are essential for this interaction, while O-sulfate groups
are less or nonimportant. Interestingly, the selectivity is
reversed for Cu®* binding, which is not affected by the
depletion of the sulfamido group. There are not many
studies about the relative importance of the two more
usual O-sulfate substituents: those at positions 6 of
glucosamine and 2 of iduronate. We have previously
studied the interaction of the model hexasaccharide 1,
which contains the structural features of the regular
region of heparin with Ca?>* by NMR spectroscopy. The
results of titration of hexasaccharides 2 and 3 using the
same technique indicate that the 6-sulfate group of
the glucosamine ring is also essential for the interaction
with Ca’" while the 2-iduronate susbtituent seems to be
redundant.

Most of the methods and programs used for compu-
tational evaluation of molecular interactions have been
developed in the fields of protein—protein or protein—
drug interaction but it is not always straightforward to
use them in small molecule problems, especially when
dealing with flexible systems.?* Such flexibility issues, as
the induced fit where the conformation of the receptor
changes upon formation of the complex, constitute a
challenge for these computational methods. The
approaches based on rigid body docking or on surface
analysis are usually very fast but they do not consider
intrinsically the flexibility of the interacting molecules.
This shortcoming can be overcome by including proce-
dures for the generation of new local structures during
the process of analysis of the interaction.'> Other
approaches, more suitable to deal with problems with
high degree of flexibility, are often based on simulated
annealing by molecular dynamics simulation. Also
based on molecular dynamics simulations there are
methods that allow the accurate evaluation of the
interaction energy by analyzing the MD trajectories of
the solvated partners and the complex.?> Unfortunately,
these approaches are very demanding on computational
time. We have developed a protocol based on the cal-
culation of the interaction energy using a rigid body
method, as implemented in GRID, which accounts for
the flexibility of the carbohydrate by considering an
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ensemble of structures, which should represent ade-
quately the accessible conformational space. In that
protocol, the ensemble is generated rapidly from
MD simulations, generally performed in vacuo as the
purpose is the generation of a wide family of structures.
This ensemble is then evaluated for the interaction with
cations employing GRID. Concerning the interaction
with cations this method is only considering the influ-
ence of the electrostatic landscape of the host molecule
as it only considers electrostatic and Lennard-Jones
potentials and therefore no quantum mechanics effects
are considered. However, in our hands this protocol has
been able to predict the binding sites of the regular
region of heparin in 1 and even to reproduce its selec-
tivity towards Ca®>" versus Na* or Mg?*.!* In this way
the method represents a very fast tool for a first survey
of the molecular electrostatic landscape, locating
potential cation binding regions by affording a quick
general analysis of the interaction in spite of its back-
ground theoretical limitations.

In order to assess the applicability of the method we
have applied it to the interaction of 2 and 3 with Ca*. If
previously this approach was able to reproduce the
selectivity of 1 towards different cations, now we have
tested if it is able to model how differences on the car-
bohydrate change their binding properties. Contrary to
the previous performance we found persistent problems
simulating the difference in binding properties of 2 and 3
that were finally overcome by changing the method used
for the creation of the ensemble used for the final GRID
calculation. This fact is reflecting the problems associ-
ated to the inherent flexibility of this system where small
changes on the torsional angles of the sulfate groups
cause very large variations on the electrostatic landscape.
Additionally to this observation it can be also argued
that the variations on exocyclic groups have a larger
influence in the overall shape in these small oligosac-
charides than in larger molecules as proteins. From this
work, it can be deduced that this approach is not still as
mature as to be used independently of some additional
experimental knowledge. However, if combined with
experimental data, it could be a valuable tool for a fast
analysis of the glycosaminoglycan—cation interaction.

A preliminary analysis of the experimental results
together with the previous modeling results for 1 could
be interpreted if Ca®>* was bound by an A type site,
present in 1 and unviable in 3 but possible in 2 consid-
ering as binding group the oxygen atom of the iduronate
2-hydroxy group instead of the 2-sulfate group. How-
ever, this previous hypothesis was not confirmed by the
computational evaluation, which suggests essential dif-
ferences between the GRID potential binding regions
found for 2 with the binding sites proposed for 1. The
new sites observed for 2 are similar to the B sites pro-
posed for 1 but complemented with additional interac-
tions from the glucosamine 6-sulfate (Fig. 6). The higher

Figure 6. Structure of hexasaccharide 2 and volumes of the regions of
the interaction for Ca®* within 15kcal/mol above the lowest values.
The arrows indicate the B-like interaction sites.

interaction energy volumes are distributed asymmetri-
cally along the oligosaccharide structure being more
profuse at the middle and at nonreducing end than at
the reduced end. This observation is in agreement with
the observed chemical shift changes, which are smaller
for the first iduronate ring increasing for the residues at
positions 3 and 5. These regions of higher binding
energy are close to the carboxylate groups, which could
explain the large chemical shift variation of iduronate
H-5 protons due to inductive effect from the neighbour
carboxylate. The resolution of the complex with the
cation obtained from this calculations is lower than a
molecular mechanics optimisation and therefore we
cannot give a more detailed picture of its local geometry.
However, as the fingerprint of the chemical shift changes
is similar to that observed for 1, it can be proposed an
analogue set of interactions with the metallic ion
involving the anomeric and endocyclic oxygens of the
iduronate residues, being this possibility not in contra-
diction with the space distribution of the interaction
regions calculated for 2.

These results taken together with previous studies,® !
seem to indicate that the carboxylate group of iduronate
together with the N-sulfamido and the 6-O-sulfate of
glucosamine are essential for the interaction of heparin
and derivatives with Ca?*, while the sulfate group at
position 2 of the iduronate ring is not. The analysis by
molecular modeling of the binding of Ca®* to 1, 2 and 3,
suggest several alternative modes of interaction
depending on the local arrangement of the exocyclic
groups. Such suggestion would explain results from
other studies in which it was observed that Ca?* binding
can accommodate a broad range of spatial distribution
of the anionic groups.'®

4. Experimental
4.1. NMR
All hexasaccharides were prepared as described previ-

ously and carefully purified by column chromatogra-
phy. 415 All samples were eluted through Sephadex G-25
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first with water (5% NaCl) and then lyophilised with 1:9
EtOH-water. The samples were subjected to a final
elution on Dowex cationic exchange resin followed by
neutralisation with NaOH until neutrality. Before
preparing of the NMR samples, all compounds were
deuterium interchanged by at least three cycles of
‘freeze-drying’ followed by dissolution in deuterated
water. For 2, a 548 mM sample in D,O has been used
and the pH* was adjusted to 7.22. For 3, a 5.71 mM
sample in D,O has been used and titrated with the same
calcium chloride solution; the pH* was adjusted to 7.2—
7.6. Titration was performed by adding quantities of a
0.56 M calcium chloride solution in D,O 99.99%.

NMR experiments were recorded on a Bruker
AVANCE 500 spectrometer at 298 K. DQF-COSY,?
TOCSY? and NOESY? experiments were recorded
using manufactures pulse sequence programs enhanced
with z-axis pulsed field gradients when possible. All
experiments were recorded in the phase sensitive mode
using the TPPI (time proportional phase increment)
method.”? NOESY experiments were acquired with a
mixing time of 400 ms, 512 increments of 24 experiments
and 2048 complex points. TOCSY experiments were
acquired with 512 increments of 24 experiments and
2048 complex points and a mixing time of 60 ms. DQF-
COSY experiments were acquired with 512 increments
of 24 experiments and 2048 complex points. Processing
and analysis were performed using XWINNMR, ZzZero
filling was used in all cases, at least twice, and all fids
were multiplied by a shifted squared sine function pre-
viously to be Fourier transformed.

4.2. Modeling

Molecular Dynamics in vacuo have been run with
AMBERG force field,* including additional parameters
for carbohydrates provided by Glycam93.3! Ten nano-
second run with a timestep of picosecond were recorded
for hexasaccharides 2 and 3 including nine Ca®>" cations
as counter ions. The electrostatic energy term includes a
dielectric constant proportional to the distance (¢ = 5r),
with a simulated temperature of 298 K. Weighting of the
relative hydrogen-bonding energy terms have been var-
ied by gradual and continuous increase of it. The char-
ges used were obtained from PIM parameters.> The
dihedral angles ¢, ¥ and w are defined as O-5-C-1-O-1-
Cy, C-1-O0-1-C.—C,,y, where Cy and C,, are the
aglyconic atoms, and O-5-C-5-C-6-0-6, respectively,
following ITUPAC definition. Sulfate groups orientations
were defined as C-5-C-6—-0-6-S-6 (named y1) and OR—
C-5-C-6-S-6 (named yx2) for groups in position 6 of
glucosamine residues in 2, C-1-C-2-N-2-S-2 for gluco-
samine in 3 (named y3) and C-1-C-2-O-2-S-2 for
(named y4) groups in position 2 of iduronate in 3.

The interaction energy surfaces were calculated by
using GRID18?? and the corresponding cation as the

probe. The spacing between the calculated points was
0.33 A, the dielectric constants used were 20 for the
ligand and 80 for the water. The set of charges was taken
from PIM parameters.’? Three enthalpic components
were considered: Lennard-Jones potential, hydrogen
bond and electrostatic potential. The calculated surfaces
were analysed by using SYBYL6.9%* by representing the
volume above the best interaction energy.

The structures used for calculation of the energy
surface with the cations were constructed on the basis of
previous explicit solvent MD results,'® PDB structures
deposited in the Protein Data Bank and on recent MD
run in vacuo. The values of significant torsion angles
were taken from the MD by analysis of their distribu-
tion along the trajectories. Sulfate groups orientation
has been followed as ®/¥ angles and been taken into
account for the building of the models used in the GRID
search.
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