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Abstract—Molecular dynamics (MD) simulations on heparin—water—sodium systems were carried out in order to establish a sim-
ulation protocol able to represent heparin solution conformation under physiological conditions. Atomic charges suitable for
heparin oligosaccharides were obtained from ab initio quantum-mechanical computations, at the 6-31G** level. The GROMACS
forcefield, the SPC, and SPC/E water models were employed. Also heparin was simulated with IdoA residues in 'C4 or %S, con-
formational states. The results of the performed MD simulations are in agreement with the available experimental data, suggesting
that this approach can be applied for the study of heparin interactions with its target proteins and thus play a role in the devel-

opment of new antithrombotic agents.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Heparin was identified and then isolated in 1916 from a
preparation of dog liver, being the first compound used
clinically as anticoagulant and antithrombotic agent.' It
is mainly composed of hexasaccharide units containing
iduronic acid (IdoA) 2-sulfate, glucosamine (GIcN) 2,6-
disulfate, and non-sulfated glucuronic acid (GlcA),?
although small variations occur among heparins from
different sources.! This polysaccharide is capable of
forming a ternary complex with antithrombin III and
different serine proteases of the blood clotting cascade.?
Once complexed, heparin potentiate antithrombin inhi-
bitory activity over serine proteases of the coagulation
cascade.

The heparin conformational profile presents an un-
usual mobility due to the presence of IdoA residues.*
The internal iduronate residues can adopt an equilib-
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rium between a chair 'C, and skew-boat %S, forms®
without causing the whole polysaccharide chain to
bend.* This flexibility within IdoA residues is proposed
to contribute to the unique heparin binding properties
as compared to the lower antithrombotic activity of
glycosaminoglycans presenting more rigid uronate resi-
dues.®

Efforts to elucidate the three-dimensional structure
and the dynamic properties of oligosaccharides is a
prerequisite for a better understanding of the molecular
basis of their recognition by protein targets, which
represents the main challenges for structural glycobio-
logy.” Experimental methods such as NMR spectros-
copy and X-ray crystallography have a long history of
application to carbohydrates. However, these methods
generally result in a single three-dimensional model for
the oligosaccharide, which may fail to adequately de-
scribe its dynamic properties. So these time-honored
methods can be complemented with molecular modeling
techniques such as molecular dynamics (MD) simula-
tions. This methodology allows the simulation of car-
bohydrates in their natural environment, solvated with
counterions or complexed with target proteins.
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Unfortunately, sulfated glycosaminoglycans like
heparin and similar carbohydrates are thought to be
difficult to model because of their highly polar func-
tionality, their flexibility, and conformational/configu-
rational changes, for example, anomeric, exo-anomeric,
and gauche effects.” Several contributions have been
made to set up some relevant parameterizations that
would account for these specific features of carbohy-
drate moieties. However, the only agreement concerning
these contributions appears to be restricted to the disac-
charide level, and contributed only with individual
answers to the problem.?

In this work we have studied the conformational
profile of a decasaccharide fragment of heparin in
aqueous solution using molecular modeling techniques.
An MD simulation protocol was established, as well as
some simulation conditions that characterize the physio-
logical medium where heparin acts (e.g., salt concen-
tration and explicit water representation). Our results
indicate that heparin can be simulated using MD tech-
niques with reasonable confidence and under inexpen-
sive conditions. Indeed the polysaccharide can be
simulated with IdoA residues in either the 'C, or %S,
conformation. Thus it is possible to represent the con-
formational profile of heparin in aqueous solution,
which opens the perspective of studying the interactions
of heparins with their biological targets.

2. Experimental
2.1. Computational methods

2.1.1. Nomenclature and software. The recommendations
and symbols of nomenclature as proposed by IUPAC’
are used. The relative orientation of a pair of contiguous
sugar residues (e.g., iduronic acid, glucosamine, and/or
glucuronic acid) is described by two torsional angles at
the glycosidic linkage, denoted ¢ and . For a (1 —4)
linkage the definitions become those shown in Egs. 1
and 2:

¢ = 0-5-C-1-0-1-C-4/, (1)

Y = C-1-0-1-C-4-C-5'. (2)

The decasaccharide topologies were generated with
the PRODRG program,'® the ab initio calculations were
performed using GAMESS,'! manipulation of structures
was performed with MOLDEN program,'? and all the
MD calculations and analysis were performed using the
GROMACS simulation suite and forcefield.'>'

2.1.2. Topology construction. The heparin fragment un-
der the ITHPN PDB code includes two NMR models of a
heparin fragment consisting of six IdoA-GIcN disac-
charides.'® In one model all IdoA residues are in the %S,
conformation, and in the other model all IdoA residues
lie in the 'C, conformation. These structures were sub-
mitted to the PRODRG site,'’ and the initial geometries
and crude topologies were retrieved. We reduced the
dodecasaccharide to a decasaccharide fragment of hep-
arin composed by five disaccharide units of I[doA-GIcN
(Fig. 1). The PRODRG topology was modified to include
some refinements such as the reference value for the S-N
bond in the sulfonamide groups in residues B, D, F, H, J
(Fig. 1), and the atomic charges.

The two conformational states (>S, and 'C;) were
defined by addition of improper dihedral angles (i.c., a
torsion angle in which the four atoms are not bonded in
sequence) in the respective topology files. This torsion
angle is meant to keep planar groups in a plane or to
prevent molecules from flipping over to their mirror
images.'* In our case the improper dihedral angles were
intended to constrain the two conformational states of
IdoA because of difficulties of the performed simula-
tions in reproducing the transitions between the 25, and
1 Cy structures. Two topology files were used, one for the
28, conformational state of the IdoA residues and one
for the 'C, conformational state of the IdoA residue.
The reference angle for the added improper dihedral
angles was the only difference between them.

2.1.3. Atomic charge calculation. The atomic charges
were generated using the sulfated sugars GIcA, IdoA,
and GIcN as molecular probes. The sulfate and car-
boxylate groups were kept in the negatively charged
forms. In addition, we used a disaccharide structure
without sulfate groups to obtain atomic charges for the
glycosidic linkage. These four structures were submitted

Figure 1. The decasaccharide A-J fragment of heparin. This structure comprehends five disaccharide repeating units of the GlcN and IdoA residues.

The dihedral angles ¢ and y are indicated.
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Figure 2. Schematic representation of the atomic charges calculated
for heparin uronic acids and glucosamine residues. The charges are
presented within each charge group of a disaccharide unit.

to full-geometry optimization using ab initio quantum-
mechanical computations at the 3-21G level with
GAMEss.!! Hessian matrix analyses were employed to
unequivocally characterize the optimized structures as
true minima on the potential energy surface. These
minimal energy conformations were submitted to single-
point ab initio calculations at the 6-31G** level to cal-
culate the Lowdin atomic charges.

In order to make the calculated atomic charges easily
applicable to different sugar residues and forcefields, the
uronic acids and glucosamine residues were divided in
charge groups (Fig. 2). Another advantage of this ap-
proach is that each charge group in each sugar residue

along the polysaccharide chain is identical, and so are
their interactions with the same molecule. The charges
of these groups were averaged over both the uronic acid
and glucosamine structures. The disaccharide structure
was used only to calculate the charges of the glycosidic
linkage.

2.1.4. Molecular dynamics calculations. The decasac-
charide structure obtained from NMR data!®> (PDB
entry 1HPN) was the starting point for all simulations
performed. This structure was solvated in a rectangular
box using periodic boundary conditions and SPC!® or
SPC/E'7 water models. The solvation procedure was
done by varying the box size in a manner such that we
could control the sodium concentration (~0, ~145, and
~404 mM). The sodium ions were added as counterions
following two approaches, one by the Genion Program
of the GRoMACs simulation suite, and other by chang-
ing manually the water molecule closest to each nega-
tively charged group. The total system size comprised
18,561 atoms for runs 1, 2, 4, 5, 6, and 7, and 6963
atoms for run 3, respectively (the parameters of runs 1-6
are depicted in Table 1). The MD protocol used has
already been described.!® Briefly, the Lincs and Settle
methods'®?' were applied to constrain covalent bond
lengths, allowing an integration time step of 2 fs after an
initial energy minimization using the Steepest Descents
algorithm. Electrostatic interactions were calculated
with Particle-Mesh Ewald method.??> Temperature and
pressure were kept constant separately by coupling the
carbohydrate, ions, and solvent to external temperature
and pressure baths with coupling constants of 1 = 0.1 ps
and t=0.5ps,"” respectively. The dielectric constant
was treated as ¢ = 1, and the reference temperature was
adjusted to 310 K. The simulation lengths were 3 ns for
each of the conditions studied. The system was heated
slowly from 50 to 310K, in steps of 5ps, each one
increasing the reference temperature by 50K. The

Table 1. Average dihedral angles and NMR reference values for 25, MD simulations varying the water model (SPC and SPC/E) and the Na*

insertion methodology

Dihedral angle® Average* dihedral (°)

2S; NMRP Steepest Run #
D t
N T SPC/E
1cAc 2d.c 3d,f 4c.c 5d,c 6g
IdoA — GleN ¢ -554 —-60.0 -77.9%+10.8 -774%11.2 -77.9%+10.6 -77.5+£10.6 -75.0+10.7 —-82.2+13.1
IdoA — GleN -107.4 -102.8 -1193+x11.3 -118.8%+11.5 -119.2+104 -118.8+104 -116.6x10.6 -121.7+12.2
GIcN > IdoA ¢ 108.6 100.3 92.8t15.3 94.1£12.7 95.8+15.7 96.6 £13.9 96.6 £ 14.1 88.4t13.4
GlcN — IdoA -157.5 -153.2 -1304+16.3 -127.6+13.8 -1259%+16.7 -1254%156 -125.0x15.1 -133.8+15.0

#See Experimental section for details.
®Data obtained from PDB code 1HPN, Ref. 15.
“Na* inserted using Genion module of GROMACS.

9Na* inserted manually at each negative charged group of heparin (see Experimental section for details).
e_Box size adjusted to give [Nat]=~145mM (see Experimental section for details).
"Box size adjusted to give [Nat]=~404mM (see Experimental section for details).

#No Na* inserted.
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Table 2. Average MD dihedral angles and NMR reference values for ' C; and %S, conformations

Dihedral angle* Average* dihedral (°)

2S, Steepest 2S, NMRP Run 5 (2Sp) 'C, Steepest 1C, NMR? Run 7 (!Cy)
Descents Descents
IdoA — GIcN ¢ —-60.0 -554 -75.0£10.7 -78.8 -77.1 -124.0£18.3
IdoA — GleN -102.8 -107.4 -116.6£10.6 —-116.1 —110.1 —-1445+t114
GleN — IdoA ¢ 100.3 108.6 96.6+14.1 75.8 78.7 89.5+11.9
GleN — IdoA -153.2 -157.5 -125.0%15.1 -141.8 -149.9 -141.3%11.0

#See Experimental section for details.
®Data obtained from PDB code 1HPN, Ref. 15.

thermalization, together with the first nanosecond, was
considered as equilibration, and all analyses were per-
formed over the remaining part of the trajectory. The
final structure obtained in run 5 was further minimized
with Steepest Descents using the ' C; improper dihedral
angles for the IdoA residues in the topology file, giving
the ' C4-minimized structure presented in Table 2. This
structure was used as input for run 7. Data concerning
the decasaccharide structure, for example, glycosidic
linkage and intramolecular hydrogen bonds, were ob-
tained by averaging over four or five values for the same
linkage located in five different positions in the deca-
saccharide. The average of these property values indi-
cates not only deviations within a single linkage but also
contributions from different positions in the polysac-
charide, as reported before.?® It should be noted that
when a hydrogen bond occurs between a donor and
multiple acceptors, for example, carboxylate and sulfate
groups, only the lowest distance of two or three possi-
bilities was retrieved at each frame of MD. As a result
we have an average distance representative of multiple
interactions. A reference value of 3.5 A between heavy
atoms was considered for a hydrogen bond?* and a
cutoff angle of 60° between donor—hydrogen—acceptor.'4

3. Results and discussion
3.1. Atomic charges

Despite the lack of carbohydrate parameterization for
polysulfated sugars as heparin, we decided to generate
charges applicable to heparin uronic acids (glucuronic
and iduronic acids) and glucosamine residues. Previous
workers have attempted to develop parameters for sul-
fated monosaccharide salts.”® Considering that it was
based on Allinger’s mm2 forcefield and that no para-
meter for the glycosidic linkage was presented, we con-
clude that there is a need to develop atomic charges
suitable to be used in heparin MD simulation with the
GROMACS forcefield. The atomic charges at the Hartree—
Fock HF/6-31G** level were chosen for this purpose.
Instead of the usual Mulliken population analysis, we
adopted the Lowdin atomic charges due to the tendency

of Mulliken analysis to put all of the charge on the
oxygen atom.?® Electrostatic potential (ESP) based
charges were reported as more accurate than Mulliken
charges even for high-level ab initio theory.?” However,
due to differences in electrostatic properties along the
heparin structure, the use of ESP-based charges would
give different atomic charges for the atoms located in the
middle from those located at the extremes of the struc-
ture. Figure 2 shows the charges obtained for the di-
saccharide units of the heparin decasaccharide fragment.

3.2. Simulation conditions

Some simulation conditions capable of modifying the
heparin dynamics and conformation in the MD trajec-
tory, that is, the sodium insertion methodology, the
sodium concentration, and the chosen water model were
initially evaluated. These simulations were carried out
using only the %S, conformer of iduronic acid in heparin
(runs 1-6), and the best conditions identified were fur-
ther applied to the 'C, conformer (run 7, see Experi-
mental section for details and Table 1 for definitions of
runs).

To neutralize the simulated system (water plus the
decasaccharide), 20 Na't ions were added. We use two
procedures to add sodium ions to the decasaccharide
solution: the Genion Program of the GRomAcs simula-
tion suite (runs 1 and 4) and the manual insertion of
sodium at each negatively charged group (runs 2, 3, 5,
and 7—e.g., carboxylate and sulfate groups). The Genion
Program replaces solvent molecules by monoatomic ions
based on the most favorable electrostatic site. However,
we noticed that for the simulated system the sodium ions
were mainly placed at the corners of the box, therefore
distant from the decasaccharide molecule. Considering
that this distribution of sodium ions could create some
instability in the simulation, we decided to locate the ions
close to each charged group, as already reported.?? The
decasaccharide was also simulated under different so-
dium concentrations (~0, ~145, and ~404 mM) and two
water models (SPC and SPC/E).

The analysis of the MD simulation of the decasac-
charide was based on the glycosidic linkage conforma-
tional profile over the MD trajectory. The ¢, and ¥,
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angles were averaged during the last 2ns of MD simu-
lation and over the decasaccharide chain. We also used
the values of the ¢ and y angles obtained by the Steepest
Descents minimization of the system comprising water,
ions, and the decasaccharide itself in order to discern the
quality of the generated topology. The average dihedral
angles from the MD simulations of runs 1-6, from
NMR data and from the Steepest Descents minimiza-
tion are presented in Table 1. It should be noted that no
end effects were observed in the polysaccharide chain,
i.e., greater conformational flexibility of the terminal
glycosidic linkages is indicated. Only small variations
were noted, which were always smaller than the stan-
dard deviation of the angles. So there is no loss of in-
formation about the chain position on the linkage
fluctuations as the data are presented here.

Comparing the average angles shown in Table 1, we
observe that most angle variations are smaller than the
standard deviation (~13°). Moreover run 5 conditions
present the closest values to the NMR experimental
data. These conditions (a manually replacement of water
by sodium ions and the SPC/E water model, with IdoA
residues in the %S, conformation) were thus used in a
decasaccharide structure with all IdoA residues in a ' C;,
conformation (Table 2, run 7).

A problem frequently found in molecular modeling
studies is the choice of the atomic charges for the sys-
tem. The reliability of the atomic charges becomes more
difficult to achieve when the molecules presents hyper-
valent groups, for example, sulfonamide and sulfate.
The atomic charges for these groups are predicted by
semi-empirical methods to be very high as a conse-
quence of the non-association of d orbitals with the
sulfur atom.?’” This problem can be increased in poly-
sulfated compounds such as heparin, creating an
abnormally strong electrostatic field around the carbo-
hydrate molecule. Actually initial simulation condi-
tions swere tested using semi-empirical atomic charges,
but as great distortions of the decasaccharide structure
were observed (data not shown), we avoided this
methodology.

In order to test the reliability of the calculated heparin
residue charges (Fig. 2), we compared them to the atomic
charges described previously by Ferro and co-workers.?
From this comparison a correlation between the two sets
of charges can be made, albeit with some important
differences. A two-fold variation was observed in carbon,
hydrogen, and nitrogen atoms of sulfonamide group.
This discrepancy seems to be due to the 6-31G™ Lowdin
atomic charges used in the present work (compared to
the 6-31+G™ level with the post-SCF Magller—Plesset
electronic correlation treatment at the second order) and
the use of molecular probes to calculate the charges. The
work of Ferro used a methyl-O-sulfate, while we used the
entire sulfated monosaccharide (except for calculation of
the atomic charges of the glycosidic linkage, when a di-

saccharide probe was used—see Experimental section for
details). Another relevant difference observed in com-
parison with the work of Ferro and co-workers is related
to the oxygen charges of the sulfate group. Distinctly
from those authors, we made the atomic charges of these
oxygen atoms uniform. We choose this based on the
difficulty in differentiate the hydrogen bond formed by
each sulfate oxygen atom in solution as well as the effect
of the entire polysaccharide chain on these charges. So
we attempted not to create abnormal interactions using
different charges on each oxygen atom of the sulfate
groups that could modify the 3D structure of heparin as
well as modify the interaction profile of heparin with
target proteins.

The charges thus obtained were also compared to
those described in the GRoMAcs forcefield for galactose
and glucose. An important difference was noted in the
hydroxyl group where the oxygen atoms have a charge
of —0.548 ¢ and the hydrogen atoms have a charge of
0.398 ¢ (contrasting with the charges of —0.400e and
0.240 e, respectively, described in the present work). We
thus also tested these charges in MD simulations.
However, the reproduction of the heparin NMR struc-
ture was not so good (data not shown) as that obtained
with the charges presented as in Figure 2, which rein-
forces the fitness of the approach presented here.

Together with the atomic charges from heparin, the
amount and initial positions of sodium ions are impor-
tant properties to the heparin tri-dimensional structure
and dynamics due to their interaction with the charged
groups of heparin. The lack as well as the location of
sodium in unfavorable regions could give rise to strong
electrostatic interactions not found under the natural
heparin solution conditions. In fact it has been reported
that the interactions between the polysaccharide chain
and water molecules determine carbohydrate structure
and functionality,”® being furthermore influenced by the
water model used. In this context the simulation of the
decasaccharide at different sodium concentrations may
give insights into the influence of this ion in heparin
conformation.

Concerning the sodium placement approach, differ-
ences were not observed between the MDs of decasac-
charides in runs 1 and 2 (Table 1). These two simulation
conditions used the SPC water model, but the picture is
very similar considering runs 4 and 5 that used the SPC/
E water model. Also the comparison between runs 2 and
5 show that the system simulated with the SPC/E water
model tends to better represent the heparin conforma-
tional profile when compared with the system simulated
with the SPC water model, with the exception of the
GIcN — IdoA  angle (see further). Globally, run 5
presented the best conditions found for MD simulation
of heparin.

Together with the localization of ions prior to MD,
the performed simulations also give insights about the
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influence of sodium concentration on the theoretical
studies of heparin. The comparison between runs 2 and
3, with a four-fold variation in sodium concentration
(Table 1) shows no significant modification in the dy-
namics profile of the glycosidic linkage, suggesting that
is possible to simulate heparin with a lower amount of
water and a greatly reduced computational cost. In the
case of runs 2 and 3, there was a three-fold reduction in
water amount and an increase in speed of calculation by
almost a factor of four. Considering the great amount of
water necessary to solvate the sodium salt of heparin
under physiological conditions (~145mM), the use of
hypertonic solutions can be a good alternative to reduce
the computational cost of heparin simulation without
great loss in precision of the results. However, the above
results could give the impression that the presence of
sodium ions do not make any difference in the confor-
mational profile of the heparin fragment simulated. As
can be seen (Table 1, run 6), when the simulation was
made in absence of sodium ions but with the same
amount of water used for the runs at physiological
concentration of the ion (runs 1, 2, 4, and 5), a consid-
erable distortion of the glycosidic bond geometry was
observed. These data thus indicate the relevance of po-
sitive ions in the MD description of the heparin con-
formational profile.

Considering that the overall conformation of oligo-
saccharides can be essentially determined by the torsion
angles of the glycosidic linkage, we also analyzed the
time-dependent fluctuations of such angles. The values

of dihedral angles ¢, and y, are presented in Figure 3
over the 3-ns trajectory of run 5. All the angles show a
stable conformational behavior around the average an-
gles presented in Table 1, indicating that the system is
quite equilibrated. These data can also suggest a good
conformational sampling of the performed simulations.
However, a considerable difference in the representation
of heparin dynamics in solution was observed over the
different types of heparin glycosidic linkages (Fig. 3).
The IdoA — GIcN angles are closer to the NMR refer-
ence values and also present less fluctuation over the
MD when compared to the GlcN — IdoA angles. This
profile appears to be due to intramolecular hydrogen
bonds between the sulfonamide group of the GIcN res-
idue and the hydroxyl group of the IdoA residue. The
hydrogen bond between these two groups (interaction C
of Table 3) presents a deviation of about 1 A from the
NMR data, giving a weaker intramolecular interaction
and thus increasing the flexibility of the dihedral angle.

It is also possible that the GlcN — IdoA angle be
more flexible than the IdoA — GIcN angle as an intrinsic
property of heparin. In agreement with this observation
and reinforcing the MD representation of heparin con-
formation in solution is the fact that the experimental
value of the IdoA — GIcN  angle is also represented
during the MD trajectory. This dynamic look in the
conformational behavior of heparin observed here has
been lost in the one-structure NMR heparin under PDB-
ID 1HPN and in forcefield adjustments of the polysac-
charide structure to fit the NOESY data, thus indicating
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Figure 3. Time dependence of the glycosidic linkage torsion angles ¢, and ¥, in the decasaccharide over the 3 ns of run 5. The curves were smoothed

in 100 ps windows for the sake of clarity.
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Table 3. Average MD intramolecular hydrogen bond distance and NMR reference values for ' C; and %S, conformations

Hydrogen bond* Average* distance (A)

25, NMR® Run 5 (3Sp) 'C, NMR® Run7 ('Cy)
A 34 38 34 5.0
B 3.7 35 3.0 3.6
C 2.8 3.7 6.1 5.0

#See Experimental section for details.
®Data obtained from PDB code 1HPN, Ref. 15.

MD as an adequate and complementary procedure for
one-structure NMR studies.

The application of the MD conditions of run 5 (IdoA
residues in the %S, conformation) to simulate a deca-
saccharide with IdoA residues in a ' C; form gives rise to
intriguing aspects of the representation of heparin con-
formation by MD. While in the 2S, form of IdoA resi-
dues the error in glycosidic linkage compared to NMR
values ranged from ~10° (IdoA—GIcN ¢ and
GIcN — IdoA ¢) to ~20° (IdoA - GIcN ¢) and ~30°
(GleN — IdoA ) in the 'C, form of IdoA residues the
error ranged from ~5° (GIcN—IdoA ) to ~10°
(GIeN - IdoA ¢), ~30° (IdoA — GIeN ), and ~50°
(IdoA — GIcN ¢), indicating that the skew-boat con-
formation is better described by MD techniques than the
chair conformation in the heparin IdoA residues. Also
the dihedral angle that is better described in the 'C;,
conformation of the IdoA residues is the worst in the %S,
conformation (GlcN — IdoA ).

The analysis of the intramolecular hydrogen bonds of
the decasaccharide suggest that an interaction between a
hydroxyl group of the IdoA residue and the sulfonamide
group of the GIcN (interaction C, Table 3) residue can
be essential for the geometry of GlcN — IdoA i angle.
In run 5 (IdoA residues in a %S, form) a deviation of
0.9 A in this interaction from the NMR structure implies
the existence of a weaker interaction between the two
residues, thus producing the distortion of the angle. In
run 7, however, this interaction is not important for the
heparin conformation since the distance C is already too
far from a hydrogen bond reference value in the NMR
structure with the IdoA residues in a 'Cy form. This
explains why the GlcN —IdoA  angle is better de-
scribed when the IdoA residues lie in a chair confor-
mation compared to the skew-boat conformation. Also
these results indicate that the change in IdoA confor-
mation alters significantly the hydrogen-bond network

within heparin and can have important implications in
the interaction of the polysaccharide with its target
proteins.

As shown in Table 2, there is a greater deviation
of angle IdoA—GIcN y (and maybe of angle
IdoA — GIcN ¢) in run 7 as compared to run 5. This
find is probably due to a hydrogen bond between the
hydroxyl group of the GIcN residue and the carboxylate
group of the IdoA residue (interaction A, Table 3) ob-
served in the NMR structure but not reproduced in the
MD simulations for a decasaccharide with IdoA resi-
dues in a ' C4 conformation. In fact the MD was capable
of representing this hydrogen bond only with IdoA
residues in the 2S, form (3.8 A in the 2S, form vs 5.0 A in
the !C, form), justifying the deviations from the NMR
data. Also these changes in heparin structures are not a
consequence of simple polysaccharide denaturation
since the length of the decasaccharide is almost the same
in both runs 5 and 7 (39.9 and 38. 8A, respectively,
compared to the experimental value of 38.4 A). These
results indicate clearly that the MD simulations per-
formed better with IdoA residues in the 2S, conforma-
tion than in the 'C, conformation. Even with these
limitations and with the differences obtained between
the simulated heparin systems and the NMR reference
value, the overall geometry of the molecule was main-
tained in MD simulations as shown in Figure 4.

The preference of IdoA residues to stay in a skew-
boat form to the detriment of a chair form has been
described in solution? and when interacting with anti-
thrombin.* This is in agreement with the preference of
sugars to keep their hydroxyl groups in equatorial ori-
entation due to the interference with the surrounding
solvent: equatorial groups would be more stable (less
interference) than axial groups (more interference).>! So
the mutual conformational influence between sugars and
solvent reinforce the relevance of the solvent model to
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Figure 4. All atom superimposition of minimized decasaccharide (light gray), and run 5 (dark gray).

the overall dynamics of the polysaccharide, ring con-
formation, and glycosidic linkage. In agreement with
this assumption is the low value of the stretching con-
stant associated with a glycosidic linkage in available
forcefields (~3.8kJ), in a way that the interactions with
solvent will give enough energy to modify the glycosidic
linkage geometries over the polysaccharide chain. Also
our simulations indicate that the interaction energy be-
tween decasaccharide and solvent is about 550 kJ more
intense when IdoA residues lie in the %S, conformation
(-6601.7kJ/mol) than in the 'C,; conformation
(—6056.9 kJ/mol).

In order to verify the reliability of the performed MD
simulation we have compared the data obtained with
other works reported by MD, NMR, and crystallo-
graphic studies of heparin.®!32332 These comparisons
are represented in Table 4.

As we can see in Table 4, there is a great variability in
geometry through the previously determined heparin
structures. For example, heparin tetrasaccharide in so-
lution® has a variation in its glycosidic linkages relative
to crystal structure®? of ~20° (GlcN — IdoA ¢) to ~50°
(GleN — IdoA ). This variation could be due to both
the packing effects in the crystal or to conformational
modification of heparin induced by FGFb. However
the heparin hexasaccharide has a variation of ~20°
(IdoA—GIcN ¢ and GIcN—IdoA ¢) to 35°
(IdoA — GIcN ¢) from MD data relative to the NMR
structure.” In this case we have no interaction with

other proteins capable of conformational induction.
One possibility is the limitation of the forcefield used in
the MD simulations. However, the comparison between
MD results of the hexasaccharide and the decasaccha-
ride (run 5) shows a remarkable similarity around the
IdoA — GIcN dihedral angle (Table 4). Considering that
the hexasaccharide simulation used the AMBER force-
field with Homans’ additions for saccharides,® and in
the decasaccharide simulation we used the GRoOMACS
forcefield,'* a GrRomoss7-based forcefield, which are
two basis sets with great differences,® we can reduce the
relevance of the forcefield in the differences between the
NMR and MD data.”?? Another possibility, also appli-
cable to the differences between the 2S, NMR structure
and run 5, lies in the refinement of the heparin structure.
In this process there is a loss of dynamic information
about the glycosidic linkage (e.g., the Mulloy heparin
structure shows only two conformations, one with IdoA
in the 2S, conformation and the other in the !C, con-
formation) that appears with more detail in molecular
dynamics calculations.?*

The differences in dihedral angle average values for
the glycosidic linkages presented in Table 4 for both
theoretical and experimental data can also be analyzed
in the polysaccharide hydration context. The carbohy-
drate’s polar functionality creates a hydrogen-bond
network that affects the surrounding water and, in re-
turn, the water affects the structure of the sugar. For
oligosaccharides containing glycosidic linkages at the

Table 4. Average MD dihedral angles and NMR, crystallographic, and solution reference values for 2S, conformations

Dihedral angle Average dihedral (°)

2S, NMR? Run 5° Tetrasaccharide Hexasaccharide®
Solution® Crystal? NMR MD
IdoA — GlIcN ¢ -55.4 -75.0 =72 -78.8 -40 =75
IdoA — GIceN -107.4 -116.5 -102 -107.1 -99 -121
GIcN - IdoA ¢ 108.6 96.6 74 94.5 73 51
GIcN — IdoA ¢ -157.5 -125.0 =75 -129.8 -82 -83

“PDB code 1HPN, Ref. 15.
®The present work (see Table 2).
“Ref. 6.

4PDB code 1BFB, Ref. 32.
°Ref. 23.
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6-position, the correct experimental rotamer distribu-
tion about the w-angle is obtained only with the inclu-
sion of explicit water molecules in the MD simulation.?
Once heparin has highly charged characteristics, its in-
teraction with the surrounding water should be stronger
than the interactions of other non-sulfated carbohy-
drates. Considering the effectiveness of this strong in-
teraction, it is reasonable to hypothesize that the mutual
influence between the heparin and solvent will also be
strengthened. It remains however to be determined in
which degree the water models that are so-far available
for MD are able and appropriate to better describe this
process. It should be noted that while the IdoA residues
were fixed in the 'C, and %S, forms, we have not used
any kind of positional restraints in the rest of the hep-
arin structure, neither in minimization nor in the MD
simulation. This is an advantage compared to previous
studies in which the use of restraints was necessary to
avoid distortion of polysaccharide structure during
equilibration.”® Also the absence of consensus in the
heparin structure and dynamics highlights the MD
simulations presented in the present work. The varia-
tions between run 5 and the NMR structure of heparin
containing the %S, conformation of IdoA residue!’ are
equivalent to the variations between the hexasaccharide
structure obtained by NMR and MD simulations® (i.e.,
35° in the IdoA — GIcN ¢ angle) and even a half value
of the variations between tetrasaccharide crystal®® and
its solution structure® (i.e., ~60° in the GlcN — IdoA v
angle). So we believe that the approach presented can be
a useful tool in heparin study with a accuracy relative to
experimental data and at least comparable with previ-
ously related proceedings with a lower computational
cost. Moreover, it uses a distinct forcefield parameteri-
zation that can contribute with new answers to carbo-
hydrate simulation and study.

4. Conclusions

The lack of structural information concerning the in-
trinsic conformational flexibility of heparin as well as
about the interaction of heparin with its target proteins
is partially due to experimental difficulties with this
complex polysaccharide. These difficulties were also
found with theoretical approaches like MD simulations.
Many efforts have been made in order to overcome these
obstacles, and the major MD simulation of heparin
before the present study was made with a hexasaccha-
ride during 2ns.%

Here we present a conformational study of a heparin
decasaccharide using MD simulation. This simulation
was stable during the performed 3 ns with ~6000 water
molecules, characterizing a system with a physiological
sodium concentration. Atomic charges suitable for MD
calculations of sulfated sugars were parameterized using

Lowdin population analysis and compared with previ-
ously related atomic charge schemes for sulfated and
non-sulfated carbohydrates. The performed simulations
were carried out with heparin presenting IdoA in either
the %S, or !C, conformations. The conformational be-
havior of the glycosidic linkage is in agreement with the
available NMR experimental data, as well as previous
crystallographic and MD data. We believe that this
protocol can be useful in future studies, overcoming the
difficulties in determining the interaction sites of heparin
and other glycosaminoglycans of different sizes and
sugar compositions with their target proteins. The
rationalization and molecular modeling of heparin
interactions with its binding proteins can be an impor-
tant tool for the development of new antithrombotic
agents and also for monitoring the distinct activity pro-
files of heparins of different origins, including their low-
molecular-weight components and other derivatives.
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