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Abstract This study reports in detail the results of sys-
tematic large-scale theoretical investigations of the acidic
dimeric structural units (D-E, E-F, F-G, and G-H) and
pentamer D-E-F-G-H (fondaparinux) of the glycosami-
noglycan heparin, and their anionic forms. The geometries
and energies of these oligomers have been computed using
HF/6-31G(d), Becke3LYP/6-31G(d), and Becke3LYP/
6-3114-G(d,p) methods. The optimized geometries indi-
cate that the most stable structure of these units in the
neutral state is stabilized via a system of intramolecular
hydrogen bonds. The equilibrium structure of these species
changed appreciably upon dissociation. Water has a
remarkable effect on the geometry of the anions studied.
Because of high negative charge, the solvent effect also
resulted in an appreciable energetic stabilization of bio-
logically active anionic forms of these glycosaminogly-
cans. The stable energy conformations around glycosidic
bonds found for dimers and pentamer investigated are
compared and discussed with the available experimental
X-ray structural data for the structurally related heparin-
derived pentasaccharides in cocrystals with proteins.
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Introduction

Heparan sulfates are complex saccharides found on all cell
surfaces, which bind selectively to a variety of proteins and
pathogens and play important roles in numerous physiolog-
ical and pathological processes, such as angiogenesis,
cancer, hemostasis, growth factor control, anticoagulation,
and cell adhesion [1-5]. Many of these activities have been
discovered using heparin. Heparin is a member of the hep-
aran sulfate family of glycans. It is a heterogeneous polymer
constituted of repeating disaccharide sequences of hexuronic
acid (p-glucuronic, L-iduronic) and p-glucosamine [6, 7].
These residues are substituted with N- or O-sulfate groups
with various degrees of substitution. The chemical hetero-
geneity of heparin in terms of its sulfation pattern and
backbone chemical structure facilitates binding to a variety
of proteins such as growth factors, enzymes, and morpho-
genes [8]. Heparin is strongly acidic because of its content of
covalently linked sulfate and carboxylic acid groups. This
complex organic acid, which is found especially in lung and
liver tissue, has a mucopolysaccharide as its active constit-
uent, prevents platelet agglutination and blood clotting, and
is therapeutically used in the form of its sodium salt in the
treatment of thrombosis and in heart surgery. Its antithrom-
botic activity is explained by the interaction with protein
antithrombin III (AT-IIT) [7, 9-11]. The action of heparin
starts when it binds to antithrombin through a group of five
subunits (DEFGH). It was found that this unique pentasac-
charide fragment (PS) constitutes the minimal binding
domain for AT-III. It contains five O-sulfate groups, three
N-sulfate groups, and two carboxylate moieties. In the
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antithrombin—pentasaccharide complex, these acidic groups
are completely ionized and interact with the complementary
amino acid side chains (Arg, Lys, Glu, and Asn) on the
protein [11-15]. Despite its importance, the 3D molecular
structure of native heparin and its simpler derivatives are not
known. The absence of experimental structural data of basic
building units of heparin presents a challenge to the appli-
cation of molecular modeling methods in order to obtain
insight into the recognition and binding processes.

The molecular structure of sodium salts of monomeric,
dimeric, trimeric, and pentameric structural units of heparin
was investigated using the density functional theory [16-21].
Hricovini et al. examined structure and spin—spin coupling
constants of monomeric and dimeric units of glucosamino-
glycans [22-24]. Molecular structure of structurally related
hyaluronan was recently reviewed [25], and conformational
properties of the disaccharide-building units of hyaluronan
were investigated using the density functional theory (DFT)
[26]. Some of novel anticoagulants were also treated theo-
retically [27]. However, higher oligomeric structures of
native glycosaminoglycans carrying free acidic sulfate and
carboxyl groups have not been quantum chemically exam-
ined before. In this article, we have used large-scale quantum
chemical calculations for the study of stable geometries of
four disaccharide and pentasaccharide (DEFGH) units of
heparin. Of particular interest are the molecular geometries
and how these properties are changed upon dissociation and/
or solvation. The results of this study are discussed and
compared with the available experimental data for structur-
ally related systems and discussed with the present theories
of action of these glycosaminoglycans.

Fig. 1 Structure and atom 0SO,H
numbering of the
glycosaminoglycan species 0,
investigated OH
OH °©
NHSO,H
D
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Computational details

Theoretical calculations of both, neutral acids and anions
of disaccharides D-E, E-F, F-G, and G-H, and pentamer
D-E-F-G-H of the heparin (Fig. 1) were carried out with
the Gaussian 03 computer code [28] at the ab initio SCF
(HF [29]) and (DFT [30], and Becke3LYP [31-34]) levels
of theory using the 6-31G(d) and 6-311+G(d,p) basis sets.
The structures of all gas-phase species were fully opti-
mized at the HF/6-31G(d) and Becke3LYP/6-31G(d)
levels of theory without any geometrical constraint. In
order to check the correctness of the B3LYP-calculated
geometries using the double-{ basis set, we also performed
calculations of the heparin species, using the basis set of
the triple-{ quality (B3LYP/6-311+G(d,p) level of theory)
implemented in the Gaussian 03 package of computer
codes [28]. The solvation energies of the neutral and
anionic species in water solution were carried out using
two solvation methods, CPCM [35, 36] and Onsager [37]
models.

For identification of low energy conformations of the
five oligomers studied, conformational analysis is neces-
sary. A conformational search using theoretical methods is,
for such large molecules, limited to the application of some
of the available force-field methods. However, there is still
no molecular mechanics force-field parametrization capa-
ble of adequately reproducing all glycosaminoglycan con-
formational features [9, 38]. It is common in the theoretical
investigation of glycosaminoglycans to use structural data
obtained from experimental NMR spectroscopy or X-ray
crystallography as guides to the quality of the calculations.

OH

CO,H OSO;H
0 0
o 0SONa X CH,
o
OH NHSO,H
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Initial structures for theoretical calculations were con-
structed by means of the Gauss View graphical interface of
Gaussian. The orientation of the OH, COOH, NHSOzH,
and OSOz;H groups in gaseous phase was carried out in
such a way that, where possible, the structures with the
most probable intramolecular hydrogen bonds were
assumed. As our previous calculations have shown, the
most stable structures of the acidic monomeric structural
units of heparin are stabilized via such intramolecular
hydrogen bonds [16]. The pyranose rings of the p-gluco-
samine in these dimers were considered in more stable 4C1
conformation. The starting conformation of the L-iduronic
acid building unit G in dimers F-G and G-H was set to the
more stable skew-boat 250 form [4]. This conformation was
taken, as it is the prevalent form of this residue in heparin
and its model compounds [1, 9, 16, 18]. Initial conforma-
tions used in the DFT calculations of the dimers studied
were based on the previous calculations of corresponding
sodium salts [17]. The relative orientation of pyranose
rings defined by two torsion angles (®, V) at the (1 — 4)
glycosidic linkage was adjusted according to the experi-
mental data for structurally related heparin-derived oligo-
saccharides [39, 40].

Results and discussion
General considerations

It is well known that heparin is a long, linear chain sugar
composed of repeating disaccharide units. The 24 disac-
charides that can be formed from basic monosaccharides
are the basic sequence units of heparin and heparan sulfate
[4]. Of these, IndoA(2S)-(1 — 4)GIcNS(6S) (dimer G-H,
Fig. 1) is the most abundant in heparin. Disaccharides
composed from other combinations of the monosaccharides
represent minor repeating dimeric units of heparin. The
D-E, E-F, F-G, and G-H disaccharidic units of heparin
investigated by us are part of the unique antithrombin-
binding pentasaccharide sequence DEFGH in which two
neighboring monomeric units of heparin bound by the
(1-4) glycosidic bonds are substituted with the methyl
groups (Fig. 1). The initial calculations were carried out
using the HF/6-31G(d) method. Initial optimization at the
lower level of theory shortened the overall time for
the calculation and provided better starting structures for
the higher-level calculations. Although we do not report
detailed results for HF calculations in the gas state, we note
that the equilibrium geometries computed at the HF level
of theory are in general agreement with the DFT results
obtained with the “standard” 6-31G(d) basis set.
The superposition of the 3-D equilibrium structures of
the pentasaccharide D-E-F-G—H manifesting the overall

Fig. 2 Molecular superimposition of the gas-phase optimized struc-
ture of pentasaccharide DEFGH computed at the HF/6-31G(d) level
of theory (green) and pentamer optimized using the B3LYP/6-3G(d)
method (blue). (Color figure online)

difference in geometries of this oligomer computed by two
quantum chemical methods is shown on Fig. 2. In order to
study the basis set effects on the geometries of the glycos-
aminoglycans investigated within the DFT theory, we also
carried out calculations of dimeric and pentameric structures
using the larger basis set 6-3114+G(d,p). The extension of
the basis set in the DFT calculations resulted in only small
changes in the equilibrium geometry of the systems studied.
The optimized torsion angles at the glycosidic bonds using
two basis sets within the DFT theory fit one another to
within about 2°-5° (Tables 1, 2, 3). Thus, for purposes of
determining reasonable geometries of larger oligomers of
glycosaminoglycans, the B3LYP/6-31G(d) should be con-
sidered the preferred method of choice. The Cartesian
coordinates (A) of all gas-phase dimers investigated, opti-
mized at the B3LYP/6-3114+G(d,p) level of theory, are
given in Table A of the electronic Supporting Information.

The effect of bulk solvent is treated with two solvation
methods (the Onsager model [37] and CPCM [35, 36]) for
comparison. Initial calculations were carried out, for
computational reasons, using the SCRF formalism of
Wong et al. [41]. The radii of the cavities used in this
approach were chosen after a volume calculation of each
molecule, and the dielectric constant of water (¢ = 78.39)
was used. The placing of the isolated molecules into a
spherical cavity within a dielectric medium of the Onsager
model of solvation does not represent the realistic situation
in the biological medium; it seems helpful in revealing the
main role of the solvent in intermolecular electrostatic
interactions. The second, CPCM (conductor-like polariz-
able model), defines the cavity by the envelope of spheres
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Table 1 Optimized glycosidic torsion angles (°) of the dimers studied

Dimer 0] v D, exp Y, exp Dy Yy Dy, exp Yy, exp
D-E 89°, 83¢ —1417, —158° —49° (—42°) —31° (=40
HF/6-31G(d) 76.7 —149.7 —39.7 -30.3

B3LYP/6-31G(d) 74.5 —147.2 —41.4 —28.8

B3LYP/6-3114+G(d,p) 76.1 —150.4 —-39.9 -31.6

Solvated molecule® 77.4 —149.1 —38.9 —-29.9

Na salt® 59.7 —161.0

E-F —86°, —75°¢ —113% —96° 43° (49 12° (229
HF/6-31G(d) —67.0 —115.7 53.5 54

B3LYP/6-31G(d) —70.6 —115.9 50.1 4.5

B3LYP/6-3114+G(d,p) —65.3 —113.6 55.3 7.4

Solvated molecule® —74.7 —114.3 46.2 5.7

Na salt® —74.5 —98.5

F-G 55* —155%

HF/6-31G(d) 69.2 —163.8 —49.3 —439

B3LYP/6-31G(d) 67.2 —159.3 -50.8 —39.7

B3LYP/6-3114+G(d,p) 70.0 —160.5 —47.6 —41.0

Solvated molecule 82.1 —141.2 —34.4 -21.0

Na salt® 101.5 172.5

G-H -70% —115*

HF/6-31G(d) —67.9 —113.2 50.5 8.5

B3LYP/6-31G(d) —72.6 —111.7 44.8 9.7

B3LYP/6-3114G(d,p) —64.6 —109.0 53.1 12.8

Solvated molecule® —77.4 —123.8 40.5 —4.0

Na salt® -57.4 —129.7

* X-ray data of the pentasaccharide DEFGH bound to the antithrombin [12]

® NMR data for free heparin-derived hexasaccharide [48]

9 B3LYP/6-31G(d) calculation
¢ B3LYP/6-31+4+G(d) structure taken from the reference [17]

centered on the atoms or the atomic groups [35, 36]. The
whole concept of using such macroscopic properties as
dielectric constants in microscopic computations has been
criticized [42, 43]. Despite all these valid criticisms, con-
tinuum-based methods of solvation are used extensively
and successfully in a variety of problems [44, 45]. It has
been shown previously that the conductor-like polarizable
method reproduces hydration energies with accuracy in the
order of a few kcal/mol but mostly (70% of the cases) even
better than 1 kcal/mol [46]. The solvent effect has a
remarkable effect on the geometry of the glycosamino-
glycans studied. The solvated phase energies within the
Onsager model were obtained after full geometry optimi-
zation in water. However, glycosaminoglycans studied
failed to optimize geometries in water within the CPCM
formalism. Table 4 contains water stabilization energies
using single-point CPCM calculations and in vacuo fully
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X-ray data of the heparin-derived hexasaccharide bound to the fibroblast growth factor [49]

optimized geometries. The CPCM provided substantially
more stable structures than Osanger’s model, with the
solvent stabilization being especially apparent in the case
of anionic species. The CPCM-computed relative solvation
energies correlate qualitatively well with the degree of
ionization of individual dimeric and pentameric species
(Table 4).

Dimeric and pentameric structural units
Dimer D-E

The optimized structure of dimer D-E is stabilized by
means of system of intramolecular hydrogen bonds formed
by hydroxyl groups and neighboring proton acceptors
(Fig. 3). The conformation along the glycosidic linkage is
stabilized via inter-ring hydrogen bond formed by the
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Table 2 Optimized glycosidic torsion angles (°) of the anions of dimers studied

Anion d v D, exp Y, exp DOy Yy Dy, exp Yy, exp
D-E 892, 83¢ —141%, —158° —49° (—42°) —31° (=40
HF/6-31G(d) 81.1 —156.0 —35.8 —38.0

B3LYP/6-31G(d) 79.2 —155.5 —36.9 —38.1

B3LYP/6-3114+G(d,p) 84.1 —157.7 —32.3 —40.4

Solvated anion’ 84.4 -152.4 -328  -3538

E-F —86%, —75¢ —113%, —96° 43° (49°) 12° (229
HF/6-31G(d) 20.0 —-122.9 139.3 —14

B3LYP/6-31G(d) 27.1 —129.4 145.9 —8.8

B3LYP/6-311+G(d,p) 235 —127.9 142.2 -7.0

Solvated anion® 27.8 -129.8 146.1 -9.5

F-G 55% —155%

HF/6-31G(d) 75.2 —149.8 —41.2 —29.6

B3LYP/6-31G(d) 74.2 —148.6 —41.9 —28.5

B3LYP/6-3114+G(d,p) 75.3 —149.3 —40.7 -29.7

Solvated anion® 73.9 —-148.3 —42.3 -28.3

G-H -70? —115%

HF/6-31G(d) —-594 —94.6 59.1 294

B3LYP/6-31G(d) —532 —100.8 64.6 23.0

B3LYP/6-3114+G(d,p) —58.5 -95.5 59.5 28.0

Solvated anion’ -54.5 -110.8 62.5 123

? X-ray data of the pentasaccharide DEFGH bound to the antithrombin [12]
® NMR data for free heparin-derived hexasaccharide [48]
¢ X-ray data of the heparin-derived hexasaccharide bound to the fibroblast growth factor [49]
4 B3LYP/6-31G(d) calculation

Table 3 Optimized glycosidic torsion angles (°) of the pentamer and its anion studied

Angle D-E-F-G-H D-E-F-G-H anion
HF/6-31G(d) B3LYP/6-31G(d) Solvated molecule®  Nasalt®  HF/6-31G(d)  B3LYP/6-31G(d) Solvated anion®

D, 74.7 76.7 774 63.7 68.6 66.0 76.6
Y, 169.3 167.3 166.3 -169.8 -157.4 -157.7 —-134.7
D, -105.4 -105.3 -106.0 -124.8 -93.9 —97.3 -100.3
Y, -92.8 -93.0 -94.5 =717 -75.3 -75.4 -76.6
D, 70.9 72.4 69.2 54.3 78.1 80.9 76.9
Y -148.4 —-148.7 —-148.9 -175.9 -163.7 -162.9 -166.5
D, -89.4 -93.3 -93.9 -69.1 -73.6 -73.0 -72.6
Y, -128.4 -131.0 -132.9 -127.1 -137.9 -140.4 -138.8
Dy, —42.3 —40.2 -39.4 —54.4 —48.7 -50.6 —40.0
Y -71.8 -73.9 -75.0 -52.9 -39.5 —40.9 -17.3
Dy 14.7 14.8 14.2 53 30.2 27.1 239
Yo 24.8 239 22.7 422 48.1 47.9 46.2
D3 —46.9 —45.1 —48.2 -65.2 -39.7 -36.6 —40.8
Y3 -30.0 -30.7 -30.7 -57.7 —44.6 —44.1 —47.5
Dpyy 31.5 26.9 26.4 49.4 454 45.3 45.7
Yha -8.6 -12.2 -14.2 -11.2 -18.6 -21.1 -19.7

4 B3LYP/6-31G(d) calculation
® B3LYP/6-31G(d) structure taken from the reference [20]
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Table 4 The Becke3LYP/6—

31G(d) solvent stability of the No.  Oligomer

Cavity value® (ap)

AE° Onsager AE®Y, CPCM Gas-phase dipole moment®

oligomers of heparin

: : : 1 D-E 5.94
investigated®
2 E-F 5.73
3 F-G 6.13
4 G-H 5.93
: 5 D-E-F-G-H 7.91
b \ZVater .2.18 solovent 6  D-E (anion) 5.52
c Angstrom (4) 7  E-F (anion) 5.94
d k.T/mol . 8  F-G (anion) 6.10
Smglg-pomt CPCM 9 G-H (anion) o
calculation . :
¢ Debye (D) D-E-F-G-H (anion) 7.5

—19.7 —192.8 9.17
—23.1 —220.6 9.47
—56.3 —242.0 6.52
—81.9 —220.0 11.71

-2.5 —356.6 4.45
—40.6 —1271.8 11.65
-21.3 —1995.7 9.89

—3.31 —2906.7 4.18
—49.5 —2012.3 13.03

=79 —7021.4 8.08

C(2)-NHOSO;H group of ring D and proton accepting
C(3")OH group of E moiety (Fig. 3). Water solvent does
not have pronounced effect on the overall shape of this
dimer (Table 1). The dissociation of three acidic hydrogen
atoms leads to the structural change of the anionic sulfate
and carboxylate groups. The space structure of a trianion of
the dimer D-E is in the isolated state stabilized via intra-
molecular hydrogen bonds. All the four free hydroxyl
groups of this dimer are involved in this system of intra-
molecular hydrogen bonds. The unsubstituted C(4)OH
group takes part in the charged intramolecular C(4)
O-H---7O-S hydrogen bond. The strong electrostatic
attraction in this hydrogen bond results in much shorter
optimal hydrogen bond distance of 1.772 A, which is
appreciably less than the sum of the van der Waals radii
[47] of hydrogen and oxygen atoms (2.7 A). The overall 3-
D shape of this anion is stabilized via charged H-bond
formed by the C@B)OH group and neighboring
C(2)NHSO;3™ group with an optimal O-H---~O-S distance
of 1.747 A. Hydration of this anion caused appreciable
geometry changes (Table 2), especially in the position of
the bulky N-, and O-sulfated anionic groups. However, the
hydrogen bond pattern observed in the gas-phase dimer
D-E was also preserved in the solvated system.

Dimer E-F

Subunit F of this dimer is substituted by three sulfate
groups and represents the most sulfated residue in heparin.
The equilibrium positions of the C(2')- and C(3')-substi-
tuted sulfate groups in both neutral and anionic structures,
respectively, is fixed by a system of H-bonds (Fig. 3).
However, the ionization of sulfate groups is connected with
large conformational rearrangement and a different stabil-
ization of this dimeric structure in its anionic form (torsion
angle ®, Tables 1, 2). Hydration of this dimer caused
conformational rearrangement of the functional sulfate

@ Springer

groups and change of conformation around the glycosidic
bond.

Dimer F-G

This dimer contains five polar acidic groups, which in the
gas-phase structure are oriented out of the pyranose rings
of this dimer. The conformation of two neighboring sulfate
groups of unit F is stabilized by means of neutral intra-
molecular hydrogen bond of the SO-H---OS type (Fig. 3).
The molecular structure of the pentanion in the gas-phase is
stabilized via intramolecular hydrogen bond. The strong
electrostatic attraction in the charged C(2)NHOSO; -
H-OC(3') hydrogen bond with an optimal hydrogen bond
distance 1.806 A stabilizes conformation around the gly-
cosidic bond. Appreciable structural changes of the F-G
dimer upon solvent (water) are especially observed in the
neutral species (Tables 1, 2).

Dimer G-H

The geometry of the optimized acid of the G-H dimer is
stabilized by the system of intramolecular hydrogen bonds
without interring coordination (Fig. 3). Similar conforma-
tion is found with the gas-phase anion. Every one of the
pyranose rings of this dimer carries one free hydroxyl
group, which is involved in intramolecular hydrogen bonds
within individual monomers (Fig. 3). These hydrogen
bonds are also preserved in the hydrated species.

Without the presence of the stabilization effect of inter-
ring coordination by means of hydrogen bonds, the solvent
has a considerable effect on the conformational stability of
this dimer around the glycosidic linkage (Tables 1, 2).

Pentamer D-E-F-G-H

The geometry of the optimized pentamer (fondaparinux)
D-E-F-G-H is also presented in the Supporting Information.
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F=G anion

G-H anion

D-E-F-G-H anion

Fig. 3 B3LYP/6-31G(d) lowest energy structures of the disaccharide and pentasaccharide species studied. Interatomic distances are in A

Ten acidic sulfate and carboxyl groups of fondaparinux are
in the isolated molecule involved in a network of intramo-
lecular hydrogen bonds stabilizing its pentasaccharide chain
in a “bent” conformation. The solvent effect evaluated using
the Onsager solvent reaction field does not change appre-
ciably the equilibrium structure (Table 3). In the absence of
the hydrogen bond stabilization conformation effect, the

equilibrium conformation of the polyanion of pentasaccha-
ride represents an extended structure (Fig. 3). The inter-ring
conformation around the glycosidic bond in the G-H frag-
ment is stabilized by charged hydrogen bond formed by the
carboxylate group of the IndoA ring and C(3")O-H group
with an optimal hydrogen bond distance 1.668 A. Aqueous
solution modeled using the Onsager method does not have a
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remarkable effect on the geometry of the pentamer species
studied.

Structure of glycosidic linkage

For the definition of the torsion angles at the glycosidic bonds,
we use the recommendations and symbols of nomenclature
proposed by IUPAC (http://www.chem.qmul.ac.uk/iupac/
2carb/). The relative orientation of a pair of dimers and pen-
tamer studied is described by two torsion angles at the gly-
cosidic linkage, denoted @ and . For a (1 — 4) linkage the
definitions of these torsion angles are as follows: ® = O(5)-
C(1)-O(1)-C@) or ®y = H(1)-C(1)-O(1)-C(4'); and ¥ =
C(1)-O(1)-C@)-C(5") or Wy = C(1)-O(1)-C(4')»-H4).
The glycosidic torsion angles of the fully optimized dimers
and pentamer are given in Tables 1, 2, 3, 5. These tables also
contain values of experimentally determined ® and ‘¥’ torsion
angles for the complex of antithrombin with pentasaccharide
[12], further available experimental data for glycosidic torsion
angles in D-E and E-F dimeric units of free hexasaccharide
measured by NMR spectroscopy [48], and in bound state in the
complex of hexasaccharide with basic fibroblast growth factor
protein obtained from X-ray diffraction studies [49]. In the
absence of direct experimental X-ray structural data about the
molecular structure of free acids of the species studied, the
computed values for glycosidic torsion angles can be com-
pared with the available data for structurally related oligomers
only. Because of its highly acidic sulfate and carboxyl groups,
heparin and its oligomeric species exist as anions at physio-
logic pH [6, 7, 16, 50]. Thus, the active form of heparinoid
drugs is a polyanion with an average negative charge of
individual saccharide residues of about 2.3.

The equilibrium structure of the four dimers investigated
in the isolated state is determined by the coordination
of the sulfate, carboxyl, and hydroxyl (hydroxymethyl)
groups. This specific interaction gives rise to the unique
overall shape of individual dimers (Fig. 3), and is mani-
fested by the computed values of the ® and ¥ torsion
angles of the glycosidic linkage. Values of these glycosidic
angles for individual dimers are considerably different
(Table 1). Disaccharides investigated are part of the unique
pentasaccharide-binding domain of heparin (also called the
antithrombin III-binding domain), which is necessary to
stimulate antithrombin activity [11]. The experimental
values for the glycosidic angles in the pentasaccharide—
antithrombin complex are well interpreted by the corre-
sponding angles computed for isolated dimeric structural
units (Table 1). The glycosidic angles for D-E and E-F
linkages in the complexes of the pentasaccharide—anti-
thrombin [12] and hexasaccharide—fibroblast growth factor
[49] are close to each other, indicating that the heparin
polymeric chain-binding sites by the interaction with
different proteins do not undergo large conformational
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change (Table 1). The computed glycosidic angles for the
D-E and E-F dimers are in good agreement with experi-
mentally (NMR spectroscopy) determined @ and ¥ torsion
angles in structurally related hexasaccharide [48]. The
X-ray data for the same glycosidic linkages in the complex
of this hexasaccharide with the fibroblast growth factor
[49] are slightly different (Table 1). According to our
calculations, the inter-ring orientation of the both, isolated
and hydrated anionic species of dimers studied is quite
different. Experimental investigations indicate that heparin
saccharides show relatively conserved angles @ and ¥ in
glycosidic linkages [9]. Accordingly, dimeric saccharide
building units of heparin cannot represent all characteristic
structural features of the native preparations. For obtaining
a more detailed picture of the subtle structural features of
the pentasaccharide-binding site of heparin, it is necessary
to investigate higher oligomers of heparin using sophisti-
cated quantum chemical methods.

The glycosidic torsion angles of the fully optimized
fondaparinux are given in Table 3. The equilibrium struc-
ture of the pentamer investigated in the isolated state is
determined by the multidentate coordination of the proton
donor and proton acceptor groups of the sulfate, carboxyl,
and hydroxyl (hydroxymethyl) moieties. This specific
interaction gives rise to the unique overall shape of indi-
vidual oligomers (Fig. 3), and is manifested by the com-
puted values of the ® and ¥ torsion angles of the
glycosidic linkage (Tables 3, 5). The overall structure of
the gas-phase anion is a compromise between the repulsion
forces of anions and H bonding pattern in pentamer. Our
calculations of D-E, E-F, F—G, and G-H dimers (Tables 1,
2) reached considerably different individual glycosidic
torsion angles. Thus, the 3D structure of the pentamer of
heparin cannot be deduced from the known conformation
of the basic dimeric units. The same is true for the D-E-F
and F-G-H trimeric units of heparin [20].

As regards of the fondaparinux (pentamer D-E-F-G—H),
the dissociation of the 10 acidic groups is connected with
the large change of the overall 3D structure. For both gas-
phase and hydrated polyanion, the “extended” structure of
the uniform helical conformation is the most stable one.
The calculated helical parameter 4 (the axial rise per
pentasaccharide) was as follows: 13.79 A with solvated
fondaparinux, and 22.42 A in solvated polyanion of the
fondaparinux. Inter-ring orientations in this pentamer are
significantly influenced by the system of intramolecular
hydrogen bonds, ionization, and/or solvent effect. The
computed structural data can be directly compared with the
gas-phase data for isolated systems and/or experimental
data for molecules measured in water solution. However, to
our knowledge, no experimental 3D structural parameters
for dimers and pentamer studied are available till now. In
the absence of experimental (gas-phase) data, the geometry
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Table 5 B3LYP/6-31G(d) optimized glycosidic torsion angles (°) of the fondaparinux, its anion, and experimental structural data of related

pentasaccharides in their complexes with proteins

Angle D-E-F-G-H (fondaparinux), calculation D-E-F-G-H, experiment®
DEFGH  Solvated DEFGH  Anion  Solvated  1AZX" 1E03" INQY® 2GD4¢
molecule molecule anion
D, 76.7 774 66.0 76.6 89.3 (91.0) 84.7 (96.9) 81.5 (77.7) 101.4
Y, 167.3 166.3 -157.7  -134.7 —141.4 (—154.1) —137.0 (—153.7) —137.6 (—142.6) —157.6
D, -105.3 -106.0 -97.3  -100.3 —86.0 (—79.6) —87.3 (—72.4) —89.0 (—86.5) —84.4
¥, -93.0 -94.5 -75.4 -76.6 —112.7 (—118.8) —112.5 (—116.8) —108.6 (—107.4) —120.8
s 724 69.2 80.9 76.9 55.4 (49.1) 58.7 (45.7) 59.2 (58.4) 63.1
¥, —-148.7 -148.9 -1629  -166.5 —154.4 (—153.2) —164.1 (—151.1) —162.1 (—159.5) —157.0
D, -93.3 -93.9 -73.0 -72.6 —69.8 (—74.0) —63.4 (—=78.1) —62.1 (—69.8) —67.8
Y, -131.0 -132.9 -140.4  -138.8 —115.2 (—103.8) —119.6 (—92.8) —121.4 (—119.8) —108.5

 The X-ray structure of the second molecule in the asymmetric unit is in the parenthesis, ® values of experimentally determined ® and ¥ torsion
angles for the complex of antithrombin with pentasaccharide [12], and © X-ray experimental data for antithrombin in the pentasaccharide-bound
intermediate state [51], ¢ pentamer (fondaparinux) anion from the cocrystal with antithrombin and coagulation factor Xa [52]

of parent molecules can be compared only with X-ray data
on structurally related pentasaccharides in their complexes
with proteins (Table 5), namely, natural pentasaccharide
(in the complex of antithrombin with pentasaccharide [12],
and X-ray experimental data for antithrombin in the
pentasaccharide-bound intermediate state [51]) and the
synthetic version of the naturally occurring pentasaccha-
ride fondaparinux (in the complex with antithrombin and
coagulation factor Xa [52]). The values of the glycosidic
angles of these pentasaccharides are also listed in Table 5.

In the solid state, the pentasaccharide DEFGH is bound
to the protein in the form of an anion. The solid-state
structure of bound pentasaccharide can be affected by the
so-called packing effects, which can distort the structure.
The published cocrystal structures of pentasaccharide with
proteins have highlighted the ionic interactions between
specific anionic sulfate and carboxyl moieties of penta-
saccharide with the basic cationic amino acid residues of
binding site on the protein [8, 12, 51, 52]. However, ionic
contacts only are not sufficient to explain the optimal
structural fit of pentasaccharide to the binding site of pro-
tein. It is assumed that binding of the pentasaccharide to
the protein would also induce local distorsions in an
otherwise uniform helical structure of pentasaccharide,
which are manifested as changes in the glycosidic torsion
angles. The naturally related pentasaccharide conforma-
tions in cocrystals with different proteins and/or environ-
ments (pdb files 1AZX, 1E03, INQ9Y) represented by the
glycosidic torsion angles are close to each other (Table 5).
However, the experimentally determined torsion angles at
the glycosidic linkage of the structurally related pentasac-
charide fondaparinux in its complex with antithrombin and
coagulation factor Xa (pdb file 2GD4) are different
(Table 5), indicating that the fine differences in the ionic
interactions resulting from the different patterns of the

sulfate, carboxyl, and methoxy substituents of these two
pentasaccharides also contribute to the optimal structural fit
of these compounds to the binding site of the protein.
Experimentally determined 3D structure of the fonda-
parinux studied corresponds to the bound molecule at the
protein (pdb file 2GD4); therefore, the general structural
motifs of fondaparinux can be compared with results for
isolated molecule from theoretical methods only. The
experimental values for the glycosidic angles in the fonda-
parinux—protein complexes are well interpreted by the cor-
responding angles computed for solvated anions of the
fondaparinux. Despite the fact that some of the torsion
angles computed by us for the anion of fondaparinux (e.g.,
angles ¥, ®,, ¥;, and ®4) proved to be close to the
experimentally determined torsion angles in cocrystal of this
anion (Table 5), the overall structure of the bound and
unbound fondaparinux is very different (Fig. 4). The
experimental helical parameter 4 (the axial rise per penta-
saccharide) is in the cocrystal of the fondaparinux with

Fig. 4 Molecular superimposition of the in-solution-optimized anion
of the pentamer DEFGH (blue) and pentamer anion from the
co-crystal with antithrombin and coagulation factor Xa, PDB 2GD4
(violet). (Color figure online)
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antithrombin and coagulation factor Xa equal to 21.51 A,
which is close to the analogous value computed for the
solvated anion of the fondaparinux (22.42 A). However,
with respect to the conformational flexibility of polysac-
charide chain, it is possible to build more than one helix with
a given set of helical parameters. Thus, the equilibrium
conformation of the pentasaccharide bound to the protein
occurs between two extreme positions, namely, the ther-
modynamically stable conformation of the neutral penta-
saccharide and its anion. The computed torsion glycosidic
angles (@, ¥;) and (®,, '¥,) for the rotation of the D-E and
E-F units in the pentasaccharide studied (Table 1) fit well to
available experimentally (NMR spectroscopy) determined
glycosidic angles (—49, —31) and (43, 12), respectively, in
structurally related hexasaccharide [48].

Effect of sodium salt formation on the molecular
structure

Heparin and its low-molecular weight derivatives are
usually administered as the sodium salt. It is thus instruc-
tive to determine the effect of sodium salts on the overall
structure of individual oligomeric units of heparin. Our
previous extensive studies of molecular structure of sodium
and lithium salts of monomeric [16, 18, 19, 21] structural
units, sodium salts of dimeric [17], and trimeric, and
pentameric [20] structural units of heparin have shown that,
in neutral salts, ionic interactions are dominant as the
negatively charged sulfate and carboxyl groups form
multidentate coordination bonds with Nat and/or Li*
cations. The equilibrium structure of the sodium salts of the
D-E, E-F, F-G, and G-H dimers in the isolated state is
stabilized trough the coordination of sodium cations with
the negatively charged oxygen atoms of the sulfate, car-
boxyl, and hydroxyl groups. The result of these specific
interactions is the unique overall shape of individual
dimers, as it is manifested by the computed values of the ®
and ¥ torsion angles of the glycosidic linkage [17]. Inter-
ring conformation in the pentamer is appreciably stabilized
by the system of coordination bonds formed by 10 Na™
ions and functional groups of hexose rings [20].

Previous calculations have shown that the dissociation of
the sodium cations from their coordination sites (carboxyl-
ate and O-sulfate groups) is thermodynamically much more
favorable than the deprotonation of the corresponding acids
of the 1,4-DiOMe IdoA2S [16]. Computations that include
the solvent effect have shown that, in water, the relative
stability of Na™---~O-glycosaminoglycan ionic bonds is
rapidly diminished, and both contact ion pairs and solvent-
separated ion pairs might coexist [19]. The favorable ther-
modynamic and dissolution characteristics of sodium salts
of heparin drugs are probably the main reason for their
preferred use in clinical practice [1-4]. The glycosidic

@ Springer

torsion angles computed for neutral acids and sodium salts
of dimeric and pentameric structures studied are quite dif-
ferent (Tables 1, 3). The stable conformation of the sodium
salt of pentamer is stabilized by means of multicoordination
of sodium cations with negatively charged anionic groups of
side-chain carboxyl and sulfate moieties. In addition, this
structure is also stabilized by means of intramolecular
hydrogen bonds originating from the hydroxyl groups of
individual monomeric structural units of heparin [20].
Native heparin structural units, consisting of hexose rings,
are stabilized via the intramolecular hydrogen bonding
system only. Distinctive bonding characteristics of H" and
Na® ions are responsible for profoundly different 3D
packing of these two compounds (Fig. 5). As it is apparent
from experimental and calculated pK, values of sulfate and
carboxyl acidic groups of essential structural units of hep-
arin, both the sulfate and carboxyl groups are at physio-
logical pH = 7.3 fully ionized [16, 53]. Sodium salts of
heparin and its derivatives, as salts of weak acids, are almost
completely ionized in solution. The conjugate bases of
oligomers of heparin resulting from the dissociation of
native acidic forms and/or salts in water solution undergo

Fig. 5 a Molecular superimposition of the solution-phase-optimized
structure of pentasaccharidle DEFGH computed at the B3LYP/
6-3G(d) level of theory (blue) and sodium salt of this pentamer
optimized using the B3LYP/6-3G(d) method (violet). b Molecular
superimposition of the solution-phase-optimized structure of (—10)
anion of pentasaccharide DEFGH computed at the B3LYP/6-3G(d)
level of theory (blue) and anion of sodium salt of this pentamer
optimized using the B3LYP/6-3G(d) method (violet). (Color figure
online)
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large conformational changes. However, in water optimized
molecular structures of two anions arising from the disso-
ciation of free acid and/or sodium salt of pentasaccharide are
very similar (Fig. 5).

Summary and conclusions

Quantum chemical calculations at the ab initio SCF and
density functional levels of theory have been performed for
conformations of dimers (D-E, E-F, F-G, and G-H) and
pentamer D-E-F-G-H (fondaparinux) of the glycosami-
noglycan heparin, and their ionized forms. For these olig-
omers of heparin, experimental structural data that consider
their chemical and biological importance are rare. The
following conclusions can be drawn.

(1) The optimized geometries indicate that the most
stable structure of these structural units in the neutral
state is stabilized via a system of intramolecular
hydrogen bonds. The equilibrium structure of these
species changed appreciably upon dissociation. Water
has a remarkable effect on the geometry of the anions
studied. Because of the high negative charge, the
solvent effect also resulted in an appreciable energetic
stabilization of biologically active anionic forms of
these glycosaminoglycans.

(2) The equilibrium geometries computed at the HF level
of theory are in good agreement with the DFT
Becke3LYP results obtained with the “standard”
6-31G(d) basis set. The extension of the basis set to
the triple-{ quality in the DFT calculations resulted in
only small changes in the equilibrium geometry of the
systems studied. The optimized torsion angles at the
glycosidic bonds using two basis sets within the DFT
theory fit one another to within about 2°-5°.

(3) The experimental values for the glycosidic angles in
the fondaparinux—protein complexes are well inter-
preted by the corresponding angles computed for
solvated anions of the fondaparinux. However, the
overall structure of the bound and unbound fonda-
parinux is very different.

(4) The computed structure of the gas phase of fonda-
parinux anion is a compromise between the repulsion
forces of anions and H bonding pattern in pentamer.
Our calculations of D-E, E-F, F-G, and G-H dimers
have given considerably different individual glyco-
sidic torsion angles. Thus, the 3D structure of the
pentamer of heparin cannot be deduced from the
known conformations of the basic dimeric units.

This study yields quantities that may be inaccessible or
complementary to experiments and represents the first
quantum chemical approach in which both the gas-phase

and solvated phase 3D structure of the dimeric and pen-
tameric units of native heparin are determined.
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