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Computational study of the possible formation of the ternary complex
between thrombin, antithrombin lll and fucosylated chondroitin sulfates
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Computer docking studies suggest an explanation for better anticoagulant activity of fucosylated chondroitin sulfates as compared to
non-fucosylated ones due to the formation of the ternary complex with thrombin and antithrombin III.

Sulfated glycosaminoglycans from mammalians, first of all
heparin and its derivatives, are extensively applied in medical
practice as anticoagulant drugs. However, their side effects such
as hemorrhage and heparin-induced thrombocytopenia stimulate
further search for anticoagulants of another nature.!> Fucosylated
chondroitin sulfates (FCS) from echinoderms form a separate
class of glycosaminoglycans which possess potent anticoagulant
and antithrombotic effects.? The backbone of these biopolymers
is built up of alternating (1-4)-linked B-D-glucuronic acid and
(1-=3)-linked and selectively 4- and/or 6-O-sulfated N-acetyl
B-D-galactosamine residues (Figure 1). Significant difference of
FCS as branched biomolecular systems* from linear chondroitin
sulfates is the presence of fucose branches at O-3 of glucuronic
acid. It is noteworthy, that structures of FCS vary accordingly
to the type of echinoderms species.?> Structural variations were
observed in degree and pattern of sulfation, number of branches
and molecular weight.

Several studies demonstrated that the level of anticoagulant
activity of FCS exceeded that of heparinoids.® Recently it was
shown that distinct structures of the a-fucose units in FCS do not
affect their anticoagulant activity.” It is important that non-
fucosylated chondroitin sulfate did not exhibit effect on blood
coagulation.® In case of heparinoids, it is known that their anti-
coagulant properties are determined by their ability to form
ternary complexes with thrombin and antithrombin III (ATIII) as
it was demonstrated experimentally for an 18-saccharide mimetic
SR1237817 (Figure 2). It was possible to suggest that FCS could
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Figure 1 Fragments of linear chondroitin sulfate (A) and of two fucosylated
chondroitin sulfates (B) and (C).
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Figure 2 Ternary complex formed by thrombin (gray), ATIII (green) and
heparin mimetic SR123781 (crystallographic structure from PDB, code
1TB69).

exhibit anticoagulant activity through similar mechanism. To
prove this assumption, we have performed computer docking
study with the use of a series of model selectively O-sulfated
oligosaccharides (1-16) (Figure 3) representing fragments both
with and without fucose residue which are repeatedly encountered
in chondroitin sulfate and FCS chains. The aim of this study was
to evaluate possible affinity of these oligosaccharides towards
thrombin and ATIII binding sites.

The stability of the studied oligosaccharide—protein complex
is determined by the strength of interaction between the inhibitor
and the active sites of thrombin and ATIII and ability of the
inhibitor to interact simultaneously with each of proteins. It can
thus be supposed that linear chondroitin sulfate A is unable to
form such ternary complexes, while upon introduction of a fucose
residue B or C it becomes an effective coagulation inhibitor.

The docking experiments were performed with the use of
Autodock 4.0 software'® modified for parallel execution.!! Genetic
algorithm with standard parameters was employed. Number of
runs was set to 20. From the crystallographic structure it was
deduced that active sites of thrombin and ATIII accommodated
four monosaccharide residues of the SR123781 chain. Thus,
docking of tetrasaccharide active fragments of SR123781 to the
mentioned active sites was performed first to verify the docking
methodology. The crystallographic binding poses were reproduced
with reasonable accuracy (RMSD ~ 1.5 A). Then model oligo-
saccharides 1-16 were studied. The calculated energies are given
in Table 1.

Since the binding sites both in thrombin and ATIII are located
on the protein surface and not buried inside, docked molecules
had sufficient freedom during calculations to generate large
number of docked poses. The pose with the lowest energy was
chosen in each case.

It can be seen from Table 1 that while free energies of binding
towards ATIII are generally of the same order without any clear
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Figure 3 Model compounds used for docking experiments.

Table 1 Calculated free energies of binding for the model compounds

1-16 to ATIII (E ) and thrombin (Ey) active sites (kcal mol™").

Compound Exr Er Compound Er Ey

1 -8.6 -5.0 10 -71.0 -8.7
2 =12 5.5 11 -8.9 -6.3
3 -93 -5.6 12 =17 -6.2
4 =17 4.4 13 -9.7 -7.0
5 7.8 7.6 14 -8.8 =713
6 -1.5 -8.3 15 -9.6 -8.0
7 -8.9 -8.0 16 -8.5 5.6
8 =12 =72 SR123781 -9.2 -6.0
9 -94 -85

the same non-fucosylated chain to the thrombin is much weaker,
which leads to the instability (or maybe impossibility at all) of
the corresponding ternary complex. To verify this result, we have
started the synthesis'? and conformational analysis!? of oligo-
saccharides related to different linear and branched fragments of
chondroitin sulfates and FCS, as well as molecular modelling
of their binding to protein receptors other than thrombin and
ATTII. The results of these studies will be reported elsewhere.
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dependence on whether a fucose is present in the molecule or
not, for binding with thrombin there is a significant difference.
Compounds that do not contain a fucose residue (1-4) exhibit
lower values of binding energies. Upon the introduction of fucose,
free energies of binding increase especially in cases of smaller
ligands with a sulfate group at position O-4 of the fucose ring
(compounds 9-10). The average error of the Autodock scoring
function is about 2.1 kcal mol~! according to the program manual.
Thus it can be seen that the increase should be considered
significant in case of docking to the thrombin binding site,
while affinities to ATIII are more or less equal for all the studied
fragments. This means that when these fragments are present in
the chondroitin chain, binding to ATIII occurs regardless of the
presence of fucose, while binding to thrombin in the absence of
fucose is weak or impossible and such ternary complex holding
together thrombin and ATIII cannot be formed.

Considering the abovesaid on the topology of active sites and
large degree of freedom for the ligands, no distinct tendencies
about additional interactions formed by the fucose residue were
observed. It could be thought that its role was just in making a
branch with a new negatively charged monosaccharide residue.
In that way the length of the main chain remained the same while
more positively charged groups surrounding binding site could
be involved.

In our opinion, these results might present a possible explana-
tion why linear chondroitin sulfates which have no side fucose
units have not been found to show anticoagulant activity so far.
While binding to ATIII seems possible in all cases, binding of
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