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Recently, we designed (—)-epicatechin sulfate (ECS), the first small nonsaccharide molecule,
as an activator of antithrombin for the accelerated inhibition of factor Xa, a key proteinase of
the coagulation cascade (Gunnarsson, G. T.; Desai, U. R. J. Med. Chem. 2002, 45, 1233—1243).
Although sulfated flavanoid ECS was found to bind antithrombin with an affinity (~10.7 uM)
comparable to the reference trisaccharide DEF (~4.5 uM), it accelerated the inhibition of factor
Xa only 10-fold as compared to the ~300-fold observed with DEF. To determine whether this
conformational activation of the inhibitor is dependent on the structure of the organic activator
and to probe the basis for the deficiency in activation, we studied the interaction of similar
sulfated flavanoids with antithrombin. (+)-Catechin sulfate (CS), a chiral stereoisomer of ECS,
bound plasma antithrombin with a 3-fold higher affinity (Kp = 3.5 uM) and a 2-fold higher
second-order rate constant for factor Xa inhibition (kact = 6750 M1 s71). On the contrary, the
Kp and kact were found to be lower ~7.4- and ~2.4-fold, respectively, for its racemic counterpart,
(£)-catechin sulfate. Dependence of the equilibrium dissociation constant on the ionic strength
of the medium at pH 6.0 and 7.4 suggests that nonionic interactions contribute a major
proportion (~55—73%) of the total binding energy, and only 1—2 ion pairs, in comparison to
the expected ~4 ion pairs for the reference trisaccharide, are formed in the interaction.
Competitive binding experiments indicate that activator CS does not compete with a saccharide
ligand that binds antithrombin in the pentasaccharide binding site, while it competes with
full-length low-affinity heparin. A molecular docking study suggests plausible binding of CS
in the extended heparin binding site, which is adjacent to the binding domain for the reference
trisaccharide DEF. In combination, the results demonstrate that although conformational
activation of antithrombin with small sulfated flavanoids is dependent on the structure of the
activator, the designed activators do not bind in the pentasaccharide binding site in
antithrombin resulting in weak activation. The mechanistic investigation highlights plausible
directions to take in the rational design of specific high-affinity organic antithrombin activators.

Introduction

Antithrombin, a member of the serpin family of
proteins, is a major inhibitor of several proteinases,
especially factor Xa and thrombin, which play pivotal
roles in the clotting process.!2 However, antithrombin
alone is a rather poor inhibitor of these proteinases.
Heparin, a naturally occurring sulfated linear polysac-
charide, accelerates the antithrombin inhibition of the
coagulation proteinases several 100-fold3* that forms
the basis for polysaccharide’s clinical use as an antico-
agulant. Yet, the polymeric, polydisperse, polyanionic
nature of heparin is the cause of many undesirable
pathophysiological consequences including hemorrhage,
thrombocytopenia, osteoporosis, and inconsistent pa-
tient response.

A specific five residue sequence in heparin, called the
DEFGH sequence (Figure 1), is involved in high-affinity
binding to antithrombin.>® Mechanistically, the binding
of pentasaccharide DEFGH (or polymeric heparin con-
taining the DEFGH sequence) to antithrombin is an
allosteric, two step, induced fit phenomenon in which
the initial low-affinity recognition of the heparin binding
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domain is followed by a major conformational change
in the inhibitor that results in the formation of a high-
affinity activated complex.”® This conformational change,
which increases the affinity of the pentasaccharide
DEFGH nearly 1000-fold, induces multidomain move-
ments in the inhibitor including an increased exposure
of a 15 residue proteinase recognition sequence contain-
ing the scissile bond, the so-called RCL.%1° The confor-
mational change phenomenon, also called antithrombin
activation, is the reason for a 300-fold enhancement in
the rate of factor Xa inhibition.810

Positively charged residues of helices A and D and
the polypeptide N terminus comprise the heparin bind-
ing site in antithrombin. Pentasaccharide DEFGH has
been shown to bind in the domain, the so-called PBS,11~15
formed by residues Arg47, Lys114, Lys125, and Arg129,
while full-length heparin binds, in addition, to the
extended region formed by residues Argl132, Lys133,
and Arg136 at the C-terminal end of helix D, called the
EHBS.1® The interaction of the carboxylate and sulfate
groups of DEFGH with the positively charged residues
of the PBS results in the transmission of binding energy
to the RCL, a distance of nearly 20 A2 Studies with
the truncated variants, trisaccharide DEF, and tet-
rasaccharide EFGH" (Figure 1) of the pentasaccharide
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Figure 1. Structures of oligosaccharide activators of anti-
thrombin and sulfated flavanoids. DEFGH represents the
specific pentasaccharide sequence in heparin that is important
for anticoagulant activity. Circled residues in DEFGH are
deemed critical for binding and activation of antithrombin
under physiological conditions. Tetrasaccharide EFGH" is a
structural variant that possesses equivalent activation potency
as pentasaccharide DEFGH. Nonsaccharide small activator
ECS was designed on the basis of a “pharmacophore” deduced
from the four negatively charged moieties in the DEF portion
of the pentasaccharide. ECS possesses two chiral centers at
the 2- and 3-positions. CS differs from ECS in the orientation
of only one group, the sulfate at the 3-position. (£+)-CS or RCS
is the racemic mixture of the (—)- and (+)-enantiomers of CS.

DEFGH indicate that the DEF sequence is critical for
both the initial recognition and the conformational
activation processes.l’~1° In addition, synthetic trisac-
charide DEF was found to activate antithrombin nearly
300-fold,'” equivalent to the acceleration achieved with
pentasaccharide DEFGH.

We reasoned that it should be possible to design small
nonsaccharide ligands that bind antithrombin with
high-affinity in the PBS and induce conformational
activation in the inhibitor for accelerated inhibition of
factor Xa. Using a combination of comparative molecular
modeling and HINT, we designed ECS (Figure 1), a
nonsaccharide organic sulfated flavan-3-ol molecule, to
bind the PBS in antithrombin based on the trisaccharide
DEF sequence.?° ECS was found to bind antithrombin
with an affinity comparable to DEF, as expected.
Furthermore, ECS accelerated the antithrombin inhibi-
tion of factor Xa nearly 10-fold, the first small nonsugar
organic molecule known to activate the inhibitor. How-
ever, the antithrombin activation achieved with ECS is
small in comparison to nearly 300-fold observed, and
targeted for, with trisaccharide DEF.

Sulfated flavanoid ECS is a dramatically different
structure from the known saccharide activators and,
hence, is exciting. In addition, it is synthetically acces-
sible, while the natural saccharides are difficult to
synthesize.52 More importantly, the first small organic
activator may offer additional advantages, such as
greater nonionic binding energy, and may provide
important leads to the design of better high-affinity
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small activators. Thus, to gain insight into the phenom-
enon of activation by sulfated flavanoid ECS, we inves-
tigated its interaction with antithrombin at a molecular
level using its derivatives. Our results demonstrate that
although conformational activation of antithrombin with
sulfated flavanoids is dependent on the structure of the
organic activator, the activators do not interact with the
PBS, contrary to our earlier prediction. Rather, they
interact with the EHBS explaining the weaker-than-
expected activation. The mechanistic investigation high-
lights plausible directions to take in the rational design
of specific, high-affinity, organic antithrombin activa-
tors.

Materials and Methods

Proteins and Chemicals. Human antithrombin, tetrasac-
charide EFGH", and LAH (Mg 7900 + 10% Da) were a
generous gift from Professor Steven T. Olson of the University
of lllinois—Chicago. Molar concentrations of the inhibitor were
calculated from absorbance measurements at 280 nm using a
emax 0f 37 700 M~ cm~1. Human factor Xa was purchased from
Haematologic Technologies (Essex Junction, VT) and was
found to be more than 75% active. Factor Xa substrate
Spectrozyme FXa was obtained from American Diagnostics,
Greenwich, CT. (—)-Epicatechin, (+)-catechin, (&)-catechin,
and TNS were purchased from Aldrich Chemical (Milwaukee,
WI) and used without further purification. Triethylamine—
sulfur trioxide complex was prepared using the literature
procedure.??

Nuclear Magnetic Resonance Spectroscopy. *H NMR
spectra were recorded using a Varian 300 MHz Gemini
instrument at room temperature. The samples were dissolved
in 2H,O and lyophilized twice before the final dissolution in
500 uL to give ~10—25 mM solution.

Experimental Conditions. Antithrombin interaction and
activation studies were performed at 25 °C and in 20 mM
sodium phosphate buffer, containing 0.1 mM ethylenediamine-
tetraacetic acid (EDTA) and 0.1% (w/v) PEG 8000, adjusted
to either pH 6.0 or pH 7.4. The ionic strength of buffer in the
absence of any added salt is either 0.025 (pH 6.0) or 0.035 (pH
7.4). Higher ionic strengths were achieved by adding NaCl.
Because of the reported decrease in stability of the inhibitor
activity at lower pH,?® antithrombin solutions in pH 6.0 buffer
were prepared by fresh dilution from a stock solution at pH
7.4 (>100-fold). No significant losses in inhibitor activity were
noted over the time frame of the experiments performed in
this study.

Modeling Antithrombins. Sybyl 6.5 (Tripos Associates,
St. Louis, MO) was used for computerized molecular modeling
experiments. The structure of pentasaccharide-complexed
antithrombin (accession number lazx!') was acquired from
RCSB. In the crystal structure, the inhibitor exists as a dimer
of an inhibitory and a latent molecule. Chain I corresponding
to the inhibitory monomer was extracted from the dimer and
used as a model of the activated conformation. Residues 1, 26—
38, and 432 (1azx) are absent in the reported crystal structure.
Previous biochemical studies do not implicate these absent
amino acids in heparin binding; hence, the residues were not
reengineered into the polypeptide chain. More importantly, the
residues known to be important were present in the activated
inhibitory polypeptide chain. Individual atoms were assigned
Gasteiger—Huckel charges, and the polypeptide chain was
minimized using the Tripos force field until a terminating
gradient of 0.5 kcal/mol A2 was reached.

Modeling ECS and CS. The structures of ECS and CS
(Figure 1) were built using the small molecule builder module
in Sybyl 6.5. The global minimum energy conformation of each
molecule was searched by systematic variation of bond angles
in all of its rotatable bonds. The atom types for the oxygen
atom in the —SO3z~ groups were modified to O.CO,™ so as to
ensure that the bond angles and bond lengths of the simulated
sulfate group were equivalent to that observed in the cocrystal
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structure of pentasaccharide—antithrombin complex.** The
partial charge for each atom in the pentasaccharide was
computed using the Gasteiger—Huckel method. The protocol
assigns a charge of —0.46 to the oxygens of the SO3;~ groups.

Docking. The flexidock module in Sybyl was used to dock
the sulfated flavanoid on to the PBS or EHBS of the activated
form of antithrombin. Each molecule was prepositioned in the
binding site, which was defined as residues within 4 A distance
from Arg47, Lys114, Lys125, and Arg129 residues!! (PBS), or
Arg132, Lys133, and Lys135 residues (EHBS). All basic amino
acid residues lining the binding site were positively charged.
Rotatable bonds of these residues were allowed conformational
flexibility in the docking process, while the backbone and
remaining bonds were held rigid. Water was excluded from
the simulation, although a distance-dependent dielectric con-
stant was used to simulate the presence of water.

Docking was performed with a rigid ligand model. No
additional constraints, such as explicit formation of a hydrogen
bond between selected donor—acceptor sites, were not intro-
duced. In general, Flexidock provides nearly 20 solutions for
each docking experiment. Comparative analyses suggested a
single family of solutions for both the PBS and the EHBS with
differences arising from changes in torsions of substituents
on the flavanoid framework. It is likely that our use of nearly
300 000 iterations of conformational search gradually enriched
the most stable binding geometry resulting in a single family
of orientation for each binding site. In this family of closely
related structures, we chose the lowest energy binding mode
because of the relative ease with which it could be further
minimized to eliminate bad electronic and/or steric contacts.

Scoring. HINT (EduSoft LC, Ashland, VA) was used to
evaluate the binding of sulfated flavanoids to antithrombin.
HINT describes specific interactions between a small molecule
and a macromolecule as a double sum over the atoms within
each component.?425

atoms atoms

B= ,Z ,Z bij = Z z (SiaisjajRijTij + rij) )

where S is the solvent accessible surface area, a is the
hydrophobic atom constant, T is a descriptor function, and R
and r are functions of the distance between atoms i and j. From
this equation, a binding score is calculated where bj; describes
the specific interaction between atoms i and j and B describes
the total interaction score between the two species. A detailed
description of the HINT interaction analysis can be found in
refs 24—26.

Antithrombin was assigned HINT parameters from a dic-
tionary of previously determined values. Only polar hydrogens
were explicitly used in the partitioning of the protein and the
ligand, following which an interaction score using eq | was
calculated for the docked complex. Because HINT parameters
for the sulfur atoms in higher oxidation states including
sulfates are not well-established, these scores were eliminated.
Three-dimensional HINT maps that pictorially represent the
noncovalent interactions were calculated on a 1 A grid.

Synthesis and Characterization of ECS, CS, and RCS.
ECS, CS, and RCS were synthesized from (—)-epicatechin, (+)-
catechin, and (+)-catechin, respectively, by sulfation with
triethylamine—sulfur trioxide complex (Scheme 1) at 65 °C in
dimethylacetamide.?” Following the reaction, the mixture was
poured into acetone under basic conditions and left for 24 h
at 4 °C. The crude oil formed at the bottom was washed with
acetone and suspended in 30% sodium acetate. The suspension
was added to ethanol to precipitate the sodium salt of the
sulfate molecule.

The concentration of the sulfated flavanoid was estimated
from its weight and confirmed by its extinction coefficient at
277 nm (€277 = 4200 M~* cm~* (ECS) and 3890 Mt cm™! (CS
and RCS)). Micellar electrokinetic capillary electrophoresis (20
mM sodium borate buffer containing 100 mM sodium dodecyl
sulfate (SDS), pH 8.0, at 30 kV)®® with UV detection at 277
nm showed a single peak suggesting high purity of the sulfated
flavanoid. The IR spectra of each sulfated product indicated a
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strong band in the region of 1250—1260 cm™!, characteristic
of —SO;™ stretch vibrations. A comparison of the 300 MHz *H
NMR spectra of the starting flavanoid and the sulfated product
in each case shows a downfield shift of 0.5—0.9 ppm for all
protons suggesting sulfation of all available hydroxyl groups.
Elemental analysis of repeatedly precipitated sulfated product
indicated the presence of H,O and Na,SO, molecules. ECS:
'H NMR (*H;0): ¢ 3.10 (dd, 1H, 2J = 18 Hz, 3J = 4.2 Hz, Ar—
CH,), 3.45 (dd, 1H, 2J = 18 Hz, 3J = 6 Hz, Ar—CHy), 5.00 (m,
1H, CH-0OS05"), 5.10 (d, 1H, 3J = 8.1 Hz, O—CH-Ar), 6.80—
7.70 (m, 5H, Ar). Elemental analysis calcd (%) for C15sHgO2:Ss-
Nas + 6H,0 + 0.5Na,SO,: C, 17.9; H, 2.1; S, 17.8. Found (%):
C, 17.29; H, 2.21; S, 18.00. CS: H NMR (°H;0): ¢ 3.15 (dd,
1H,2J =17.4 Hz,3J = 4.8 Hz, Ar-CH,), 3.6 (dd, 1H,2J = 17.4
Hz,3J = 7.2 Hz, Ar-CH,), 5.0 (m, 1H, CH-0SO3"), 5.15 (d, 1H,
8J = 4.5 Hz, O-CH-Ar), 6.90—7.60 (m, 5H, Ar). Elemental
analysis calcd (%) for CisHgO2:SsNas + 9H,O + 0.0NazSOq:
C,18.7; H, 2.8; S, 16.7. Found (%): C, 18.87; H, 2.96; S, 16.36.
RCS: H NMR (®H,0): 6 3.15 (m, 1H, Ar-CHy), 3.6 (m, 1H,
Ar-CHy), 5.0 (m, 1H, CH-OSO3"), 5.20 (m, 1H, O-CH-Ar), 6.90—
7.50 (m, 5H, Ar). Elemental analysis calcd (%) for C15HgO21Ss-
Nas + 8H,0 + 3.0Na,SO,: C, 13.1; H, 1.9; S, 18.6. Found (%):
C, 12.88; H, 1.81; S, 17.97.

Fluorescence Spectroscopy and Equilibrium Binding
Studies. Fluorescence experiments were performed with a PCI
Spectrofluorometer (ISS Instruments, Champaign, IL) at room
temperature. Equilibrium dissociation constants (Kp) for the
interaction of sulfated flavanoid with plasma antithrombin
were determined by titrating the sulfated flavanoid into a
solution of antithrombin—TNS complex and monitoring the
decrease in the fluorescence at 432 nm (lex = 330 nm). The
decrease in fluorescence signal was fit to the quadratic
equilibrium binding eq Il to obtain the Kp of interaction,
wherein AF represents the change in fluorescence following
each addition of the activator ([ACT]o) from the initial
fluorescence Fo and AFuax represents the maximal change in
fluorescence observed on saturation of antithrombin ([AT]o).
Sufficient signal intensity was obtained with 1 uM AT and 5
uM TNS.

AF
g =—="" x [([ATlo + [ACT], + Kp) — {(IATlo +
o o

[ACT], + Kp)? — 4 x [ATIo[ACT]o} 212 x [AT], (11)

Competitive Binding of CS in the Presence of Tet-
rasaccharide EFGH'" or LAH. Antithrombin binding to CS
in the presence of EFGH" or LAH was performed at a fixed
concentration of the competitor by monitoring the decrease in
TNS fluorescence as a function of increasing CS concentration
at 25 °C. Titrations were performed at either pH 6.0, 1 0.025
(EFGH") or pH 7.4, 1 0.035 (LAH). The concentrations of the
competitor chosen ranged from 0.67 to 6.7 x Kp of the
competitor—antithrombin interaction and were much greater
than the concentration of antithrombin (<0.75 uM). The
decrease in fluorescence was analyzed in the same manner as
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Table 1. Overall HINT Score, Equilibrium Dissociation Constant, Free Energy of Binding, and the Second-Order Factor Xa
Inhibition Rate Constant for the Interaction of Sulfated Flavanoids with Plasma Antithrombin2

Kp,ogs (uM) AG° (kcal/mol) kact (M~1s71) acceleration
overall HINT score pH 6.0 pH 7.4 pH 6.0 pH 7.4 pH 6.0 pH 6.0
(—)-ECS 3687 107+ 1.1 32.3+33 6.8+ 0.1 6.2+0.1 3380 + 215 104 +15
(+)-Cs 3556 35+05 179+ 1.6 75+0.2 6.5+0.1 6750 + 475 20.8+3.1
(+)-Cs b 26.1+1.6 6.3+0.1 2770 £+ 170 85+1.2

aThe overall HINT score was determined by docking and scoring the simulated complexes. The Kp was determined from the decrease
in the fluorescence of the bound TNS following interaction of the activator with plasma antithrombin at 25 °C in 20 mM sodium phosphate
buffer at either pH 6.0 or pH 7.4 and at 25 °C assuming a 1:1 binding stoichiometry. The second-order rate constant (kact) for antithrombin
inhibition of factor Xa in the presence of the activator was determined in pH 6.0 buffer at 25 °C. The second-order rate constant (kuncar)
for inhibition of factor Xa by antithrombin alone was determined independently under identical conditions and found to be 325 + 25 M1
s™1. Acceleration in factor Xa inhibition is the ratio of kact to kuncat. Errors shown represent 1 SE. See Materials and Methods. ® The
overall HINT score for (—)-CS interacting with antithrombin in the PBS was 3692. Because it is a racemic mixture, the HINT score for

(£)-CS is not listed in the table.

above using eq Il to obtain the apparent equilibrium dissocia-
tion constant, Kcs app.

Dependence of the Observed Equilibrium Dissocia-
tion Constant of Interaction on the lonic Strength of
the Medium. The dependence of the observed dissociation
constant (Kp,oss) on the ionic strength (1) of the medium was
determined by titrating plasma antithrombin with the sulfated
flavanoid in either pH 6.0 or pH 7.4 buffer in the presence of
varying NaCl concentrations using the external probe, TNS.
The data were fit to eq Ill, where Kpnonionic is the salt-
independent dissociation constant, Z is the total number of
ionic interactions involved in the association of the protein with
heparin, and W is the fraction of monovalent counterion bound
per activator ionic charge that is released on protein binding
and has a value of 0.8.2° The slope gives the number of ionic
interactions formed on activator binding to antithrombin, while
the contribution of nonionic interactions can be obtained from
the intercept.

log Kp ogs = 109 Kp nonionic T Zylog [Na'] (1)

Factor Xa Inhibition Studies. The kinetics of inhibition
of factor Xa by antithrombin alone was determined spectro-
photometrically following literature procedures.®® The kinetics
of the antithrombin inhibition of factor Xa in the presence of
sulfated flavanoids, ECS, CS, and RCS was measured under
pseudo-first-order conditions. A fixed 10 nM concentration of
factor Xa was incubated with plasma antithrombin (1 mM)
and the sulfated flavanoid (0—50 mM) in pH 6.0 buffer at 25
°C. After it was incubated for 10 min, the reactions were
guenched with 900 mL of 100 mM Spectrozyme FXa in 20 mM
sodium phosphate buffer, containing 100 mM sodium chloride,
0.1 mM EDTA, and 0.1% (w/v) PEG 8000, at pH 7.4. The
residual factor Xa activity was then measured spectrophoto-
metrically from the initial rate of substrate hydrolysis at 405
nm. The second-order rate constant of factor Xa inhibition
(kact) was determined using eq IV (This equation was deduced
from pseudo-first-ordered reaction equation T = To exp(—Kggs
x 1) for single turnover kinetics in the presence (T2, Kogs =
kUNCAT [AT]O + kECS [ATECS]o) and absence (Tl, kOBS = kUNCAT
[AT]o) of ECS where Ty is the initial activity of the enzyme.),
wherein T, and T, are the residual factor Xa activities in the
absence and presence of the activator, respectively, at time t
for a fixed antithrombin concentration. Kp is the equilibrium
dissociation constant of antithrombin-sulfated flavanoid in-
teraction at pH 6.0.

In(T,/T,)
Tt = Kacr X [([AT]p + [ACT]p + Kp) — {([AT], +
[ACT], + Kp)® — 4[ATIo[ACTIo} ?1I2[AT], (1V)

The antithrombin inhibition of factor Xa in the presence of
both CS and EFGH" was measured in pH 6.0, | 0.025 buffer
at 25 °C. A fixed 10 nM concentration of factor Xa was
incubated with 0.5 M antithrombin in the presence of 50 uM
CS and either 1, 2, or 4 uM EFGH". Aliquots were withdrawn

at defined time points, and the residual active enzyme
concentration was determined by following the amidolysis of
100 uM Spectrozyme fXa substrate in 20 mM sodium phos-
phate buffer, pH 7.4, containing 100 mM NaCl and 0.1%
PEG8000, at 25 °C. The spectrophotometrically determined
initial slope (Amax = 405 nm) of the hydrolysis was plotted
against the incubation time, and the data fit to an exponential
decay equation to obtain the observed rate constant of the
reaction.

Results

Equilibrium Dissociation Constant of Antithrom-
bin Interactions with Sulfated Flavanoids. Our
previous molecular modeling study using HINT sug-
gested that rationally designed ECS may bind in the
PBS of antithrombin.2® Nearly all positively charged
residues in the binding domain that interact with
trisaccharide DEF were found to interact favorably with
ECS. The overall HINT score for ECS—antithrombin
complex was 3687 suggesting a high-affinity interac-
tion.?° Changing the orientation of one group, either the
3-O-sulfate group ((+)-CS) or the aryl group ((—)-CS),
resulted in comparable overall HINT scores of 3556 and
3692 for the antithrombin complexes (Table 1). (+)-CS
and (—)-CS are diastereoisomers of ECS (Figure 1)
representing significant alteration in the structure of
the rationally designed lead molecule. The predicted
similarity of the overall HINT scores for the three
molecules binding in the PBS was intriguing and arises
from the change in the preferred conformation of the
heterocyclic ring due to the change in the orientation
of the substituents (not shown). ECS and CS were
synthesized from commercially available (—)-epicatechin
and (+)-catechin and purified using standard tech-
niques. Because synthesis of (—)-CS is involved, racemic
RCS was studied.

The intrinsic protein fluorescence of antithrombin
increases ~30% when activated by pentasaccharide
DEFGH or trisaccharide DEF, affording a convenient
probe for the determination of the Kp of the interac-
tion.1819 The fluorescence emission spectrum of ECS,
CS, and RCS exhibits significant fluorescence in the
region of 310—340 nm (not shown) that is amplified in
the presence of antithrombin suggesting that intrinsic
protein fluorescence may not be appropriate to monitor
the binding of these sulfated flavanoids. Hence, a
nonspecific probe, TNS, was used to determine the
equilibrium dissociation constant of interaction, as
previously used for heparin—antithrombin and pen-
tasaccharide—antithrombin interactions.3!
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Figure 2. Interaction of ECS, CS, and RCS with plasma
antithrombin. The decrease in fluorescence of the bound TNS,
a nonspecific fluorescent probe, following the interaction of
ECS (a), CS (W), and RCS (@) with plasma antithrombin at
pH 6.0, 1 0.025, 25 °C, was used to determine the affinity of
the sulfated flavanoids. The solid lines represent nonlinear
regression fits of the data to obtain the Kp of interaction (see
Table 1).

The fluorescence of the antithrombin—TNS complex
decreased as a function of the sulfated flavanoid con-
centration. An equivalent limiting decrease of ~60—68%
was obtained for all three flavanoids (Figure 2); how-
ever, the concentrations at which the maximal decrease
was obtained were different for all three molecules
indicating differences in their binding affinities. Equi-
librium dissociation constants (Kp) of 10.7 &+ 2.1, 3.5 +
0.9, and 26.1 + 3.2 uM for interactions of ECS, CS, and
RCS, respectively, at pH 6.0, | 0.025, were obtained by
fitting the data to the quadratic binding eq Il assuming
a 1:1 binding stoichiometry (Table 1). These correspond
to binding energies of 6.8 + 0.2, 7.5 + 0.3, and 6.3 +
0.1 kcal/mol, respectively. Equivalent decrease, ~65—
69%, in TNS fluorescence was observed for ECS and CS
interactions at pH 7.4, 1 0.035, 25 °C, corresponding to
Kp values of 32.3 + 6.6 and 17.9 + 3.1 uM (AG° = 6.2
+ 0.2 and 6.5 £ 0.2 kcal/mol), respectively. The decrease
in binding affinities of the sulfated flavanoids at pH 7.4
in comparison to that at pH 6.0 is similar to the
observations with sulfated oligosaccharides,?° although
the extent of the change is significantly lower for the
synthetic nonsaccharide molecules.

Accelerating Effect of Sulfated Flavanoids on
Factor Xa Inhibition by Antithrombin. The second-
order rate constant for uncatalyzed inhibition of factor
Xa by antithrombin (kyncat) was determined at pH 6.0,
I 0.025, as previously described (not shown).1819 A
kuncat Value of 325 + 25 M~1 s~ was obtained, which
is approximately 3-fold higher than our previous re-
sult.’® It is likely that this difference originates from
the differences in the preparations of human factor Xa.
In our current study, we utilized human factor Xa from
a commercial source, while our earlier enzyme was
prepared in the laboratory. Comparative studies for the
inhibition of factor Xa by antithrombin alone (basal
inhibition, kyncat) and in the presence of previously
well-studied saccharide ligands (accelerated inhibition,
kacT) indicated that only the basal antithrombin inhibi-
tion rates had been affected (not shown).
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Figure 3. Accelerated inhibition of factor Xa with antithrom-
bin in the presence of ECS, CS, and RCS. The inhibition of
factor Xa (10 nM) by plasma antithrombin (1 4M) in the
presence of increasing concentrations (0—50 uM) of ECS (a),
CS (m), or RCS (®) was monitored from the decrease in the
concentration of residual active enzyme under pseudo-first-
order conditions at pH 6.0, 1 0.025, 25 °C. A composite analysis
in the absence (T1) and presence (T>) of the sulfated activator
at a fixed time point (t) was used to determine second-order
rate constant of inhibition kacr. Solid lines represent nonlinear
regressions of the data to eq IV. See Materials and Methods.

The second-order rate constant for the accelerated
inhibition of factor Xa by antithrombin-sulfated fla-
vanoid complex (kact) was evaluated from the residual
factor Xa activity of reactions with increasing concen-
trations of the sulfated flavanoid reaching greater than
80% saturation of the inhibitor. The concentration
dependence profiles of factor Xa inhibition at pH 6.0, |
0.025, 25 °C, is shown in Figure 3. The profiles indicate
significant differences in the acceleration potential of
each sulfated flavanoid. Analysis of the data using eq
111 gives second-order rate constants (kact) of 3380 +
215, 6750 £ 475, and 2770 & 170 M~ s71 for ECS, CS,
and RCS, respectively. Thus, the second-order rate
constant of antithrombin inhibition of factor Xa in-
creased 10.4 + 1.5-, 20.8 £ 3.1-, and 8.5 £ 1.2-fold in
the presence of ECS, CS, and RCS, respectively (Table
1).

Resolution of the lonic and Nonionic Free En-
ergy of Binding in the Interaction. To determine the
nature of interactions made by the sulfated flavanoids
with plasma antithrombin, the dissociation constant
was measured (Kp ogs) as a function of NaCl concentra-
tion. The logKp ogs increased linearly with log[Na*] at
pH 7.4 and at pH 6.0 (Figure 4), similar to the interac-
tion of heparin with antithrombin.81819 According to the
protein—polyelectrolyte theory,82%32 the number of ion—
pair interactions (Z, Table 2) involved in binding, and
hence the binding energy due to ionic forces (AGionic)
and the binding energy due to nonionic forces
(AGRionionic) Can be obtained from the slope and inter-
cept, respectively, of the linear plot.

The slopes of these lines indicated that 1.2 + 0.2, 1.9
4+ 0.3, and 1.0 + 0.3 ion—pair interactions are made by
ECS, CS, and RCS, respectively, at pH 6.0 (Table 2).
Thus, CS in comparison to ECS makes an additional
charge—charge interaction, while RCS, the racemic
mixture, forms only one ionic interaction. These interac-
tions result in binding energy contributions due to ionic
forces of 2.1, 3.4, and 1.7 kcal/mol at pH 6.0 for ECS,
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Figure 4. Dependence of the observed dissociation constant
of ECS (@) and CS (M) interactions with antithrombin on the
ionic strength of the medium. The ionic strength of the medium
was varied by increasing the NaCl concentration in the pH
6.0 (solid symbols, —) and 7.4 (symbols with + mark, — — )
buffers at 25 °C. Lines represent linear regression fits of the
data to eq Ill. The slope corresponds to the number of ion—
pair interactions while the intercept provides the contribution
of the nonionic interactions to the total binding energy. See
Table 2 and Materials and Methods for details.

CS, and RCS, respectively. At pH 7.4, the number of
ion—pair interactions, and hence the AGj,c, made by
ECS and CS, 1.3 + 0.2 and 1.8 + 0.2, respectively,
remain nearly identical to that at pH 6.0 (Table 1).

The intercepts (log Kpnonionic) of the linear plots
gave values of —3.4 £+ 0.1, —3.0 £ 0.3, and —3.3 £ 0.3
at pH 6.0 for ECS, CS, and RCS, respectively, corre-
sponding to an equilibrium dissociation constant due to
nonionic forces (Kp nonionic) 0f 0.4 + 0.1, 1.0 +£ 0.2, and
0.5 + 0.2 mM, respectively (Table 1). These interactions
result in free energy of binding due to nonionic interac-
tions of 4.7, 4.1, and 4.6 kcal/mol for ECS, CS, and RCS,
respectively. The intercepts at pH 7.4 decrease to —3.9
+ 0.2 and —3.7 £ 0.2 for ECS and CS, respectively,
corresponding to Kp nonionic 0f 1.1 + 0.2 and 2.2 + 0.4
mM and a AGRonionic Of 4.1 and 3.6 kcal/mol, respec-
tively. Thus, binding affinity due to nonionic forces is
~2-fold higher for ECS than for CS under both pH
conditions.

Equilibrium Binding of CS with Antithrombin
in the Presence of Tetrasaccharide EFGH". To
determine whether our designed activators bind anti-
thrombin in the PBS as predicted, we studied the
interaction of CS, the sulfated flavanoid with highest
affinity and activation potential among the three stud-
ied, in the presence of tetrasaccharide EFGH". Previ-
ously, we have shown that saccharide activator EFGH"
binds (6.9 £+ 1.3 uM) in the pentasaccharide binding
domain and fully activates (~280 + 30-fold) plasma
antithrombin at both pH 6.0 and pH 7.4.18 Thus, if CS
interacts with the PBS in antithrombin, it is expected
to compete with tetrasaccharide EFGH" in a predictable
competitive manner.

The binding of EFGH" alone to antithrombin leads
to ~43% decrease in TNS fluorescence at pH 6.0, 1 0.025,
25 °C, similar to the ~60—70% decrease observed for
CS alone. Fitting the data (not shown) to the quadratic
binding equation leads to an equilibrium dissociation
constant (Kgegnr) of the interaction of 4.5 + 0.2 uM,
which is equivalent to that determined previously from
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the ~30% increase in intrinsic protein fluorescence.8
The binding of CS to plasma antithrombin in the
presence of EFGH" was monitored by the decrease in
fluorescence of the bound TNS. In the presence of a fixed
3.0—30 uM EFGH" (0.67—6.7 x KgrcH~), the apparent
dissociation constant of the CS—antithrombin interac-
tion (Kcsapp) under these conditions did not change
appreciably from its value of 3.5 uM in the absence of
tetrasaccharide EFGH" (Table 3). Assuming competitive
binding, the Kcs app is expected to increase from 5.8 to
26.8 uM, a ~7.7-fold increase over the Kcs.

The maximal change in TNS fluorescence in each case
was found to be in the range of ~60—70%, identical to
that observed in the absence of tetrasaccharide EFGH".
At the same time, the decrease in TNS fluorescence due
to EFGH" in each experiment increased as a function
of the added tetrasaccharide reaching a maximal value
of ~43% at the highest concentrations of EFGH" (Table
3). This indicates a proportional increase in the EFGH"—
antithrombin complex with the added tetrasaccharide
and equivalent to that observed in independent experi-
ments. These results suggest that although the presence
of tetrasaccharide EFGH" results in the formation of
its complex with antithrombin, the Kcs app is not af-
fected.

Kinetics of Antithrombin Inhibition of Factor
Xa in the Presence of CS and Tetrasaccharide
EFGH". To further investigate whether CS competes
with EFGH" in the phenomenon of antithrombin acti-
vation, we determined the kinetics of factor Xa inhibi-
tion at pH 6.0, 1 0.025, 25 °C. The antithrombin
inhibition of factor Xa in the presence or absence of CS
and EFGH" was determined by measuring the residual
factor Xa activity at defined incubation time points. The
observed rate constant (kogs) of factor Xa inhibition
increased from (0.08 & 0.01) x 1072 s~ for 0.26 uM
plasma antithrombin alone to (2.0 & 0.4) x 102 s71in
the presence of 50 uM CS, as expected on the basis of
the measured kuyncat and Kkcs values (Table 1). With 1
uM EFGH" and 50 uM CS, the kogs value of 0.26 uM
antithrombin inhibition of factor Xa increased further
to (4.3 £ 0.7) x 1073 s71, a gain of 2.2-fold (Figure 5).
The observed rate constant increased 2.4- and 3.7-fold
as the concentration of EFGH" was increased to 2 and
4 uM, respectively, in incubations of 0.26 uM antithrom-
bin and 50 uM CS with factor Xa.

Assuming competitive inhibition, in accordance with
the Dixon—Webb relationship, the kogs values are
expected to increase to 1.9 x 1073, 2.1 x 1073, and 2.5
x 1073 s71 with 1, 2, and 4 uM EFGH", respectively,
representing increases of only 1.01-, 1.23-, and 1.47-fold
under identical conditions (Figure 5). Thus, the presence
of an excess of CS is not able to negate the effect of
accelerated antithrombin inhibition of factor Xa by
much lower concentrations of EFGH". On the contrary,
assuming that the two activators bind independently
but not simultaneously, pseudo-first-order rate con-
stants of factor Xa inhibition (kin) at 1, 2, and 4 uM
EFGH" are expected to be 4.4 x 1073, 6.3 x 1073, and
8.7 x 10723 s71, respectively. These enhancements of 2.6-,
3.7-, and 5.1-fold, respectively, correlate well with the
observed increases noted above. Thus, the activation
properties of CS in the presence of EFGH' more closely
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Table 2. lonic and Nonionic Components of the Observed Free Energy of Binding for the Interaction of Sulfated Flavanoids with

Plasma Antithrombin2

KD,NON|QN|C (mM) AGKIONIONIC (kcal/mol) z AGIOONIC (kcal/mol)
pH 6.0 pH 7.4 pH 6.0 pH 7.4 pH 6.0 pH 7.4 pH 6.0 pH 7.4
(—)-ECS 0.38 +0.05 11+0.2 47 +0.1 41+0.2 1.18 +£0.19 1.34 +£0.19 2.14+0.19 2.13+0.19
(+)-Cs 1.0£0.2 22+04 41+0.2 3.6+0.2 1.86 £ 0.30 1.80 £0.19 3.37 £0.30 2.87 £0.19
(£)-Cs 0.47 £0.15 46 +0.3 0.95 £ 0.30 1.72 £ 0.30

a The dependence of Kp ogs on the ionic strength (1) at 25 °C in 20 mM sodium phosphate buffer at either pH 6.0 or pH 7.4 was determined
in titrations of plasma antithrombin with the activator. NaCl was used to increase the ionic strength of the medium. Linear regression
of the data (Figure 4) gave the intercept and slope from which the ionic and nonionic components of the binding energy were calculated.

Error shown represents +2 SE. See Materials and Methods.

Table 3. Effect of Tetrasaccharide EFGH" on the Binding of
CS to Antithrombin2

[EFGH"]o Kcs,app calcd Kcsapp®  AFerghr  AFmax
(uM) (uM) (uM) (%) (%)
0 35+0.9 3.5 —68
3.0 4.8+ 0.5 5.8 —-25 —63
4.5 35+15 7.0 —28 —58
10 31+16 11.2 —-37 —62
20 3.24+0.3 19.1 —43 —-70
30 21+15 26.8 —-41 —69

a8 The dependence of equilibrium dissociation constant of CS—
antithrombin interaction (Kcsapp) at 25 °C in 20 mM sodium
phosphate buffer, pH 6.0, containing 20 mM NaCl on tetrasac-
charide EFGH" was determined by monitoring the decrease in the
fluorescence of external probe, TNS. The calculated value of the
apparent equilibrium dissociation constant (calculated Kcs app) Was
obtained assuming competitive binding (see below). AFgrgh- is the
change in fluorescence of the bound TNS on addition of the
tetrasaccharide EFGH", and AFuax represents the total decrease
in fluorescence following the subsequent addition of CS. Errors
shown represent £1 SE. See Materials and Methods. ° Calculated
using Dixon—Webb relationship Kcsapp = Kcs (1 + [EFGH"]o/
KEFGH”); where KergH" Was found to be 4.5 + 0.2 /AM (AFEFGH” =
—43%) in pH 6.0 buffer containing 20 mM NaCl at 25 °C.
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Figure 5. Effect of the heparin binding site ligand, tetrasac-
charide EFGH", on the observed rate constant of factor Xa
inhibition (kogs) by antithrombin in the presence of a fixed
concentration of CS. The pseudo-first-order observed rate
constant (kogss, box with solid dots) of factor Xa inhibition by
0.26 uM plasma antithrombin and 50 M CS at pH 6.0, 1 0.025,
25 °C was determined in the presence of 0, 1, 2, and 4 uM
EFGH". Error bars represent +£1 SE. For comparative pur-
poses, values of the pseudo-first-order rate constant assuming
competitive inhibition (Kossci, box with solid gray) and simul-
taneous independent inhibition (kogs,in, box with solid black)
were calculated. See Table 4 and Materials and Methods for
details.

resemble interaction wherein CS does not compete with
the PBS ligand, EFGH".

Equilibrium Binding of CS with Antithrombin
in the Presence of LAH. To determine whether our
designed molecules compete with full-length heparin,
we studied the interaction of CS with antithrombin in
the presence of LAH. Full-length heparin chains devoid
of the high-affinity pentasaccharide sequence, called
LAH chains, bind antithrombin with a 1000-fold weaker
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Figure 6. Effect of LAH on apparent equilibrium dissociation
constant of CS interaction with plasma antithrombin (Kcs app).
The interaction was measured by the change in fluorescence
of an external probe, TNS, at pH 7.4, 1 0.035, 25 °C, in the
presence of 1.5, 3.0, 3.8, 4.5, and 7.5 uM LAH of Mg 7900 +
790 Da. The solid line represents linear regressional fit of the
data to the Dixon—Webb competitive binding equation. See
Materials and Methods and text for details.

affinity in comparison to the HAH chains containing the
high-affinity sequence.®® Olson and co-workers have
shown that LAH interacts with antithrombin in a
manner similar to HAH.33 Because the binding affinity
of HAH is vastly different from that of CS, we chose to
use LAH as a competitor.

The binding of CS to plasma antithrombin in the
presence of LAH was monitored by the decrease in
fluorescence of the bound TNS. In the presence of a fixed
1.5—-7.5 uM LAH, the apparent dissociation constant of
CS—antithrombin interaction (Kcsapp) increased lin-
early from 25.1 to 54.7 uM (Figure 6). The linear
increase in Kcs app With [LAH]o indicates competitive
binding, as expected on the basis of the Dixon—Webb
relationship. Linear regression of the plot gives an
intercept of 17.6 + 2.2 uM and a slope of 5.6 + 0.6 at
pH 7.4, 1 0.035, 25 °C.

Modeling the Binding of CS at a Plausible Site
Distinct from the Pentasaccharide Binding Do-
main on Antithrombin. To investigate whether our
designed sulfated flavanoids possibly interact with the
EHBS, rather than the PBS, we studied the interaction
of CS using molecular docking and scoring techniques.
CS was placed in the region formed by Argl32 and
Argl136 residues in an arbitrary orientation, and itera-
tive docking using Flexidock was used to perform a
conformational minimum for the complex. Analysis of
the 20 solutions obtained after iterative docking indi-
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Table 4. Effect of Tetrasaccharide EFGH" on the Observed
Rate Constant of Accelerated Inhibition of Factor Xa by
Antithrombin—CS Complex2

[CSlo [EFGH"]o Koss

caled Keicaied®  caled Kincaled?

(uM) (uM) (108 x s71) (108 x s71) (108 x s71)
50 0 20+04 1.7 1.7
50 1 43 +£0.7 1.9 4.4
50 2 4.7 +£0.8 2.1 6.3
50 4 7.4+0.2 2.5 8.7
0 1 24 +0.3
0 2 3.2+07
0 4 6.4+04

a The observed rate constant (kogs) of factor Xa inhibition by
0.26 uM antithrombin in the absence or presence of either sulfated
flavanoid CS and/or tetrasaccharide EFGH'" was determined in
20 mM sodium phosphate buffer, pH 6.0, at 25 °C. The calculated
value of the observed rate constant assuming competitive inhibi-
tion (Kcicaica) @and independent, but not simulatenous, inhibition
(kin,calca) Was obtained by calculating the concentrations of anti-
thrombin—CS and antithrombin—EFGH" complexes under either
competitive or independent binding conditions (see below, Figure
5). Errors shown represent +£1 SE. See Materials and Methods.
b Calculated from expression koss = Kuncat x [AT]o + Kact.cs X
[ATICS]O + kACT,EFGH” X [AT:EFGH”]O where kUNCAT and kACT,CS.
determined earlier, are 325 and 6750 M~ s~1. Second-order rate
constant Kacr,ercn Was independently determined to be 58 150
M-t s71. The concentrations of complexes ([AT:CSlo and [AT:
EFGH"]o) were determined from the quadratic equilibrium bind-
ing equation. For competitive inhibition (Kogsci), the Dixon—Webb
relationship Kapp = Kp x (1 + [competitor]o/Kp competitor) Was used
in calculating the apparent dissociation constant for use in the
guadratic binding equation. For kogs,n, the concentrations of
complexes was calculated directly from initial concentrations of
AT, CS, and EFGH", without invoking competitive binding.

Table 5. Residue Level HINT Scores for the Interaction of CS
with the Activated Form of Antithrombin in the PBS or EHBS?2

pentasaccharide extended heparin

binding site binding site
Lys1l 811
Ala43 —218 -51
Asn45 —31
Arg46 738
Arg4d7 1126
Lys114 834
Lys125 700
Argl129 76 1786
Argl132 24 957
Lys133 583
Lys136 1100
Lys275 966
Asp278 —348
other —504b —399¢
total 3556 4594

a Residue level HINT scores were calculated by docking the
sulfated flavanoid in either the PBS or the EHBS in the activated
form of antithrombin. A positive HINT score indicates favorable
interaction, while a negative score suggests unfavorable interac-
tion. See Materials and Methods for details. ® This includes small
contributions from Val5, Cys8, Alal0, Prol2, Aspl4, Pro4l, Glu42,
Thr44, Val48, Ser112, and Phel22 residues. ¢ This includes small
contributions from Asn135, Gly276, Asp277, Glu414, Pro416, and
Leu417 residues.

cated a unique family of structures with equivalent
orientation and energy.

HINT analysis of the structure with the least energy
(Figure 6) indicates an overall HINT score of 4594,
which is higher than the score of 3556 obtained for CS
binding in the pentasaccharide binding domain (Table
5). The higher HINT score indicates greater propensity
for CS to interact with the EHBS. At the individual
residue level, favorable interactions are observed for
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Argl29, Argl32, Lys133, Lys136, and Lys275 residues
with HINT scores of 1786, 957, 583, 1100, and 966,
respectively. Interestingly, HINT predicts that the
strength of ionic interactions for CS binding to the
EHBS is weaker than those predicted for the PBS, while
the strength of hydrogen-bonding interactions is re-
versed (not shown). These simulation results also sug-
gest that the small designed flavanoid CS is likely to
interact with positively charged residues of the EHBS.

Discussion

The phenomenon of small, organic, nonsaccharide
molecule driven conformational activation of antithrom-
bin represents a significant advance in the direction of
new anticoagulation agents. The design and success of
ECS, a sulfated flavanoid, represents the first such
attempt.2° De novo activator ECS was designed to bind
antithrombin in the PBS; yet, it proved to be a much
weaker activator of antithrombin (~10-fold) in compari-
son to the reference trisaccharide (~300-fold), on which
it was based.?® To identify the reason(s) for this defi-
ciency, the molecular nature of interactions of ECS, and
related diastereoisomeric flavanoids, the catechin sul-
fates were studied.

The nearly identical overall HINT scores for (+)-CS
and ECS interacting with the pentasaccharide binding
domain suggested that the two structurally distinct,
sulfated flavanoids may bind the inhibitor with equiva-
lent affinity. However, differences of the order of 2—3-
fold were noted in the observed binding affinities at pH
6.0 and 7.4 (Table 1). For the racemic mixture, (£)-CS,
the free energy of binding decreased nearly 1.2 kcal/
mol suggesting that the (—)-CS enantiomer had a
significantly lower binding affinity than the (+)-CS
isomer. Similar differences were also noted in their
conformational activation properties. The rate of factor
Xa inhibition in the presence of ECS and (+)-CS
increased 10.4—20.8-fold indicating substantial activa-
tion of antithrombin (Table 1). As with the binding
affinity, the acceleration observed with racemic (£)-CS
decreased ~2-fold in comparison to (+)-CS suggesting
that (—)-CS is a much weaker activator of antithrombin
than its enantiomer. Because each activator was syn-
thesized independently from enantiomerically pure
reactants, there is no possibility of cross-contamination
of products clouding the differences observed in activi-
ties. Thus, these sulfated flavanoids form the first series
of small organic activators, and not surprisingly, binding
and activation of antithrombin is a function of the
structure of the activator.

Assuming that conformational activation of the in-
hibitor can result in a ~300-fold maximal increase in
the second-order rate constant of factor Xa inhibition,
as noted with pentasaccharide DEFGH and other sac-
charide ligands,®181° the acceleration observed with
these sulfated flavanoids corresponds to ~3.4—6.9%
activation of the full possible. The interaction of these
small organic molecules to antithrombin thus results
in a small, but significant and measurable, change in
the conformational equilibrium toward the activated
form. Yet, it is intriguing that the observed activation
potential is much lower than that expected on the basis
of their predicted binding within the PBS.

To determine the origin of this deficiency, the ionic
and nonionic components of the free energy of binding



4468 Journal of Medicinal Chemistry, 2002, Vol. 45, No. 20

were resolved for three molecules. While ECS exhibits
only one ion—pair interaction, (+)-CS exhibits two ionic
interactions at both pH 6.0 and pH 7.4 (Figure 3, Table
2). These ion—pair interactions are substantially lower
than the 4—5 interactions observed with saccharide
activators under these conditions.’® Furthermore, the
number of ion—pair interactions for the sulfated fla-
vanoids remains identical at either pH. This observation
sharply contrasts an increase of one ion—pair interac-
tion typically observed at the lower pH for antithrombin
binding to saccharide activators that contain residue
D.18 Thus, it is likely that the designed sulfated fla-
vanoids do not effectively mimic the interaction with
residue D, although the lead flavanoid ECS was ratio-
nally designed on the basis of trisaccharide DEF struc-
ture. These differences in the nature of ionic interactions
suggest considerable differences in binding between the
sulfated flavanoid and the saccharide activators.

Resolution of the components of the observed binding
energy suggests nearly 3.6—4.7 kcal/mol contributions
due to nonionic forces. This represents a major ~55—
73% contribution of the total binding energy (6.2—7.5
kcal/mol). A similar (~40—60%) nonionic binding energy
contribution has been observed for antithrombin—
DEFGH interaction.®18 Although it is likely that non-
ionic forces including hydrophobic interaction may play
a major role in the interaction of the designed sulfated
flavanoids, previous HINT analysis and biochemical
studies on antithrombin interactions have suggested
significant nonionic contributions by ionic interac-
tions.2034 The origin of the major nonionic binding
energy remains unclear at the present time but high-
lights an important avenue for enhancing the overall
binding affinity of new designed molecules.

Tetrasaccharide EFGH", lacking nonreducing end
residue D, binds antithrombin in the pentasaccharide
binding domain and induces an activating conforma-
tional change in the inhibitor (~280-fold) that is equiva-
lent to pentasaccharide DEFGH.!® The absence of
residue D in EFGH" is equivalent to the absence of
interactions in the sulfated flavanoids that mimic
residue D (above). Furthermore, the antithrombin af-
finity of EFGH" is similar to that of the sulfated
flavanoids. Thus, these characteristics make tetrasac-
charide EFGH" a good probe to test whether the
designed sulfated flavanoids bind antithrombin in the
pentasaccharide binding domain, as predicted on the
basis of HINT analysis.

Equilibrium binding in the presence of increasing
concentrations of tetrasaccharide EFGH" indicates that
the apparent dissociation constant of the CS—anti-
thrombin interaction does not change appreciably from
its value in the absence of the tetrasaccharide, despite
a proportional increase in the concentration of the
EFGH"—antithrombin complex (Table 3). Assuming
competitive binding, the apparent dissociation constant
is predicted to increase ~7.7-fold under these conditions.
Likewise, the presence of an excess of CS is not able to
off-set the acceleration in antithrombin inhibition of
factor Xa achieved with small amounts of EFGH", as
determined by the observed pseudo-first-order rate
constant of the reaction (Table 4). While the calculated
value of the pseudo-first-order rate constant assuming
competitive inhibition (K¢ caicd) predicts ~25% increase
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at the highest EFGH" concentration studied, the ob-
served rate constant (kogs) increases ~270%. Assuming
a model wherein EFGH" and CS bind antithrombin
independently, but not simultaneously, the pseudo-first-
order rate constant (Kncaica) iS calculated to increase
~335% (Table 4). Furthermore, the kogs values in the
presence of EFGH'" alone correlate well with that in the
presence of CS and EFGH".

Competitive binding studies indicate that the Kcs app
increases linearly with the concentration of LAH (Figure
6), as expected on the basis of the Dixon—Webb rela-
tionship. The dissociation constant of the CS—anti-
thrombin interaction (Kcs) at pH 7.4, 1 0.035, calculated
from the intercept of the regressional line, is found to
be 17.6 + 2.2 uM, nearly equivalent to 19.6 + 2.5 uM
measured by direct titration (Figure 4, Table 2). Like-
wise, the dissociation constant of the LAH—antithrom-
bin interaction (K_an), calculated from the ratio of the
slope to intercept of the regressional line, is found to be
3.1 + 0.7 uM, similar to the value reported in the
literature.3® These results indicate that LAH competes
with CS in binding to antithrombin, and in combination
with results with EFGH", suggests that CS binds in the
heparin binding domain outside of the PBS.

To gain insight into the possibility of an alternative
binding site, distinct from the PBS, we resorted to
molecular modeling once again. The PBS, a region
defined by the polypeptide N terminus and helices A
and D, includes positively charged residues Arg47,
Lys114, Lys125, and Argl129 (Figure 7).1%12 However,
the interaction of polymeric heparin, and other saccha-
rides longer than six residues, is known to extend
beyond this binding domain. Biochemical studies indi-
cate that the EHBS includes positively charged residues
Argl32, Lys133, and Argl36 (Figure 7).1635 These
residues form a smaller electropositive domain than the
pentasaccharide binding domain.

Docking of CS in the EHBS without any constraints
led to a unique family of simulated complexes in which
positively charged residues Argl29, Argl32, Lys133,
Lys136, and Lys275 were found to play a major role
(Figure 7B, Table 5). The overall HINT score of 4594
was higher than that noted for binding in the PBS
(Table 5). More interestingly, the simulation predicts a
bifacial interaction of CS with the EHBS. While Arg129,
Argl32, Lys133, and Lys136 form one face, Lys275
forms the other (Figure 7). The appropriate size of the
binding site and the possibility of a bifacial interaction
possibly favor CS binding in the extended heparin
binding domain.

The extended heparin binding domain is involved in
the conformational activation phenomenon. This region
undergoes a significant change in the activation process,
from a random loop conformation in native antithrom-
bin to a helical structure in the activated form.36:37
Deletion of few residues in this region has been found
to dramatically reduce the ability of an activator to
activate antithrombin.3® The acceleration in antithrom-
bin inhibition of factor Xa induced by full-length heparin
is nearly 2-fold greater than that induced by pentasac-
charide DEFGH,8 further supporting the role of the
EHBS in antithrombin activation. Thus, it is not
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Figure 7. HINT map of CS interaction with the activated form of antithrombin in the PBS (A) and EHBS (B). CS (ochre ball-
and-sticks) was docked onto the PBS or EHBS in the activated form of antithrombin (cyan ribbon) using Flexidock. Following
minimization of the docked complexes, HINT analysis was performed to identify favorable (blue contour, positive score) and
unfavorable (red contour, negative score) interactions. The PBS includes the domain formed by residues Arg47, Lys114, Lys125,
and Argl129, while EHBS includes residues Arg132, Lys133, Lys136, and Lys275. Side chains of these amino acid residues are

shown in red-capped sticks. See Table 5 and text for details.

surprising that small molecules binding only in the
EHBS may induce conformational activation of anti-
thrombin.

It is not immediately apparent on the basis of the
HINT analyses (Table 5) the reason(s) for the sulfated
flavanoids to not bind in the PBS. The PBS is ap-
proximately 16 A long, while the sulfated flavanoids are
only about 8 A. Further, the designed ligands do not
effectively mimic residue D, which has previously been
shown to be critical for the initial recognition of the PBS
in native antithrombin.'® More importantly, a coordi-
nated network of positively charged residues Lys114,
Lys125, and Argl29 is involved in high-specificity
binding of the ligands in the PBS.13715 Together, these
three residues account for nearly 3—4 critical ionic
interactions. It is likely that for the cooperative network
to function none of the interaction can be less than
optimal.

The possibility that our small designed flavanoids do
not simultaneously engage key interaction points in the
PBS, e.g., Lys114 and Arg129 (Table 5), while effectively
favoring bifacial interaction in the smaller extended
binding site suggests that increasing the size of the
activator will be helpful. A simple, but not the only, way
of achieving this is to introduce a one or a two carbon

linker between the bicyclic and the unicyclic rings of
the flavanoid framework. Rational design may then be
advantageously used to identify specific molecules keep-
ing these basic conclusions in mind.

In conclusion, although significant conformational
activation of antithrombin is achieved with rationally
designed sulfated flavanoids, the ligands do not bind in
the PBS. Rather, the small organic activators are
hypothesized to bind in the EHBS. This explains their
weaker-than-expected activation of antithrombin. Fur-
ther rational design of better high-affinity molecules
should be attempted keeping these results in perspec-
tive.

Abbreviations Used

DEFGH, heparin pentasaccharide DEFGH; DEF,
trisaccharide DEF of DEFGH; RCL, reactive center loop;
HINT, hydropathic interaction analyses; ECS, (—)-
epicatechin sulfate; CS, (+)-catechin sulfate; (£)-CS or
RCS, racemic (+)-catechin sulfate; EFGH", tetrasac-
charide EFGH" resembling four residues of the pen-
tasaccharide DEFGH; UFH, unfractionated heparin;
LAH, low-affinity heparin; HAH, high-affinity heparin;
Mg, average molecular weight; PBS, pentasaccharide
binding site; EHBS, extended heparin binding site; Kp,
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equilibrium dissociation constant; Kp nonionic, equilib-
rium dissociation constant associated with nonionic
interactions only; AG®, free energy of binding; AG{oy e
free energy of binding due to ionic interaction only;
AGRionionie: free energy of binding due to nonionic
interactions only; TNS, 2-(p-toluidinyl)naphthalene-6-
sulfonic acid; PEG, poly(ethylene glycol); RCSB, Re-
search Collaboratory for Structural Bioinformatics.
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