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The bridging mechanism of antithrombin inhibition of thrombin is a dominant mechanism
contributing a massive ~2500-fold acceleration in the reaction rate and is also a key reason
for the clinical usage of heparin. Our recent study of the antithrombin-activating properties of
a carboxylic acid-based polymer, poly(acrylic acid) (PAA), demonstrated a surprisingly high
acceleration in thrombin inhibition (Monien, B. H.; Desai, U. R. J. Med. Chem. 2005, 48, 1269).
To better understand this interesting phenomenon, we have studied the mechanism of PAA-
dependent acceleration in antithrombin inhibition of thrombin. Competitive binding studies
with low-affinity heparin and a heparin tetrasaccharide suggest that PAA binds antithrombin
in both the pentasaccharide- and the extended heparin-binding sites, and these results are
corroborated by molecular modeling. The salt-dependence of the Kp of the PAA—antithrombin
interaction shows the formation of five ionic interactions. In contrast, the contribution of
nonionic forces is miniscule, resulting in an interaction that is significantly weaker than that
observed for heparins. A bell-shaped profile of the observed rate constant for antithrombin
inhibition of thrombin as a function of PAA concentration was observed, suggesting that
inhibition proceeds through the “bridging” mechanism. The knowledge gained in this
mechanistic study highlights important rules for the rational design of orally available heparin

mimics.

Introduction

The process of fibrin formation involves the sequential
activation of trypsin-like serine proteinases that possess
interesting similarities among them, yet simultaneously
display both subtle and ingenuous differences. Fibrin
formation is primarily regulated by antithrombin, a
plasma glycoprotein and member of the serpin (serine
proteinase inhibitor) super family of proteins.!? Anti-
thrombin regulates fibrin formation by primarily inhib-
iting three procoagulant proteinases, factor IXa, factor
Xa, and thrombin. However, antithrombin is a rather
poor inhibitor of these procoagulant enzymes. Whereas
most serpins inhibit their target proteinases at rates
reaching the diffusion limit (107—108 M~ s71), anti-
thrombin inhibition of factor Xa and thrombin is nearly
1000—10 000-fold slower.

The lethargic reaction is greatly accelerated in the
presence of heparin, a natural sulfated linear poly-
saccharide, which affords a surface for the rapid as-
sembly of ternary antithrombin—proteinase complexes.2~7
Under in vivo conditions, this “bridging” mechanism is
responsible for most of the accelerating effect of heparin
on the inhibition of all three proteinases. In another
mechanism, the binding of a specific five-residue se-
quence in heparin, pentasaccharide DEFGH (Figure 1),
induces a conformational change in the serpin that
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Figure 1. Structures of high affinity pentasaccharide DEFGH
sequence of heparin (A) and PAA (B). Sulfate and carboxylate
groups in A contributing to the high affinity for antithrombin
are shown in gray ovals. The table corresponding to PAAs
summarizes their important properties: Mgr = average mo-
lecular weight; nd = not determined; Kp refers to antithrombin
binding affinity at pH 7.4, I 0.05, and 25 °C; acceleration refers
to the increase in antithrombin inhibition of thrombin due to
PAA at pH 7.4,10.05, and 25 °C. Reprinted from ref 13 with
permission. Copyright 2005 American Chemical Society.

enhances its recognition of the proteinase, resulting in
an acceleration in the inhibition rate.®8 This mechanism
is called the “conformational activation” mechanism,
which causes an ~500- and 300-fold acceleration in the
inhibition of factor IXa and factor Xa, respectively. The
bridging mechanism with full-length heparin polymer,
in turn, induces an additional ~600- and 170-fold
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Mechanism of Antithrombin Activation by PAA

acceleration in the inhibition of these two enzymes,
respectively. In contrast, thrombin is inhibited only 1.7
times faster through the conformational activation
mechanism but is inhibited ~2500 times faster using
the bridging mechanism.37

Unfractionated heparin (UFH), obtained from animal
sources, has been used clinically as an anticoagulant
since the 1930s, yet heparin therapy suffers because of
an increased risk for bleeding, heparin-induced throm-
bocytopenia (HIT), and patient-to-patient response vari-
ability.?1? The growing understanding of antithrombin—
heparin interactions at a molecular level has supported
the development of newer agents with fewer side effects
during the last two decades.!! Reduction in molecular
weight and the polydispersity of the highly heteroge-
neous heparin preparation, as found in low molecular
weight heparins (LMWHs), were found to diminish the
adverse effects. Recently, a synthetic derivative of
DEFGH, fondaparinux, was introduced clinically.!2
Despite these advances, heparin anticoagulant therapy
continues to suffer because of the risk for bleeding. In
addition, the intricate and difficult synthesis of oligosac-
charides makes fondaparinux treatment less cost-effec-
tive. Finally, the highly anionic character of these
sulfated molecules, as well as the presence of hepara-
nase in the gastrointestinal (GI) lining, makes oral
activity nearly impossible.

Three strategies can be considered for developing
orally bioavailable antithrombin activators, including
(i) the design of heparin mimics completely devoid of
sulfate groups, (ii) the development of sulfate-protecting
groups that hydrolyze in blood, and (iii) the development
of micellar delivery agents as absorption promoters. We
reasoned that heparin mimics based only on carboxylic
acid groups and devoid of sulfate groups might facilitate
a relatively easy prodrug approach for passage through
the GI lining.

Our recent study of the antithrombin-activating prop-
erties of a carboxylic acid-based polymer, poly(acrylic
acid) (PAA, Figure 1), demonstrated a surprisingly high
acceleration of thrombin and factor Xa inhibition.1? The
PAA molecules, having no resemblance to a heparin-
like polysaccharide scaffold but possessing a charge
density comparable to heparin, increased the second-
order rate constant of factor Xa and thrombin inhibition
several hundred-fold (Figure 1). This was in striking
contrast to other carboxylate polymers, poly(Asp) and
poly(Glu), that have been known to display poor anti-
thrombin activation properties.!* To better understand
this interesting phenomenon with the goal of designing
a functional mimic of heparin that may facilitate oral
delivery, we have studied the mechanism of PAA-
dependent acceleration in antithrombin inhibition of
thrombin. The results suggest considerable similarity
with the mechanism of heparin activation of antithrom-
bin, yet they highlight a number of important differ-
ences. Overall, the results indicate that, despite the
excellent antithrombin-activating property of PAAs,
these carboxylate-based polymers are unlikely to be
useful in vivo. Yet, the molecular interaction studies
highlight principles for the design of orally bioavailable
nonpolysaccharide heparin mimics.
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Materials and Methods

Proteins and Chemicals. Human antithrombin was ob-
tained from Molecular Innovations (Southfield, MI), and
thrombin was obtained from Haematologic Technologies (Essex
Junction, VT). The proteins were used as purchased, and stock
solutions [prepared in 20 mM sodium phosphate buffer, pH
7.4, containing 100 mM NaCl (antithrombin and thrombin)]
were stored at —78 °C. The low-affinity heparin (LAH, average
molecular weight (Mg) = 7900 & 10% Da) and tetrasaccharide
EFGH" used were a generous gift from Professor Steven T.
Olson of the University of Illinois-Chicago. Chromogenic
substrates Spectrozyme TH (thrombin) and Spectrozyme FXa
(factor Xa) were obtained from American Diagnostica (Green-
wich, CT). PAAs, with average molecular weights of 830, 1500,
2280, 3450, and 6200 Da, were obtained from either American
Polymer Standards (Mentor, OH) or Polymer Source (Dorval,
Canada). 2-(p-Toluidino)naphthalene-6-sulfonic acid (TNS) was
obtained from Aldrich Chemicals (Milwaukee, WI). All other
chemicals were reagent grade from either Aldrich Chemicals
(Milwaukee, WI) or Fisher (Pittsburgh, PA) and were used
without further purification.

Thrombin Inhibition with Antithrombin and PAA2280.
PAA-promoted thrombin inhibition was studied by monitoring
the pseudo-first-order rate constant (kops) over a wide range
of PAA concentrations (100 nM—2 mM) with 300 nM anti-
thrombin (AT) and 30 nM thrombin (T).>713 The reactions were
carried out in PEG20000-coated cuvettes (PEG = polyethylene
glycol) at 25 °C in 20 mM sodium phosphate buffer, pH 6.0,
containing 20 mM NaCl, 0.1 mM EDTA, and 0.1% PEG8000.
The kogs at each [PAA], was calculated from the exponential
decay of the residual enzyme activity as a function of time.
The second-order rate constant (kcar) for the inhibition of
thrombin was determined by fitting the dependence of kops
on [PAA], with eq 1:

KT,PAA

Kopan + PAA,

kops = kuncarlAT] + kacr[AT:PAA]

in which [AT/PAA] was obtained using the quadratic equilib-
rium binding, K1 paa and Kar paa are dissociation constants for
thrombin—PAA and antihrombin—PAA interaction, respec-
tively, and kuncar and kacr are the second-order rate constants
for the reaction of antithrombin with thrombin and for the
reaction of the antithrombin—PAA complex with thrombin,
respectively. The second-order rate constant kuncar and the
equilibrium dissociation constant for antithrombin—PAA in-
teraction (Karpaa) in eq 1 were determined independently.!3

Equilibrium Binding Studies of Antithrombin—PAA
Interactions. The equilibrium dissociation constant (Kp) of
the interaction between PAA and antithrombin was deter-
mined through fluorescence titrations using a nonspecific
probe, TNS (1gx = 330 nm, Agp = 432 nm). Titrations of 0.95—
1.9 uM antithrombin and 5.5 uM TNS were carried out with
1-20 mM PAA in 20 mM sodium phosphate buffer, pH 6.0,
containing 0.1 mM EDTA and 0.1% PEG8000, at 25 °C and in
the presence of various concentrations of NaCl.'>16 The
fluorescence intensity of the sample at 432 nm decreases
steadily as PAA concentration increases because of the release
of bound TNS molecules from the serpin. Dissociation constant
Kp for the antithrombin—PAA complex was determined by
nonlinear least-squares fittings of two or three measurements
of the decreasing fluorescence intensity to the quadratic
binding eq 2, in which AFyax/F is a second fitted parameter.
A single-site binding model was assumed for the antithrombin
interacting with smaller PAAs, including PAA830 through
PAA3450, whereas a 2:1 stoichiometry was used for PAA6200.

AF AF\ax
F,

7 ) [([AT], + [PAA], + Kp,) —
0

{([AT], + [PAA], + Kp)* — 4[AT],[PAA],} Y*/2[AT],] (2)
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Salt-Dependence of Equilibrium Dissociation Con-
stants. The number of charge—charge interactions between
antithrombin and PAA were determined by measurements of
the equilibrium dissociation constants Kp at varying sodium
concentrations. Fluorescence titrations of PAA binding to the
antithrombin—TNS complex were conducted in 20 mM sodium
phosphate buffer, pH 6.0, containing 0.1 mM EDTA and 0.1%
PEGB8000, at 25 °C and in the presence of either 20, 35, 50, or
75 mM NaCl. The ionic strength of the buffer increases from
0.025 to 0.1 as the salt concentration reaches 75 mM. The
number of charge—charge interactions between PAA and
antithrombin (Z) was calculated from the slope of the linear
plot of log Kp ops vs log [Na'], according to eq 3, whereas the
nonionic contribution to the interaction was obtained from the
intercept on the y-axis.6818

log Ky, = log Kp xnon-1on1c T ZW log[Na™] 3)

in which Kp xon-1onic is the dissociation constant at [Na®] = 1
M, Z is the number of charge—charge interactions, and W is
the fraction of monovalent counterions released per negative
charge following PAA binding to antithrombin and is estimated
to be 0.82.

Competitive Binding of LAH to Antithrombin in the
Presence of PAA3450. The equilibrium dissociation constant
Kp of the antithrombin—LAH complex was measured at fixed
concentrations of PAA3450 by monitoring the decrease in TNS
fluorescence as a function of increasing LAH concentration at
25 °C. Titrations were performed in 20 mM sodium phosphate
buffer, pH 6.0, containing 20 mM NaCl, 0.1 mM EDTA, and
0.1% PEG8000. The concentration of the competitor PAA3450
ranged from 4 to 12 uM, corresponding to a saturation of
antithrombin ranging from 72 to 90%. The decrease in
fluorescence was analyzed in the same manner as above, using
eq 2 to obtain the apparent equilibrium dissociation constant
KLAH,app-

Competitive Binding of PAA3450 to Antithrombin in
the Presence of EFGH'. Competitive binding of PAA3450
to antithrombin was studied in the presence of the tetrasac-
charide EFGH" by measuring the residual thrombin activity.
The protease activity was measured under pseudo-first-order
conditions with 300 nM antithrombin, 30 nM thrombin, 100
nM PAA3450, and seven different concentrations of EFGH",
ranging from 1 to 20 M in 20 mM sodium phosphate buffer,
pH 6.0, containing 20 mM NaCl, 0.1 mM EDTA, and 0.1%
PEGB8000. Concentrations of EFGH'" ranged from 0.2 to 4.3
times that of the Kp of the competitor—antithrombin interac-
tion. Fitting of the exponential decay of residual thrombin
activity, determined after various times, yielded the pseudo-
first-order rate constant kops of protease inhibition. For the
assumed case of competitive binding of EFGH" and PAA3450
at the pentasaccharide-binding site (PBS) of antithrombin, the
Dixon—Webb relationship 4 was used to calculate the apparent
dissociation constant (Kpaa caic) of the antithrombin—PAA3450
complex.

[EFGH”]O) "

KPAA,calc = KPAA(I + K,

EFGH"
in which Kpaa = 1.3 uM, and Kgrgur = 4.5 uM. Thus, the
pseudo-first-order rate constant was calculated using kogs calc
= kuncarlAT] + kpaa[AT/PAA]. In this equation, independently
measured values of the uncatalyzed (kuncar = 570 M1 s71)
and catalyzed (kpas = 196 000 M~! s71) rate constants were
used,'® whereas [AT/PAA] was determined using the quadratic
binding equation with the calculated dissociation constant
KPAA,calc-

Modeling of Antithrombin and PAA. Molecular model-
ing studies were performed using Sybyl 6.9.2 (Tripos Associ-
ates, St. Louis, MO) operating on a Tezro workstation (Silicon
Graphics) in an Irix 6.5 operating system. The X-ray crystal
structure of antithrombin (2ant)!® was acquired from Research
Collaboratory for Structural Bioinformatics (RCSB) (http://
www.rcsb.org/pdb/). The inhibitory monomer chain I was

Monien et al.

extracted from the dimeric structure and used as a model for
the “native” conformation. Residues 34—42, absent in the
monomer, were not reengineered into the polypeptide chains
because previous biochemical studies do not implicate these
amino acids as important for heparin binding. Individual
atoms were assigned Gasteiger—Hiickel charges, and the
polypeptide chain was minimized using a Tripos force field
until a terminating gradient of 0.5 kcal/mol/A was reached.

The molecular structure of PAA with 33 carboxylic acid
groups, representing PAA2280, was assembled in the small
molecule builder module of Sybyl 6.9.2. Calculations were
performed with a Tripos force field using Gasteiger—Hiickel
charges in an aqueous environment simulated with a dielectric
constant of 80. The initial torsional relaxation of the built
structure was performed with 100 iterations of a steepest-
decent minimization. The overall energy was reduced with a
terminating gradient of 0.05 kcal/mol/A. The simulated an-
nealing module implemented in Sybyl 6.9.2 was used to
generate 10 different conformations of the polymer to simulate
its structural diversity. During the simulated annealing, the
polymer was heated to 700 K for 1000 fs, then cooled to 200 K
within 1000 fs. These cycles were repeated 5 to 50 times in
steps of 5 to generate 10 different conformations of PAA, which
were used in docking studies.

Docking. The genetic algorithm of the FlexiDock module
in Sybyl 6.9.2 was employed to search the plausible binding
structures of PAA conformations in the heparin-binding site
(HBS) of native antithrombin. Docking was carried out starting
from an arbitrarily chosen position of the ligand in the HBS.
The binding site was defined as residues within a distance of
4 A from Lys11, Arg13, Arg46, Arg47, Lys114, Lys125, Arg129,
Argl32, Lys133, and Lys136, residues known to play an
important role in heparin binding. The side chains of these
amino acids and the PAA polymer were allowed torsional
flexibility in the docking process, whereas the protein backbone
and remaining bonds were held rigid. Atomic charges were
calculated using the Gasteiger—Hiickel protocol. No additional
constraints, such as the explicit formation of a hydrogen bond
between selected donor—acceptor sites, were introduced.

The initial parameters of the genetic algorithm were set to
work on 10 islands with a population of 100 chromosomes each.
Compared to 10 separate docking calculations, this approach
allows for the interchange of high-fitness chromosomes be-
tween the islands, which decreases the likelihood for one island
population to converge to a local minimum. To access a broad
range of possible solutions, initial populations were generated
within 6 A of the starting PAA coordinates. After 100 000
generations, Flexidock provided between 20 and 200 solutions
(1—20 for each island). For final consideration, 10 plausible
solutions for each of the starting structures were selected and
minimized to eliminate bad electronic and/or steric contacts.

Scoring. Hydropathic interaction (HINT, EduSoft LC,
Ashland, VA) analysis is a computerized technique that
quantitates nonpolar—nonpolar, polar—polar, and nonpolar—
polar interactions between a ligand and its receptor.202!
Briefly, HINT is not a statistical method nor is it a force field,
but it employs parameters determined from solvent transfer
experiments and thus is expected to better predict interactions
at a molecular level. HINT calculates an interaction score
between every intermolecular pair of atoms, and each such
interaction score is added up to give the total intermolecular
interaction score. HINT also searches for an interaction
descriptor that qualifies each score as arising from a hydrogen-
bond, a van der Waals, or a Coulomb-type interaction.

HINT analysis was used to deduce antithrombin—PAA
interactions simulated by modeling and docking experiments.
Antithrombin was assigned HINT parameters from a generic
dictionary obtained from a study of proteins. For antithrombin
and PAA2280, only polar hydrogens were explicitly used in
partitioning. Following calculations, HINT provides atomic-
level interaction scores for the docked complex. The atomic-
level HINT scores obtained were summed to derive scores at
the amino acid level.
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Figure 2. Dependence of antithrombin inhibition of thrombin
on the concentration of PAA2280. The pseudo-first-order rate
constant (kogs) of the thrombin inhibition was measured over
a wide range of concentrations, from 100 nM to 2 mM
PAA2280, at pH 6.0, I 0.025, and 25 °C. The solid line
represents the nonlinear regression fit of the data to eq 1,
which describes proteinase inhibition by antithrombin through
the formation of a ternary complex.??

Results

Acceleration of Thrombin Inhibition by PAA2280.
To test whether the PAA-promoted acceleration of
antithrombin inhibition of thrombin originates from the
bridging mechanism, the pseudo-first-order rate con-
stant of thrombin inhibition (kogs) was measured over
a wide range of PAA2280 concentrations at pH 6.0,
0.025, and 25 °C. The kops value increases gradually
as the concentration of PAA2280 increases from 0.1 to
~10 uM, as expected, indicating saturation of the
inhibitor binding sites (Figure 2). At higher concentra-
tions, kops plateaus and then decreases in a manner
mirroring the ascending profile. This decrease in the
rate of inhibition occurs because at high enough PAA
concentrations, the binding of PAA to thrombin (T)
starts to compete with its binding to antithrombin,
eventually resulting in the preponderance of nonproduc-
tive binary complexes (AT—PAA + T—PAA) over the
productive ternary complex (AT—PAA—T).22

The bell-shaped curve in Figure 2 is characteristic for
the formation of a ternary complex. The data can be
fitted to a model in which both AT—PAA and T—PAA
complexes play a role in the overall rate of reaction (eq
1). Nonlinear regression analysis resulted in a second-
order rate constant of 83 300 + 4600 M~! s~! for the
inactivation of thrombin by the antithrombin—PAA
complex (kacr) and a dissociation constant of 109 + 23
uM for the thrombin—PAA interaction (Kt paa). The kacr
value determined in this indirect method compares
favorably with the value of 69 000 £+ 3000 M1 s71
determined in our previous direct measurements.!3

Equilibrium Binding of LAH to Antithrombin in
the Presence of PAA3450. To determine whether PAA
molecules bind to antithrombin at the same site as does
heparin, we performed competitive binding of LAH to
antithrombin in the presence of PAA3450. We chose
LAH instead of high-affinity heparin because the af-
finities of LAH and PAA are comparable, and thus,
ensure the reliability of the competitive binding experi-
ment.

If PAA interacts with the HBS, it is expected to
compete with LAH in a predictable competitive manner
described by the Dixon—Webb relationship. The appar-
ent dissociation constant of the LAH—antithrombin
interaction (Kpam,app) in the presence of several concen-
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Figure 3. Dependence of the apparent equilibrium dissocia-
tion constant of the LAH—antithrombin interaction (Kiamu,app)
on the concentration of added PAA3450 at pH 6.0, 1 0.025, and
25 °C. The solid line represents the linear regression fit of the
data. Linear dependence in a predictable manner suggests
competitive binding (see Methods and Results for further
details).

trations of PAA3450 was measured by fluorescence
titrations using TNS as the probe of binding, as de-
scribed earlier (Figure 3). The initial fluorescence
intensity decrease at each concentration PAA3450
tested was consistent with the Kpaa of the interaction
(not shown). At the highest concentration of PAA3450
(12 uM), the initial decrease in fluorescence was —35%),
thus leaving a signal of 65% for the titration of LAH.

Figure 3 shows the change in Kyanapp as a function
of PAA3450 concentration. The linear dependence of
Ki.an,app 01 the concentration of the activator suggests
the competitive binding of LAH and PAA3450 to the
HBS. Furthermore, the y-intercept of the linear regres-
sion analysis, corresponding to the equilibrium dissocia-
tion constant (Kiapg) of the LAH—antithrombin inter-
action, gives a value of 71 nM. This value compares
favorably with the Kiam determined independently
under these conditions (41 £ 22 nM).22 The slope of the
regression line, which corresponds to the ratio of the
dissociation constants of the competitors according to
the Dixon—Webb equation (Kian/Kpaassso), was found
to be 0.034 + 0.007. Using the Kian value determined
independently, the equilibrium dissociation constant of
the PAA3450—antithrombin interaction (Kpaasas0) was
calculated to be 1.2 uM, which compares favorably with
the value determined in direct titration (1.3 uM).13

PAA-Accelerated Inhibition of Thrombin in the
Presence of EFGH'. To test whether PAA interacts
with PBS, we determined the influence of the tetrasac-
charide EFGH" on the PAA-promoted antithrombin
inhibition of thrombin. Previously, saccharide activator
EFGH" has been shown to interact with the PBS with
an affinity of 4.5 £ 0.2 uM at pH 6.0, I 0.025, and 25
°C.23 If PAA3450 interacts with the PBS of antithrom-
bin, the presence of tetrasaccharide EFGH" is expected
to decrease the PAA-promoted inhibition of thrombin
in a manner predicted by the Dixon—Webb relationship.
It is important to note that the tetrasaccharide mini-
mally affects the rate of antithrombin inhibition of
thrombin because polysaccharides greater than 16—18
residues are necessary for the formation of ternary
complex with antithrombin and thrombin.%7

The pseudo-first-order rate constant of thrombin
inhibition (kogs) with 100 nM PAA3450 decreased
continuously from kops = 3.93 ms~! in the presence of
1 uM EFGH" to 0.7 ms™! in the presence of 20 uM
EFGH" (Figure 4). This decrease in kops with increasing
EFGH" indicates competitive binding of the ligands in
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Figure 4. Dependence of the observed pseudo-first-order rate
constant (kops) of PAA3450-promoted antithrombin inhibition
of thrombin on the concentration of added heparin tetrasac-
charide EFGH" at pH 6.0, I 0.025, and 25 °C. A fixed
concentration of 100 mM PAA3450 was used to detect com-
petition by EFGH"'. Tetrasaccharide EFGH" is a four-residue
sequence derived from pentasaccharide DEFGH with small
modifications in residue H (hence it is labeled as H") which
do not affect the mechanism of binding. The first-order rate
constants (kops) were determined from the exponential de-
crease of residual thrombin activity (shown as black bars) as
described in Materials and Methods. The gray bars represent
calculated values of kops using the affinities of antithrombin
with PAA3450 and EFGH" (Kpaa and Kgrcu+), the PAA-
promoted second-order thrombin inhibition rate constant kpaa,
and the Dixon—Webb relationship for competitive inhibition.
The comparable decrease of both the observed and calculated
rate constant values with increasing EFGH" concentration
indicates the competitive binding of the tetrasaccharide and
PAA. Error shown on the observed rate constant bars are +1
SE

the PBS. Thus, the apparent dissociation constants
Kpaa,app of antithrombin—PAA complexes can be calcu-
lated on the basis of the Dixon—Webb relationship,
which allows for the prediction of the apparent pseudo-
first-order rate constant at each [EFGH'']y (see Materi-
als and Methods). Figure 4 compares the calculated and
observed pseudo-first-order rate constants at various
concentrations of EFGH". Within the limits of experi-
mental error, the close correspondence indicates com-
petitive binding of PAA and EFGH" in the PBS of
antithrombin.

Ionic and Non-Ionic Interactions between PAA
and Antithrombin. According to the counterion con-
densation theory, the binding of a polyelectrolyte (PE),
such as PAA, to antithrombin follows an ion-exchange
process, which proceeds favorably because of the release
of M* cations.18:24

K,
AT?" + PE—AT.PE + ZOUM"

In this process, the formation of Z electrostatic
interactions between AT and PE is accompanied by the
displacement of WZ condensed counterions, in which W
is the fraction of cations released to the bulk solution
per negative charge. Thus, the ion-exchange process is
highly susceptible to the screening effects of salt, which
can be monitored in a predictable manner (eq 3). We
determined the salt-dependence of the binding constants
for three representative PAA polymers, PAA1500,
PAA2280, and PAA6200, to understand the nature of
their interactions with antithrombin. A consistent de-
crease in binding affinity with increasing salt concen-
tration was noted for all three PAAs (Figure 5). Linear
regression of the data using eq 3 produced slopes of 3.9
(PAA1500), 4.1 (PAA2280), and 4.0 (PAA6200) (Table
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Figure 5. Dependence of the equilibrium dissociation con-
stants (Kp oss) of antithrombin—PAA interaction on the sodium
concentration [Na'] for PAA1500 (W), PAA2280 (O), and
PAA6200 (¥). Solid lines show the linear least-squares fits of
the data by eq 3. The dissociation constants were determined
by the titration of 0.95 uM antithrombin in 20 mM sodium
phosphate, 0.1 mM EDTA, 0.1% PEG8000, and 5.5 mM TNS
with 0.2—2 mM solutions of PAA (see Materials and Methods
for details).

Table 1. Thermodynamic Parameters for Antithrombin—PAA
Interaction as Determined from the Salt-Dependence of the
Equilibrium Dissociation Constant at pH 6.0, I 0.025, and 25
oCa

KD,DODiDDiC A(-}?onic AG?\onionic

slope Z intercept (mM) (kJ/mol) (kdJ/mol)
PAA1500 39 4.7 -0.31 495 30.5 1.7
PAA2280 4.1 5.0 —0.28 523 30.9 1.3
PAA6200 4.0 49 -0.75 179 30.0 4.3
DEFGH? 4.2 52 —4.92 0.012 38.9 28.0

¢ The number of salt bridges (Z) and the nonionic contribution
to Kp,0Bs (KD nonionic) were determined by the linear regression of
the dependence log Kpops on log[Na'], measured at pH 6.0, I
0.025, and 25 °C. ® Data taken from ref 8.

1). These slopes correspond to ~4.7, 5.0, and 4.9 charge—
charge interactions, respectively, between antithrombin
and PAA. Thus, the number of ionic interactions formed
is nearly independent of the length of polymer.

The intercepts of the double logarithmic plots were
found to be —0.31, —0.28, and —0.75 for PAA1500,
PAA2280, and PAA6200, respectively (Table 1). The
intercepts correspond to the equilibrium dissociation
constants at [Na*] = 1 M, thus yielding the contribution
of nonionic forces to the binding affinity Kp nonionic- The
nonionic dissociation constants measured for the anti-
thrombin—PAA complexes were found to be 495, 523,
and 179 mM for PAA1500, PAA2280, and PAA6200,
respectively.

Modeling of Antithrombin—PAA Interactions. To
identify the antithrombin residues most likely involved
in PAA binding, we employed computerized molecular
modeling using Flexidock, a genetic algorithm-based
docking protocol that allows nearly full flexibility of
rotatable bonds in both the ligand and the protein. In
an ideal scenario, docking into a known protein-binding
pocket is expected to give one optimal solution. However,
PAA is a rather flexible molecule that can adopt a
number of different conformations in aqueous solution.
Thus, chemical intuition suggests several binding modes,
which may not differ significantly in terms of energy.
Therefore, a statistical approach was chosen, which
involved 10 000 PAA structures docking into the native
(chain I of RCSB file 2ant) form of antithrombin, each
being allowed to evolve over 100 000 iterations. Follow-
ing the docking, 10 best Flexidock solutions were
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Figure 6. HINT analysis of antithrombin—PAA interaction.
(A) Average probability of charged amino acid residues of
antithrombin to occur in PAA interaction (calculated from final
10 optimal docking solutions). (B) Average residue level HINT
score for interaction with PAA2280. Nearly all positively
charged residues of the HBS contribute to the interaction with
PAA, yet predominant contributions arise from residues R13
and R47, followed by the residues Lys125, Argl29, Argl32,
Lys133, and Lys136 (see text for details).

selected, using energetic considerations, as representing
the most probable PAA—antithrombin structures and
scored using HINT.

Although HINT is known to identify and quantify
intermolecular nonpolar interactions, for the 10 repre-
sentative PAA—native AT complexes, the nonpolar
HINT scores fluctuated around zero (not shown). This
suggests that the molecular interaction between PAA
and native AT minimally involves hydrogen bonding or
van der Waals-type forces. In contrast, electropositive
residues of the HBS show HINT scores in the range of
200—2000. Atomic-level analysis of the HINT interac-
tion profile (not shown) suggests that these scores arise
from the favorable interaction of positively charged side
chains with the negatively charged carboxylate groups
of PAA.

HINT implicates several electropositive residues of
native antithrombin in binding to PAA, including Lys11,
Argl3, Argd6, Argd7, Lysb3, Arg57, Lys114, Lys125,
Argl29, Argl32, Lys133, and Lys136 (Figure 6A). These
residues belong to both the PBS and the extended
heparin-binding site (EHBS). Yet, not all are equally
important. Calculation of the relative probability of
occurrence of individual residues (Figure 6A) shows that
seven residues, Argl3, Arg47, Lys125, Argl129, Argl32,
Lys133, and Lys136, are likely to be most important.
These residues are expected to contribute most of the
binding energy involved in the interaction, with their
relative order of importance decreasing in the following
order: Arg47, Argl3, Lys136, Lys125, Argl132, Arg129,
and Lys133 (Figure 6B). The overall HINT scores for
the final 10 solutions ranged from 5389 to 9134 with
an average of 7480 + 1260.

Discussion

The fact that accelerated thrombin inhibition is
brought about primarily through the bridging mecha-
nism®7 and minimally through conformational change
in antithrombin has one major implication. It suggests
that molecules capable of simultaneously binding throm-
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bin and antithrombin will enhance the inhibition rate,
even if the serpin exists in its native, “unactivated”
state. Our previous discovery that PAAs, molecules
containing only carboxylic acid groups, can possibly
serve as such “bridges” led us to speculate that it should
be feasible to design orally available heparins using a
prodrug approach.!®> However, a problem that was
apparent in the initial studies was the poor affinity of
PAA for antithrombin. Several explanations are possible
for the lack of tight binding, including (i) the highly
flexible nature of PAA resulting in high entropic cost of
binding, (ii) the possibility that PAA recognizes a site
in antithrombin different from the HBS, and (iii) the
possibility that carboxylate groups of PAA do not
effectively mimic the sulfate groups of sulfated polysac-
charides. In addition, although PAA promoted anti-
thrombin inhibition of thrombin (2cat/kuncar) in a chain
length-dependent manner (see Figure 1),!% it was not
clear whether these molecules provided a template for
the formation of a T-PAA—AT ternary complex, espe-
cially because even PAA830, with a length of only 29 A
in its most extended form, which is far below the optimal
length of ~100 A necessary for bridging, displayed some
accelerating abilities. To answer these questions and to
advance the design of PAA-based heparin mimics, we
studied the molecular interaction of PAA with anti-
thrombin and thrombin in detail. Most studies were
performed at pH 6.0, rather than at the more physi-
ologically relevant pH 7.4, because the higher affinity
observed at the lower pH introduces greater reliability.
More importantly, we have shown earlier that results
under the two conditions parallel each other, thus
allowing ready extrapolation.825

To test whether PAAs provide a template for the
serpin and the proteinase to interact, we determined
the dependence of the pseudo-first-order rate constant
kogs of thrombin inhibition as a function of the concen-
tration of PAA2280 over nearly 3 log units. A bell-
shaped profile, similar to that observed for full-length
heparin,?2 was observed, which is characteristic of
inhibition through the bridging mechanism (Figure 2).
A major difference between the bell-shaped profiles for
heparin and PAA was the concentration at which the
phenomenon could be observed in each case, with the
PAA profile shifted to the higher concentration side by
~2—3 log units. Yet, the bell-shaped profile rigorously
shows that PAA2280 simultaneously interacts with
thrombin and antithrombin. The observation that throm-
bin can bind a polycarboxylate ligand is interesting but
not unexpected, especially because thrombin has been
known to bind many different sulfated structures and
is also known to interact well with ligands containing
phosphate groups.2® The interaction of thrombin with
these polyanions is thought to be primarily electrostatic
and nonspecific,?” thus explaining its ability to bind a
purely carboxylic acid domain. Regressional analysis of
the bell-shaped profile yields an equilibrium dissociation
constant of the thrombin—PAA interaction (Kt paa) of
109 + 23 uM at pH 6.0. In comparison, thrombin—
heparin interaction has an affinity of 4—10 uM at pH
7.4.27.28 Sulfated molecules bind thrombin in a domain
called exosite II, which is composed of positively charged
residues Arg93, Argl101, Argl165, Arg233, Lys235, Lys236,
and Lys240 spread over several helices and turns.28



5366 Journal of Medicinal Chemistry, 2005, Vol. 48, No. 16

Thus, the weaker affinity of the PAA—thrombin interac-
tion likely originates from fewer ion-pairs interactions
being formed during thrombin complexation with PAA
as compared to the ~5 ion-pairs formed with heparin.?”

To determine whether PAA binds antithrombin in the
HBS, competitive binding studies were performed with
LAH and tetrasaccharide EFGH". The HBS in anti-
thrombin consists of two domains:!! (1) the PBS formed
by residues Lys11 and Arg13 of the N-terminus, Arg46,
Arg47, and Trp49 of helix A, and Lys114, Phel21,
Lys125, and Argl129 of helices P and D and (2) the
EHBS formed by residues Argl132, Lys133, and Lys136.
Whereas EFGH' interacts with the PBS alone,32 LAH
interacts with both PBS and EHBS.22 Fluorescence
titrations of the antithrombin—TNS complex with LAH
in the presence of increasing concentrations of PAA3450
show a linear decrease in LAH binding affinity in
accordance with the Dixon—Webb relationship (Figure
3), thus suggesting that both LAH and PAA engage
identical binding sites. Likewise, EFGH'"'-induced (Fig-
ure 4) deceleration in the pseudo-first-order rate of PAA-
promoted antithrombin inhibition of thrombin suggests
that the tetrasaccharide interferes with antithrombin—
PAA interaction. Thus, PAA interacts with both the PBS
and the EHBS in antithrombin.

To understand whether carboxylic acid groups can
effectively mimic sulfate groups, the thermodynamic
characteristics of antithrombin—PAA interaction were
studied by measurements of the dissociation constant
(Kp,app) as a function of salt concentration. Analysis of
the results, according to the counterion condensation
theory, yields the number of salt bridges (Z) involved
in PAA binding as well as the ionic and nonionic
contributions (AGY .. and AG® . .) to the standard
free energy of binding (AGQg).61824 The results for
three PAAs are consistent and identical, indicating a
chain-length-independent interaction profile with anti-
thrombin. Nearly four Na't ions are released in the
binding of PAA with antithrombin. In other words, five
salt bridges are formed in the process, resulting in an
electrostatic standard free energy of binding (AG?, )
of 30.0 kJ/mol. In contrast, the pentasaccharide DEFGH—
antithrombin interaction involves ~6.5 salt bridges,
corresponding to a AG,, .. of 38.9 kJ/mol under nearly
identical conditions.®2?> This suggests an identical 6.0-
kdJ/mol contribution per salt bridge formed, irrespective
of whether it is PAA or heparin pentasaccharide. Thus,
the ionic free energy of binding involved in polycarboxy-
late—antithrombin interaction is comparable to that of
polysulfate—antithrombin interaction.

However, the equivalent number of salt bridges
formed in the two interactions is more likely to be
fortuitous and does not suggest the formation of identi-
cal salt bridges. One, pentasaccharide DEFGH releases
all five Na™ ions from the PBS,? whereas our competitive
binding studies suggest that PAA likely interacts with
EHBS also. Two, pentasaccharide DEFGH induces a
conformational change in the HBS,%8 whereas our
previous studies suggest that PAAs do not appear to
induce conformational changes in the serpin.!? Thus,
PAA is expected to interact with a set of positively
charged amino acid residues in antithrombin that is
different from that with which pentasaccharide DEFGH
interacts. Previous work with full-length heparin dem-
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onstrates the formation of additional ionic interactions
with residues of the EHBS;2%:30 thus one can expect that
PAA forms one or more salt bridges with this domain,
which is also supported by modeling studies (below).

A striking contrast between the interaction of car-
boxylates and sulfates is evident from the difference in
the contribution of nonionic forces to the binding energy.
Whereas the nonionic standard free energy of binding
(AG? ioni) is 4.3 kJ/mol for PAA6200—antithrombin
interaction, that for DEFGH and full-length heparin is
28.0 kJ/mol.%830 The nonionic contribution measured in
the experimental setup represents all forces other than
ionic, which primarily include hydrogen-bonding and
van der Waals. Yet, we have previously shown, using
molecular modeling, that antithrombin interaction with
heparin-based activators minimally involves interaction
with the backbone atoms,3! an observation also sup-
ported by the X-ray crystal structure of the co-complex.32
This suggests that the groups that dominate the anti-
thrombin—heparin interaction are the anionic groups,
primarily sulfate, of the saccharide activator. Thus, the
difference in nonionic contribution between PAA and
sulfated activators originates from the difference in the
hydrogen-bonding capability of the lysines and arginines
of the HBS with sulfate and carboxylate groups. Our
work suggests that carboxylates are significantly weaker
than sulfates in their hydrogen-bonding capability. This
defect appears to be the single most important factor
in the weaker affinity of PAAs and has major implica-
tions in the design of orally active activators.

To identify the positively charged residues of the HBS
involved in PAA binding, the antithrombin—PAA inter-
action was modeled in silico. Because our previous work
suggests that PAAs do not induce any major conforma-
tional changes in antithrombin, as judged by the
absence of enhancement in intrinsic protein tryptophan
fluorescence and by the marginal increase in the PAA-
promoted antithrombin inhibition of factor Xa at pH
7.4,13 we performed docking and scoring studies with
antithrombin in the native form (2ant). Statistical
analysis suggests that seven residues are important for
PAA binding. These include Argl3, Arg47, Lys125,
Argl29, Argl32, Lys133, and Lys136. In contrast,
Lys11, Arg46, and Lys114 do not appear to be impor-
tant. It is interesting that the docking protocol impli-
cates residues belonging to both the PBS and the
EHBS,!! an observation that supports the competitive
binding studies. In addition, modeling suggests that two
of the three critical residues for the heparin binding of
the PBS, Lys125 and Arg129, are likely to interact with
PAA. These two residues, together with Lys114, form a
crucial network that plays a dominant role in both
heparin recognition and antithrombin conformational
activation.?3736 This network functions cooperatively,
and suboptimal interaction with one of the residues is
likely to have profound implications on the binding of
the other two. Furthermore, Lys114 interacts with the
critical 3-OSO3~ group of residue F of the heparin
pentasaccharide, contributing a massive 50% of the total
AG?®. Thus, the absence of PAA interaction with Lys114
is expected to be detrimental. In terms of the number
of salt bridges, HINT analysis indicates strongly positive
average scores with a high probability of occurrence for
Arg47 and Argl3 and moderately positive average
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scores for Lys136, Lys125, Argl29, Arg132, and Lys133
(in that order). These seven residues contribute more
than 95% of the total HINT score with an average
probability of 86%. Thus, the HINT data finds good
support in the experimentally determined Z value of the
five salt bridges involved in the interaction.

The mechanistic study undertaken herein highlights
important principles for the design of organic activators
of antithrombin. Interestingly, this work with carboxy-
late-only molecules introduces more rules about strate-
gies that will not succeed than rules about strategies
that are likely to succeed. For example, despite the high
activation achieved with carboxylate-only activators,
this approach will not succeed because of a fundamen-
tally impaired binding (absence of nonionic binding
energy) of carboxylate groups. This conclusion rules out
the possibility of an easy carboxylate-only-based prodrug
approach. At the same time, the results highlight the
need to retain critical sulfate groups in the antithrom-
bin-binding domain, especially those interacting with
Argl29, Lys125, and Lys114. The implementation of
this design principle is feasible because of the successful
simulation of the PAA—antithrombin complex coupled
with HINT analysis. For example, selected carboxylate
groups in the vicinity of Arg129, Lys125, and Lys114
can be replaced with sulfate groups, followed by the
design of a backbone that is more rigid than that of PAA.
This process, performed iteratively using HINT analy-
sis, is expected to result in a new antithrombin activator
that has sulfate groups interspersed with carboxylate
groups. The limitation imposed by this alternating
framework necessitates a completely different prodrug
strategy for the introduction of oral activity. We specu-
late that a prodrug approach involving a dual protecting
group, which simultaneously modifies appropriately
positioned sulfate and carboxylate groups and hydro-
lyzes in vivo,3” will be necessary. These new principles
of design for the antithrombin-binding domain may be
utilized to similarly design a thrombin-binding domain.
The results of this rational design strategy will be
reported in the future.
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