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ABSTRACT: The medical and socioeconomic relevance of
thromboembolic disorders promotes an ongoing effort to
develop new anticoagulants. Heparin is widely used as
activator of antithrombin but incurs side effects. We screened
a large database in silico to find alternative molecules and
predicted D-myo-inositol 3,4,5,6-tetrakisphosphate (TMI) to
strongly interact with antithrombin. Isothermal titration
calorimetry confirmed a TMI affinity of 45 nM, higher than
the heparin affinity (273 nM). Functional studies, fluorescence
analysis, and citrullination experiments revealed that TMI
induced a partial activation of antithrombin that facilitated the
interaction with heparin and low affinity heparins. TMI improved antithrombin inhibitory function of plasma from homozygous
patients with antithrombin deficiency with a heparin binding defect and also in a model with endothelial cells. Our in silico screen
identified a new, non-polysaccharide scaffold able to interact with the heparin binding domain of antithrombin. The functional
consequences of this interaction were experimentally characterized and suggest potential anticoagulant therapeutic applications.

■ INTRODUCTION

Ever since the discovery of the anticoagulant properties of
hirudin from the leech saliva, the increasing relevance of
thromboembolic diseases has encouraged a continuous search
for new compounds with anticoagulant activity, which has led
to the development of the new commercially available
anticoagulants.1 One of the targets for prophylaxis and
treatment of thromboembolic diseases is the plasma antico-
agulant antithrombin. Antithrombin is a member of the serpin
superfamily of protease inhibitors. As in other serpins,
antithrombin inhibits its proteases by an unusual branched
pathway suicide substrate mechanism in which the reactive
center loop of the inhibitor is cleaved by the protease as a
normal substrate but is trapped as an acyl intermediate covalent
complex.2,3 However, antithrombin circulates in blood in a
metastable conformation in which the reactive center loop is
partially inserted and is only activated by heparin and heparan
sulfate glycosaminoglycans on the injured subendothelium.4−6

Accordingly sulfated polysaccharide heparin chains with
different size, from unfractionated to the essential pentasac-
charide, have been used successfully in anticoagulant therapy
and thromboprophilaxis.7

Since the discovery of the anticoagulant activity of heparins
isolated from canine liver in 1916,8 several new molecules able

to bind antithrombin have been identified. The strategies used
in this search have been based mainly on the synthesis or
chemical modification of existing drugs or in the application of
natural compounds with properties similar to those currently
used.9 Examples of such compounds are lignins and
flavonoids,9,10 highly sulfated small organic ligands that seem
to have similar properties to heparins. An alternative approach
is to screen a large database in silico and use affinity-ranking to
identify some at least weakly binding molecules for further
refinement. Aided by ever-increasing computational power,11,12

virtual screening is an appealing and cost-effective approach to
tap into the wealth of available structural information.13

However, despite several success stories, limitations in current
in silico screening approaches restrict their accuracy and general
applicability.14,15

Here we have pursued an in silico discovery strategy in order
to find molecules with non-polysaccharide scaffolds in the
ZINC database16 with strong interactions with the heparin
binding domain of antithrombin. The ligand with highest score,
D-myo-inositol 3,4,5,6-tetrakisphosphate (TMI), was exper-
imentally validated confirming that this compound binds to
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antithrombin with nanomolar affinity. Moreover, the functional
consequences of such interaction were investigated and the
potential therapeutic relevance was discussed.

■ RESULTS
Validation of in Silico Models for Heparin−Antith-

rombin Binding. A prerequisite of a successful in silico screen
is the reproduction of the experimental binding pose of known
ligands, which is difficult for heparin, as it contains five
saccharide rings with more than 200 atoms and more than 60
flexible bonds. Using the docking protocol detailed in the
Experimental Section, we were able to reproduce the
experimental binding pose of heparin complexed with
antithrombin to within 0.2 Å rmsd with reference to the
crystal structure (PDB code 1AZX; see Figure 1). In the

binding pose we observe strong electrostatic interactions
between oxygens from sulfo groups of heparin and positively
charge residues from antithrombin and hydrogen bonds
(detailed in Table 1) as depicted in Figure 2A, which helps
in the subsequent high-throughput screen because such

interactions are well represented by the force-field-based
scoring function.

In Silico Discovery of Antithrombin High-Affinity
Compounds. We used a surface screening analysis (Figure
3) to select an area over the antithrombin surface that belongs
to the heparin binding site for docking of chemical compounds
from the ZINC database. After screening 13 million
compounds with FlexScreen (see Experimental Section), we
selected four compounds with a score close to that calculated
for heparin. D-Myo-inositol 3,4,5,6-tetrakisphosphate (TMI)
was predicted to have the best binding energy of the molecules
on the list (Table 1). The binding poses of these compounds
onto heparin binding site in antithrombin are shown in Figure
2. In order to validate the interaction of these compounds, we
explored the whole surface of antithrombin using surface
screening (see Experimental Section) in order to identify
potentially competing binding sites. We found unequivocally
that the binding site with the strongest interactions was always
the heparin-binding area, even though there are other areas
where the molecule may bind weakly, as shown in Figure 4 for
TMI as an example. The binding mode of TMI predicted by
FlexScreen is the same area as heparin (Figure 4).
To validate the interactions observed in silico, we performed

isothermal titration calorimetry (ITC) experiments with the
four selected compounds. Of the compounds investigated only
TMI interacted with antithrombin. Interestingly, this inter-
action was 6-fold stronger (45 nM) than that measured for
pentasaccharide (273 nM) (Figure 5A and Figure 5B).
Analyzing the interactions in detail, we found a high similarity
between the stabilizing electrostatic interaction of the
phosphate groups of TMI and heparin with the strongly ionic
and polar surface residues of antithrombin (see Table 1 and
Figure 2A and 2D). TMI is already present in the human
body,17,18 and there are data on the use of high concentrations
of myo-inositol, without observing associated side effects.19

TMI−Antithrombin Acts as a Strong Coactivator to
Heparin. Relevance for Heparin Affinity. Next we tested
the effect of TMI on antithrombin by evaluating the
antithrombin and anti-FXa activity of antithrombin. TMI
produced a ∼3-fold increase in activity (Table 2), pointing to
a possible allosteric effect of the molecule. However, the

Figure 1. Overlay of the predicted and experimental binding mode of
heparin with antithrombin. Blue and yellow color poses correspond to
the experimental and predicted binding modes, respectively.

Table 1. Ranking of Chemicals Included in the Library ZINC Database That Interact with the Heparin Binding Site of
Antithrombin According to the FlexScreen Scoring Function (FS SF) Valuesa

interacting residue

compd FS SF Kd functional group K11 R13 N45 R46 R47 K114 K125 R129 R132

heparin −1200 273 SO4 ES ES ES ES ES ES ES ES
HB HB HB HB HB HB HB HB

BTCA −966 CO2 ES ES ES ES
HB HB

TPSNDBDS −1062 SO4 ES ES ES ES ES
HB HB HB

TMI −2300 45 PO4 ES ES ES ES ES
HB HB HB HB HB

DHSND −728 SO3 ES ES ES ES
HB HB HB HB HB

aThe data obtained for heparin are also included. The Kd (nM) calculated by intrinsic fluorescence analysis is also indicated. For each compound we
indicate the main type of interacting functional group and the type of interaction predicted by FlexScreen with each residue by ES (strong
electrostatic interactions) and HB (one or several hydrogen bonds formed). BTCA: 1,2,4-benzenetricarboxylic acid. TPSNDBDS: tetrapotassium
2,5-bis[(4-sulfonatophenyl)diazenyl]benzene-1,3-disulfonate. TMI: D-myo-inositol 3,4,5,6-tetrakisphosphate. DHADSA: disodium 4-hydroxy-5-
sulfonaphthalene-2,7-disulfonate.
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increased intrinsic fluorescence caused by the interaction of
unfractionated heparin (UFH) with antithrombin was not
produced when using TMI (Figure 6). As TMI and heparin are
predicted to share interactions with antithrombin, we evaluated

the consequences of TMI binding on the interaction of
antithrombin with heparin by fluorescence analysis, observing a
2.3-fold increase in the heparin affinity of antithrombin in the
presence of TMI. The Kd of heparin changed from 56 to 24

Figure 2. Representation of the binding modes obtained between antithrombin and compounds from Table 1, from up left to down right, for (A)
heparin, (B) 1,2,4-benzenetricarboxylic acid, (C) tetrapotassium 2,5-bis[(4-sulfonatophenyl)diazenyl]benzene-1,3-disulfonate, (D) TMI, and (E)
disodium 4-hydroxy-5-sulfonaphthalene-2,7-disulfonate. Hydrogen bonds are highlighted in magenta.
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nM, in the presence of a saturating concentration of TMI (37
μM) (Figure 6C). This interesting effect was further confirmed
by ITC, which indicated a 14.5-fold increase in the heparin
affinity to antithrombin, from 273 nM in the absence of the
compound to 18.8 nM in the presence of 37 μM TMI (Figure
5C). The discrepancy in the values obtained with these two
methods (fluorescence and ITC) could be explained by the
higher sensitivity of ITC, which registers effects caused by both
increased interaction and conformational changes while
changes in fluorescence emission are only detected when
activation is achieved.
Although TMI increases the heparin affinity, the rate of

inhibition of thrombin and FXa due to high affinity heparin
activation of antithrombin is not affected by the presence of this
compound (Table 2). In contrast, TMI caused a slight increase
in these rates when the reaction was carried out in the presence
of low affinity heparin (Table 2), which is the heparan sulfate
that lines the vascular endothelium.

TMI Leads to Antithrombin Activation by Induced
Conformational Change. The increased heparin affinity and
the mild activation of antithrombin caused by TMI suggest a
partial activation of antithrombin. Such activation can be
verified by investigating the exposure of the antithrombin
reactive loop20 by incubating antithrombin with peptidyl
arginine deiminase (PAD). This enzyme citrullinates the P1
residue of antithrombin (Arg393), inactivating the anticoagu-
lant activity of the molecule.21 This reaction is considerably
accelerated when the P1 residue of antithrombin is exposed by
activation with heparin.22 Interestingly, TMI caused the same
decrease as heparin in the anti-FXa activity when antithrombin
was incubated with PAD (Table 3).
Antithrombin is a conformational sensitive serpin that rapidly

incorporates the reactive center loop to reach a hyperstable
conformation in response to the proteolytic cleavage of target
proteases but also under even minor structural modifications
caused by mutations or stress conditions.23,24 We evaluated
potential conformational effects of the interaction of TMI with
antithrombin. According to native PAGE in the presence and
absence of urea, up to 14.8 μM TMI at 37 or 42 °C for 2 days
increased neither the transition to the latent conformation nor
the formation of polymers of antithrombin (Supporting
Information Figures S1 and S2).

TMI in Plasma of Patients with Heparin Binding
Defect. We investigated the effect of TMI on antithrombin
activity of plasma from a homozygous patient with the L99F
mutation (antithrombin Budapest III), which leads to a
dramatic reduction of heparin affinity. Treatment or prophy-
laxis with heparin in homozygous for this or similar mutations
is consequently unsuccessful. Using a chromogenic method, we
found that TMI induced a 19% activation of the plasma
antithrombin activity from a homozygous L99F patient in the
presence of UFH (Table 4). A similar activation (11%) was
achieved when plasma of this patient was evaluated in a system
free of exogenous heparin that used endothelial cells as a source
of heparan sulfates (Table 4).

■ DISCUSSION AND CONCLUSIONS
The challenge of an aging society with anticoagulant require-
ments of increasing complexity encourages the search for new
anticoagulant molecules. Different approaches and targets have
been assayed, some of them with excellent and promising
results.25,26 In this study, we have selected antithrombin as a
promising target, which is activated by heparins, and performed
structure based in silico screening techniques to discover new
compounds with anticoagulant effects. These methods now
permit virtual screening of millions of compounds, considerably
reducing experimental work and cost of wet-chemistry
screening, but are not applicable to all targets.
Heparin is among the most widely used drugs in developed

societies to prevent or treat thromboembolic diseases.
Unfortunately, because of its highly anionic nature, heparin is
involved in many interactions with blood proteins other than
antithrombin and with vessel wall components27 that can be
involved in an appreciable individual variability in optimal
dosage and an associated risk for bleeding complications.
Moreover, such interactions may also lead to side effects like
thrombocytopenia and osteoporosis.28−30 These problems have
inspired efforts to design safer and more specific therapeutic
agents that would be free of such complications, but undesired
effects remain for all presently available alternatives. Develop-
ment of low molecular weight heparins (LMWHs), which are

Figure 3. Representation of the predicted interacting regions resulting
from the surface scan of the whole surface of antithrombin. We
performed different simulations starting near the center of each
colored bead, which were confined to the vicinity of each bead. The
beads are colored in a rainbow scale according to the value of the
scoring function for the resulting best position. Colors from red to
blue denote stronger interactions. The crystallographic and predicted
binding modes of heparin are shown with pink and blue color
skeletons, respectively.

Figure 4. Representation of the docking results for TMI obtained over
the whole surface of antithrombin. Each different simulation starts on
the center of each colored bead. Color of each bead denotes scoring
function value. Colors from red to blue denote stronger interactions.
In order to emphasize location of binding site, crystallographic pose of
heparin (pink skeleton) is shown. Predicted binding mode of TMI is
shown in blue skeleton.
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produced from standard heparin by chemical or enzymatic
cleavage, giving chains about one-third the size,31 led to
increased bioavailability and easier administration than standard
heparin, but they are not entirely devoid of the side effects
discussed above. The minimal antithrombin binding pentasac-
charide sequence (fondaparinux),32 another recently discussed
alternative, lacks an effective antidote to reverse excessive
anticoagulation, and it has also been associated with
bleeding.33,34

The ability of structure-based drug discovery to predict
affinities crucially depends on the accuracy of the structural
model of the complex. In the present study, we used the
FlexScreen receptor−ligand docking approach35,36 with a
particular emphasis on screening efficiency in order to identify
new molecules able to interact with the heparin binding domain

Figure 5. Isothermal titration calorimetry (ITC) profiles after titration of pentasaccharide (64 μM) (A), TMI (128 μM) (B), and pentasaccharide
(64 μM) at saturating concentration of TMI (37 μM) (C) on a solution of antithrombin (3.44 μM).

Table 2. Rates of Inhibition of Thrombin and FXa by
Antithrombina

k (μM−1 s−1)

thrombin factor Xa

none 0.0035 0.0038
TMI 0.023 ± 0.0042 0.012 ± 0.0007
low affinity heparin 0.605 ± 0.0189 0.065 ± 0.0080
low affinity heparin + 1 μM TMI 0.683 ± 0.0536 0.087 ± 0.0066
high affinity heparin 5.023 ± 0.0012 2.115 ± 0.0013
high affinity heparin + 1 μM TMI 3.278 ± 0.0025 2.280 ± 0.0017

aResults were obtained from two independent experiments done in
triplicate.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm300621j | J. Med. Chem. 2012, 55, 6403−64126407



of antithrombin. Sampling side chain conformations during the
docking simulation were previously shown to improve scoring
and docking of model systems.37 FlexScreen describes
interactions of the selected compounds with antithrombin
mainly in terms of strong electrostatic and hydrogen bonds
interactions, which makes antithrombin an ideal target for this
approach. There is a reasonable correlation between total score
and experimental Kd values for both TMI and heparin. The
electrostatic parametrization38 assigns higher negative charge
density for oxygen in the following order: PO4 > SO4 > SO3 >
CO2. This might explain why TMI, with a smaller number of

charged groups than heparin (Table 1) but with higher overall
negative charge density, interacts more strongly with
antithrombin. Analogously 1,2,4-benzenetricarboxylic acid
yields poorer interaction because its carboxyl groups carry a
smaller charge. We observe for the different compounds (see
Table 1) that a higher number of hydrogen bonds also
correlates clearly with the predicted binding energy and
experimental Kd value, although this interaction contributes
less than electrostatic interactions to the overall estimated
biding energy.
The main outcome of our study is the identification and

experimental validation of a novel compound with high affinity
to antithrombin, which features an as yet undocumented
scaffold for antithrombin binding (45 nM for TMI vs 273 nM
for pentasaccharide according to the ITC data). We found that
TMI, in contrast to heparin, does not fully activate
antithrombin (Figure 6), which results in only slightly increased
rates of inhibition of thrombin and FXa. As heparin binding is
known to induce a conformational change activating
antithrombin, this smaller effect may be related to the
differences in the binding poses between TMI and heparin
and in their interactions in regions of antithrombin that are
critical to induce the required conformational changes
established for antithrombin activation.39 As detailed in Table
1, TMI is missing the interaction with R13, R129, and R132.
Several sequential conformational changes are required for full
activation of antithrombin, which are initiated by a weak
interaction of heparin with residues R129, K125, K11, and
R13.39 This initial interaction provokes a conformational
change that enables binding to residues K114 and R47, which
results in an enhancement of the initial interaction by an
induced fit effect.39 These conformational changes result in the
complete exposition of the reactive center loop for the optimal

Figure 6. Fluorescence emission of antithrombin at 340 nm profiles
after titration of UFH (A), TMI (B), and UFH at saturating
concentration of TMI (37 μM) (C). Fractional fluorescence is the
mean mean of at least 50 measurements.

Table 3. Consequences of PAD Citrullination of
Antithrombin (AT) (15 min at 37 °C) on the Anti-FXa
Activitya

% anti-FXa activity

AT ref (100%)
AT + PAD 99.4 ± 1.2
AT + PAD + LMWH 30.0 ± 0.3
AT + PAD + TMI 30.0 ± 0.5

aRelevance of interaction with LMWH (140 μM) or with TMI (14.8
μM). Results, obtained from two independent experiments done in
triplicate, were represented as % of the activity observed in samples
only with antithrombin.

Table 4. Effect of TMI on Antithrombin Activity of Plasma
of Healthy Subjects and One Homozygous Patient for the
L99F Mutation, Causing a Type II Antithrombin Deficiencya

% antithrombin activity

plasma TMI UFH Py-4-1

control − ref (100%) ref (100%)
control + 97.34 ± 2.70 101.4 ± 0.1
patient − 33.22 ± 2.93 33.2 ± 2.9
patient + 40.05 ± 4.19 37.2 ± 0.8

aThe assay was done with an external supply of 1 μM UFH or over a
confluent layer of Py-4-1 endothelial cells. Results, represented as the
mean ± SD of two independent experiments performed in triplicate,
were represented as % of the activity observed in control plasma
without TMI.
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interaction of antithrombin with its target proteases. Explora-
tion of the binding poses of TMI suggests that this complete
cycle cannot be completed, failing to fully activated
antithrombin, even though binding to residues K11, R46,
R47, K114, and K125 induce a conformational change that
facilitates the interaction with the proteases and enhances the
interaction of antithrombin with heparin (Figures 5 and 6).
Moreover, TMI also exposes the P1 residue of antithrombin
(Arg393), allowing its citrullination at similar rates than for
heparin alone (Table 2).22 Combined, these data suggest that
TMI induces a partially activated conformation,20 which may
generate a conformational change to facilitate the first step of
the heparin binding.40 Consequently combination of TMI and
heparin increases the affinity of heparin for antithrombin, as
experimentally verified by intrinsic fluorescence and ITC. TMI
thus acts as a cofactor for heparin, provoking a synergistic effect
rather than competition between both molecules. This may be
particularly important for low affinity heparins, which are more
abundant but had lower anticoagulant activity than high affinity
heparins on vascular endothelium.
The minor activation of antithrombin combined with the

higher heparin affinity induced by TMI and the absence of
conformational side effects or negligible consequences on
thrombin suggest a potential for TMI on the road toward new
anticoagulant drugs. It is particularly challenging to ameliorate
the hypercoagulable state of patients with antithrombin type II
deficiency with heparin binding defect (Table 3),41 where
treatment with heparin would be inefficient.

■ EXPERIMENTAL SECTION
FlexScreen. Docking simulations have been performed with the

all-atom FlexScreen receptor−ligand docking program,35,36 which
employs a force-field-based scoring function
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similar to that of AutoDock.42 The scoring function contains Lennard-
Jones (first two terms), electrostatic Coulomb (third term, ε = 4), and
angular dependent hydrogen bond (terms 4 and 5) potentials. Protein
and ligand atoms (i,j) are treated on the same footing. The Lennard-
Jones and the hydrogen bond parameters have been taken from
OPLSAA43 and AutoDock,42 respectively. The scoring function does
not include solvent-related effects; it will thus differentiate between
ligands where the binding energy is dominated by electrostatic/
hydrogen bonding interactions and not by solvation contributions.
The docking protocol35,36,44−47 was automated in order to consider

all targets on the same footing. In addition to the protein and ligand
structure (in the MOL2 format), FlexScreen requires a specification of
a “docking center” (around which sampling is enhanced but that has
no effect on the energies).
The ligands are docked using a cascadic version of the stochastic

tunneling algorithm,35,36,45,46 which samples translations of the center
of mass and random rotations of the ligand, as well as intramolecular
conformational changes of the ligands. If selected, the dihedral angles
of several receptor side chains are also sampled (manual selection in
the input). In each step FlexScreen either changes a dihedral angle of
the ligand or a flexible side chain by a small, randomly chosen angle
(drawn from a Gaussian distribution) or displaces the ligand by a small
amount.48 The total number of simulation steps was divided to three
partitions: In the first partition 200 simulations (5000 steps each) were
performed, the best 5 (by energy) were selected as the starting points
of the second stage. After an additional 30 000 steps for each
conformation in the second stage, the best two are selected for a final
relaxation of 75 000 steps. The FlexScreen procedure thus generates

two final conformations/energies for each ligand, providing an error
estimate, and the conformation finally selected is the one with the
lowest scoring function value. We also tested simulations with twice
the number of steps but found no notable difference in results.

FlexScreen allows continuous rotations around the single bonds of
the side chains of up to 15 residues in the energy optimization
procedure.45,46 For all parameters not explicitly stated default values
were used. Depending on the number of ligand atoms and the number
of flexible residues each ligand required from 1 to 3 min for rigid and
to 5−15 min for flexible receptor docking (IntelPC-86-64, 1.8 GHz
processor).

Receptor Structures. The model chosen for the receptor was
obtained from PDB database with code 1AZX. It consists of a complex
between active antithrombin and thrombin. Water molecules were
removed and protonation states and receptor partial charges were
prepared with the MOE, version 2003.02, program (Chemical
Computing Group Inc., Montreal, Canada) using AMBER99
parameters.49

ZINC Database and Ligand Library. Ligand database files were
downloaded from the ZINC database16 in mol2 format. Hydrogens
were added and partial charges calculated as described previously.
Database was split into individual chunk files using Openbabel. Once
molecule files were ready for calculations, they were uploaded to the
different supercomputing resources provided by DEISA (http://www.
deisa.eu/science/deci/projects2010-2011/BLOODINH), Cesga
(Supercomputing Center of Galicia), and Karlsruhe Institute of
Technology.

Surface Screening. In our blind docking surface screening
approach, docking is performed for various different locations that
cover the whole protein structure. A compromise must be found
between number of points and computational cost, since increasing
the number of points increases surface coverage but also computa-
tional cost.

We used a procedure where we selected all residues that belong to
the protein surface using in-house PyMOL (Molecular Graphics
System, version 1.3, Schrödinger, LLC) scripts, then use the
coordinates of the α carbon of each residue, and finally specify a 5
Å cutoff for the docking simulation, i.e., different conformers will be
generated into a 5 Å sphere, where the docking simulation will start
from.

Reagents. Purified human antithrombin was obtained from
commercial concentrates (Kybernin-P, ZLB Behring, Germany).
LMWH (bemiparine, with a size of 3600 Da) and UFH (with an
average size of 20 000 Da) were obtained from Laboratorios Rovi
(Spain). Pentasaccharide (Fondaparinux with 1728 Da) was obtained
from Arixtra (GSK, U.K.). Low affinity heparin was kindly supplied by
Dr. James Huntington (CIMR, Cambridge, U.K.). 1,2,4-Benzene-
tricarboxylic acid was obtained from Sigma (Spain). Tetrapotassium
2,5-bis[(4-sulfonatophenyl)diazenyl]benzene-1,3-disulfonate was ob-
tained from LookChemical (China). D-Myo-inositol 3,4,5,6-tetraki-
sphosphate (TMI) was obtained from SiChem (Germany), and
disodium 4-hydroxy-5-sulfonaphthalene-2,7-disulfonate was obtained
from ChemBridge (U.S.).

Isothermal Titration Calorimetry. ITC experiments were
performed at 25 °C using a MicroCal VP-ITC microcalorimeter.
Ligands and antithrombin solutions were prepared in Tris-HCl (ionic
strength I = 0.15) buffer (pH 7.4). Protein solution was placed in the
calorimeter cell, and the ligand solution was placed into the syringe
injector. The titrations involved the injection of 20 μL of 128 μM
ligand solution into the 3.44 μM antithrombin solution, with a 240 s
delay between injections.

Functional Assays. Antithrombin anticoagulant activity was
assessed by using chromogenic methods. 500 nM antithrombin with
16.4 μM TMI was incubated with 5 nM thrombin for 5 min. Then 100
μM S-2238 was added. Thrombin hydrolyzes the chromogenic
substrate S-2238, producing p-nitroaniline, whose emission was
recorded at 405 nm using a plate reader for 5 min (Synergy HT, U.K.).

Fluorescence Studies. Equilibrium dissociation constants (Kd)
for the antithrombin−heparin interaction were determined essentially
as described previously.50 Change in intrinsic fluorescence of
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antithrombin (25−50 nm) upon titration of the UFH was monitored
at 340 nm on a Hitachi F-4500 fluorescence spectrophotometer, with
excitation at 280 nm and using bandwidths of 3.5 nm for both
excitation and emission. All titrations were carried out at room
temperature under physiological ionic strength (I = 0.15) in 20 mM
NaPO4, 100 mM NaCl, 0.1 mM EDTA, 0.1% polyethylene glycol
8000, pH 7.4. Fluorescence emission intensity was taken as the average
of 100 measurements recorded at 1 s intervals for each addition of
heparin. Data were fitted as previously described.51 Titrations were
also carried out with TMI and with heparin after incubation of
antithrombin with TMI (37 μM).
In Vitro Citrullination of Antithrombin. Antithrombin (1 mg/

mL purified from plasma of healthy subjects) was incubated with
peptidyl arginine deiminase (PAD) (isoform IV) from rabbit skeletal
muscle (Sigma, Spain) at a molar ratio of 50:1 (antithrombin/PAD) in
the presence and absence of 140 μM LMWH or 14.8 μM TMI. The
reaction was performed at 37 °C in 100 mM Tris-HCl, 5 mM CaCl2,
pH 7.4. Samples were withdrawn at 15 min, and the reactions were
stopped by addition of 50 mM EDTA.
The effect of PAD on the anticoagulant function of antithrombin

was determined by a chromogenic method. Anti-FXa assays were
performed with heparin, bovine FXa, and S-2765 chromogenic
substrate (IL, IZASA, Spain). The absorbance of the reaction was
measured at 405 nm.
Electrophoretic Studies. Potential conformational effects of TMI

on antithrombin were evaluated by immunoelectrophoretic analysis
using 8% (w/v) polyacrylamide nondenaturing PAGE with and
without 7 M urea, as previously described.52

Rates of Inhibition. Second-order association rate constants
(M−1·s−1) for inhibition of FXa and thrombin by antithrombin and its
complexes with different heparins and/or TMI were evaluated
essentially as previously described.53 For these experiments, pseudo-
first-order conditions were used. Briefly, 10 μL of protease (20 nM)
was incubated with an equal volume of antithrombin (400 nM) so that
the final concentration of antithrombin was 20-fold of the protease.
The buffer was composed of 20 mM NaPO4, 100 mM NaCl, 0.1 mM
EDTA, 0.1% PEG 8000, 0.1% BSA, pH 7.4. Reactions were incubated
between 15 s and 5 min at room temperature. At the end of the
incubation period, reactions were quenched by the addition of 200 μL
of 150 μM chromogenic substrate. The residual protease activity was
measured from the initial rates of substrate hydrolysis monitored at
405 nm. For the heparin-catalyzed rates, 20 μL samples contained 0.4
μM antithrombin, 20 nM protease, and 0.001−1 μM heparin in the
same buffer at room temperature, and the rates were measured at 405
nm over 60 s on a microplate reader (Synergy HT, Bioteck, U.K.), in
the presence or absence of 1 μM TMI. For the TMI-catalyzed rates,
the same conditions were used as for the heparin-catalyzed rates but
using a range between 10 and 100 nM. Measurements were also
carried out with low affinity heparin that was purified as previously
described.54 The pseudo-first-order rate constants (kobs) were obtained
from the slopes of the plots of the natural logarithm of residual
protease activity versus time of incubation. Second-order rate
constants for the uncatalyzed reactions were obtained by dividing
the observed pseudo-first-order rate constant (kobs) by the inhibitor
concentration. Second-order rate constants, kcat/Km, for the heparin-
catalyzed reactions were taken as the slope of kobs versus the total
heparin concentration, since Kd under these conditions was always
significantly less than the initial antithrombin concentrations.
Antithrombin Activity of Plasma Samples. Plasma (3 μL) of a

patient with type II antithrombin deficiency with heparin binding
domain defect, antithrombin Budapest III:L99F in homozygous state,
was incubated with or without 148 μM TMI. Then 8.73 nM thrombin
was added and the mixture was incubated for 5 min at 37 °C in the
presence or absence of UFH (1.27 mM). Finally, 1 mM S-2238 was
added and absorbance was measured at 405 nm.
Py-4-1 is a hemangioma derived endothelial cell line isolated from a

transgenic mouse carrying the polyoma virus early region. The cell line
was kindly supplied by Dr. A. Rouzaut (CIMA, Navarra, Spain). Cells
were maintained in DMEM (Invitrogen) supplemented with 10% fetal
bovine serum (Sigma) at 37 °C in a humidified atmosphere of 5%

CO2. Cells were continuously passaged at confluence after treatment
with trypsin−ethylenediaminetetraacetic acid buffered solution for
over 100 passages. Cells were plated at a density of 2.86 × 105 cells/
cm2 in 96-well dishes in DMEM containing serum.
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