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ABSTRACT: Heparin has been proposed to conformationally activate the serpin, antithrombin, by making
the reactive center loop P1 arginine residue accessible to proteinases. To evaluate this proposal, we
determined the effect of mutating the P1 arginine on antithrombin’s specificity for target and nontarget
proteinases in both native and heparin-activated states of the serpin. As expected, mutation of the P1
arginine to tryptophan, histidine, leucine, and methionine converted the specificity of antithrombin from
a trypsin inhibitor (kassoc) 2 × 105 M-1 s-1) to a chymotrypsin inhibitor (kassoc) 103-105 M-1 s-1).
However, heparin pentasaccharide activation increased the reactivity of the P1 variants with chymotrypsin
or of the wild-type inhibitor with trypsin only 2-6-fold, implying that the P1 residue had similar
accessibilities to these proteinases in native and activated states. Mutation of the P1 arginine greatly reduced
kassocfor antithrombin inhibition of thrombin and factor Xa from 40- to 5000-fold, but heparin normally
accelerated the reactions of the variant antithrombins with these enzymes to make them reasonably efficient
inhibitors (kassoc) 103-104 M-1 s-1). Fluorescence difference spectra of wild-type and P1 tryptophan
variant antithrombins showed that the P1 tryptophan exhibited fluorescence properties characteristic of a
solvent-exposed residue which were insignificantly affected by heparin activation. Moreover, all P1 variant
antithrombins bound heparin with∼2-3-fold higher affinities than the wild type. These findings are
consistent with the P1 mutations disrupting a P1 arginine-serpin body interaction which stabilizes the
native low-heparin affinity conformation, but suggest that this interaction is of low energy and unlikely
to limit the accessibility of the P1 residue. Together, these findings suggest that the P1 arginine residue
is similarly accessible to proteinases in both native and heparin-activated states of the serpin and contributes
similarly to the specificity of antithrombin for thrombin and factor Xa in the two serpin conformational
states. Consequently, determinants other than the P1 residue are responsible for enhancing the specificity
of antithrombin for the two proteinases when activated by heparin.

Antithrombin is the principal serpin family inhibitor of
blood clotting proteinases. It inhibits these proteinases in a
manner similar to that of other serpins by trapping the
enzymes as stable acyl-intermediate complexes of a regular
substrate reaction as a result of a massive serpin conforma-
tional change (1). However, it differs from other serpins in
having multiple target proteinases with distinct substrate
specificities and in requiring activation by heparin for
inhibition of these proteinases at a physiologically significant
rate (1, 2). Antithrombin is activated by heparin as a result
of the inhibitor binding to a specific pentasaccharide
sequence in the polysaccharide (3). This binding induces
structural changes in the serpin which both enhance its
affinity for heparin and alter the conformation of a proteinase
binding loop known as the reactive center loop (4, 5). The

pentasaccharide-induced conformational changes are suf-
ficient to accelerate antithrombin inhibition of factor Xa,
whereas an extended heparin chain capable of also binding
the proteinase next to the bound serpin is additionally
required to accelerate antithrombin inhibition of other
proteinases (4, 6, 7).

As with most other serpins, a principal determinant of
antithrombin specificity appears to be the P1 residue localized
within the substrate recognition sequence of the reactive
center loop (8). The importance of the P1 residue, arginine
393, in antithrombin is indicated from the observation that
natural mutations of this residue appear to abolish antithrom-
bin’s inhibitory activity toward its target trypsin-like pro-
teinases (9-11). In addition to determining specificity, the
P1 residue has been proposed to play a critical role in heparin
activation of antithrombin. According to this proposal, the
P1 residue is inaccessible to proteinases in the native state
due to the arginine side chain interacting with the serpin body
and only becomes accessible through heparin inducing
activating conformational changes in the reactive center loop
(12). Support for this idea has come from the finding that
natural mutations of the P1 residue enhance heparin binding
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affinity, presumably by disrupting P1 arginine interactions
which maintain the inhibitor in the native, low-heparin
affinity state and, thereby, inducing the inhibitor into the
activated, high-heparin affinity state (11). Additional evi-
dence has come from the observation that the P1 arginine is
unreactive with the enzyme peptidyl arginine deiminase in
the native state but efficiently reacts in the heparin-activated
state (13). Direct evidence that the P1 residue undergoes a
structural change upon heparin activation has come from the
finding that a fluorescent reporter group attached to a P1
Arg f Cys variant antithrombin exhibits a 100% fluores-
cence enhancement upon activation (5).

Contrasting these findings, an interaction of the P1 arginine
with Glu 255 of the serpin body, observed in the crystal
structure of native antithrombin and thought to render the
P1 residue inaccessible in the native serpin, was found to
not be disrupted in the structure of activated antithrombin
complexed with heparin pentasaccharide (12, 14, 15). The
P1 arginine interaction may thus be induced by the crystal-
lization of antithrombin as a heterodimer wherein the reactive
center loop of one active, loop-exposed antithrombin
molecule interacts with the Câ-sheet of a second inactive,
loop-buried molecule and not exist in the structure of
monomeric antithrombin. That the P1 residue is readily
accessible to proteinases in the native unactivated state has
been suggested by the efficient inhibition of trypsin by native
antithrombin and the minimal activating effect of heparin
on this inhibition (16). Moreover, differences in the acces-
sibility of the antithrombin reactive center loop to proteinases
do not appear to be an important factor in determining the
large heparin enhancements in the rate of antithrombin
inhibition of these proteinases, based on the finding that
reactive center loop residues flanking the P1-P1′ scissle
bond contribute similarly to the recognition of thrombin and
factor Xa in both native and heparin-activated states of
antithrombin (17).

To evaluate the contribution of the P1 residue to anti-
thrombin’s specificity for its target proteinases in comparison
to that of other specificity determinants and assess how this
contribution depends on heparin activation and conforma-
tional changes of the P1 residue, we have mutated the P1
arginine to tryptophan, histidine, leucine, and methionine.
This was done to alter the P1 side chain specificity and
thereby disrupt putative P1 arginine interactions with the
serpin body and, in the case of tryptophan, also to provide
a fluorescent reporter group for assessing conformational
changes of the P1 residue which might be critical for the
expression of P1 residue specificity. Our results confirm that
while the P1 residue makes an important contribution to the
specificity of antithrombin for thrombin and factor Xa, this
contribution is similar in native and heparin-activated states
and minimally affected by changes in P1 residue accessibil-
ity. Determinants other than P1 must thus be responsible for
the enhanced specificity of the heparin-activated serpin for
these enzymes such that efficient enzyme inhibition can still
occur in the absence of the preferred P1 arginine side chain.
Our findings additionally affirm previous evidence of a P1
arginine interaction with the serpin body in the native
inhibitor, but they importantly establish this interaction to
be of low energy and imply a mobile equilibrium between
accessible and inaccessible states of the P1 arginine which
minimally affects its reactivity.

EXPERIMENTAL PROCEDURES

Recombinant Antithrombins.Recombinant P1 antithrombin
variants were constructed using N135Q or N135A antithrom-
bin cDNA templates to eliminate glycosylation heterogeneity
at the Asn 135 site and mimic the high-heparin affinity
â-form of plasma antithrombin which is not glycosylated at
this site (18-20). Site-directed mutagenesis was carried out
by employing oligonucleotides containing the mutated codon
and PCR to generate the mutant cDNA as previously
described (17, 19). All mutations were verified by DNA
sequencing. For the R393W mutation, BHK cells were
cotransfected with plasmids carrying either wild-type or
mutant N135Q antithrombin cDNAs together with selection
plasmids and stably transfected cell lines were selected by
resistance to neomycin and methotrexate (5, 18). Recombi-
nant antithrombins were isolated from serum free cycles of
roller bottle cultures of stably transfected BHK cells grown
to confluence. The wild type or R393H, R393L, and R393M
mutants were expressed in insect cells infected by baculovirus
carrying wild-type or mutant N135A antithrombin cDNAs
(19). Recombinant antithrombins were purified by heparin-
agarose chromatography (19) and in the case of N135Q
variants further purifed by DEAE-Sepharose and Sephacryl
S-200 chromatography (18, 21). Concentrations of recom-
binant antithrombins were determined from the absorbance
at 280 nm using a molar absorption coefficient of 37 700
M-1 cm-1 (22) except for the P1 Trp variant, in which case
the value for wild-type antithrombin adjusted for the presence
of an additional tryptophan was used (23).

Proteinases and Heparins.HumanR-thrombin was a gift
from J. Fenton (New York State Department of Public
Health, Albany, NY), and humanR-factor Xa was obtained
either by activation of purified factor X followed by
purification on SBTI-agarose (24) or as a gift from P. Bock
(Vanderbilt University, Nashville, TN). Active-site proteinase
concentrations (>70% active for factor Xa and>90% active
for thrombin) were determined on the basis of measured
enzyme activities in a standard synthetic substrate assay
using the calibrated relationship between activity and active-
site concentration determined with several active-site-titrated
enzyme preparations (19). BovineR-chymotrypsin was from
Worthington and used without purification. Bovineâ-trypsin
was purified from the commercial enzyme (Sigma type XIII)
by SBTI-agarose chromatography (25). These enzymes
were stored in 1 mM HCl and 10 mM CaCl2 and their
concentrations determined by active-site titration with fluo-
rescein mono-p-guanidinobenzoate in the case of trypsin (26)
or with p-nitrophenyl acetate in the case of chymotrypsin
(27).

The synthetic heparin pentasaccharide corresponding to
the binding sequence in heparin for antithrombin was a
gift from M. Petitou (Sanofi Recherche, Toulouse, France).
Full-length heparin chains of∼26 saccharides (Mr ∼ 8000)
containing the pentasaccharide were obtained by size and
antithrombin affinity fractionation of commercial heparin
(4, 21). Concentrations of heparins were determined by
stoichiometric titrations of antithrombin with the saccharides
monitored by protein fluorescence changes (4, 21).

Experimental Conditions.Most experiments were carried
out at 25 or 37°C as noted in 20 mM sodium phosphate
buffers containing 0.1 (I ) 0.15) or 0.25 (I ) 0.3) M NaCl,
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0.1 mM EDTA, and 0.1% polyethylene glycol 8000 (pH 7.4).
Experiments involving trypsin or chymotrypsin were carried
out in a 0.1 M Hepes buffer containing 0.1 M NaCl, 0.1%
polyethylene glycol, and either 1 mM EDTA or 10 mM
CaCl2, at pH 7.4 (I ∼ 0.15). Experiments at pH 6 and 8.5
were carried out in 50 mM MES, 50 mM Hepes buffers
containing 0.1 mM EDTA, 0.1% polyethylene glycol, and
either 0.58 M NaCl (I ) 0.6) at pH 6.0 or 0.20 M NaCl (I
) 0.3) at pH 8.5.

Stoichiometry and Kinetics of Antithrombin-Proteinase
Reactions. Stoichiometries of antithrombin inhibition of
proteinases in the absence and presence of heparin were
determined inI ) 0.15, pH 7.4 buffers at 25°C as in past
studies by titrating fixed concentrations of the enzymes
(∼100 nM) with increasing concentrations of the inhibitor
up to an∼2:1 inhibitor:enzyme ratio and measuring residual
enzyme activity after allowing complete reaction (21).
Heparin, when present, was fixed at a concentration equi-
molar with the highest inhibitor concentration. Assays
of chymotrypsin activity were carried out with 250µM
succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (Sigma) as the sub-
strate, trypsin activity with 100µM S-2222 (Chromogenix),
thrombin activity with 100µM S-2238 (Chromogenix) or
50 µM tosyl-GPR-7-amido-4-methylcoumarin (Sigma), and
factor Xa activity with 100-200 µM Spectrozyme FXa
(American Diagnostica). Second-order rate constants for
antithrombin association with proteinases in the absence and
presence of heparin were determined atI ) 0.15, pH 7.4,
and 25°C under pseudo-first-order conditions using a molar
excess of inhibitor over enzyme that was at least 10 times
the measured inhibition stoichiometry and pentasaccharide
or full-length heparin concentrations ranging from substo-
ichiometric to saturating (>98%) with respect to antithrombin
(20, 21). Enzyme inactivation was monitored at varying time
intervals either by discontinuous assays of residual enzyme
activity as in inhibition stoichiometry experiments or in the
case of the P1 Trp variant reaction with chymotrypsin also
by continuous assays of the decrease in enzyme activity in
the presence of 250µM succinyl-AAPF-p-nitroanilide sub-
strate using 50-200 nM inhibitor and 3 nM chymotrypsin.
Fitting of the decrease in enzyme activity by an exponential
decay function with a zero end point in the case of
discontinuous assays or the decrease in rate of substrate
hydrolysis by an exponential function with a finite end point
in the case of the continuous assay yielded the observed
pseudo-first-order rate constant,kobs (21). Second-order rate
constants were obtained by linear regression analysis of the
dependence ofkobs on the antithrombin concentration for
uncatalyzed reactions. For heparin-catalyzed reactions, the
dependence ofkobs on the heparin concentration was fit by
the quadratic equilibrium binding equation to obtainkobs at
saturating heparin or thekobs measured directly at saturating
heparin (1.5-2-fold molar excess over antithrombin) and the
second-order rate constant for the reaction of the antithrom-
bin-heparin complex obtained by dividing by the antithrom-
bin concentration (4, 28). An exception was the full-length
heparin catalyzed reaction of P1 Trp antithrombin with
chymotrypsin, in which case the second-order rate constant
was determined from the slope of the linear dependence of
kobs on heparin concentration at catalytic levels of heparin
(20, 21). In the case of the continuous assay of chymotrypsin
inhibition, kobs was corrected for substrate competition by

multiplying by the factor 1+ [S]o/KM, where [S]o is the
substrate concentration andKM the Michaelis constant, using
a measuredKM value of 36( 2 µM.

Electrophoresis.SDS-PAGE analysis of antithrombin-
proteinase reactions was carried out according to the method
of Laemmli (29) in 10% gels under nonreducing conditions
(21) by incubating inI ) 0.15, pH 7.4 buffer at 25°C a
2-fold molar excess of inhibitor (3-5 µM) with enzyme
for 5-30 min except for uncatalyzed reactions of P1 anti-
thrombin variants with thrombin and factor Xa in which
case reaction times were extended to 1-3 days. Samples
were quenched with a molar excess of AAPV, FFR,
FPR, and EGR peptide chloromethyl ketone inhibitors for
chymotrypsin, trypsin, thrombin, and factor Xa reactions,
respectively, and then boiled in SDS sample buffer prior to
electrophoresis (28).

Heparin Binding to Anithrombin.Heparin interactions with
recombinant antithrombins were assessed by titrating fixed
levels of antithrombin with heparin and monitoring the
tryptophan fluorescence increase signaling heparin binding
as in past studies (4, 20, 21) in I ) 0.15, 0.3, 0.45, or 0.6
buffers at pH 6.0, 7.4, or 8.5 as noted. Excitation and
emission wavelengths of 280 and 340 nm, respectively, were
used and titration curves fit by the equilibrium binding
equation to obtain the stoichiometry,KD, and maximal
fluorescence change (21). Qualitative assessments of heparin
binding affinity were also made by measuring the salt
concentration necessary to elute wild-type or variant anti-
thrombins bound to a heparin-agarose matrix. Samples were
loaded on a 5 mLEcono-Pac heparin-agarose column (Bio-
Rad) equilibrated inI ) 0.15 sodium phosphate buffer, and
after the column had been washed with this buffer for 10
min (flow rate of 1 mL/min), a salt gradient to 3 M NaCl
was applied over 30 or 35 min and the eluted antithrombin
detected by protein fluorescence.

Fluorescence Spectroscopy.Protein fluorescence emission
spectra of N135Q and R393W/N135Q antithrombins alone
or in complex with full-length heparin were recorded in an
SLM 8000 spectrofluorometer with excitation at 280 nm,
and the emission wavelength was varied in 1-2 nm steps
using 4 nm slits for both monochromators. Samples contained
0.1-0.5µM antithrombin with or without equimolar heparin.
Corrections were made for dilution and buffer background
(<5%). Five to seven spectra from several experiments were
averaged after normalizing the spectra from each experiment
by dividing by the maximum fluorescence observed for wild-
type antithrombin in the absence of heparin.

Kinetics of Dissociation of Antithrombin-Proteinase
Complexes.Complexes of wild-type or R393W antithrombins
with thrombin and factor Xa were prepared by incubating 5
µM antithrombin and 1µM proteinase with 5µM full-length
heparin for 15 min inI ) 0.15, pH 7.4 sodium phosphate
buffer at 25°C. Complexes were then extensively diluted
to a final concentration of 1-5 nM into 400µM S-2238 for
thrombin complexes or 400µM Spectrozyme FXa for factor
Xa complexes at 37°C (final pH of ∼7.3), and the
acceleration of substrate hydrolysis due to the initial linear
rate of appearance of active proteinase was monitored at 405
nm for 80 min (28, 30). Data were fit by a parabolic function,
and the dissociation rate constant was determined from linear
plots of the initial rate of complex dissociation as a function
of complex concentration using independently determined
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turnover numbers for substrate hydrolysis by each enzyme
to relate absorbance changes to changes in enzyme concen-
tration (28).

RESULTS

ReactiVity of P1 Antithrombin Variants with Chymotrypsin.
P1 Trp antithrombin rapidly inhibited chymotrypsin, whereas
inhibition of trypsin was barely detectable. Analysis of
chymotrypsin inactivation progress curves under pseudo-first-
order conditions as a function of the variant inhibitor
concentration gave a second-order association rate constant
(kassoc) of (2.9( 0.3)× 105 M-1 s-1 for the reaction (Figure
1), comparable to the value previously reported for inhibition
of chymotrypsin by a P1 Metf Trp variant of the
R1-proteinase inhibitor (31). Inhibition of trypsin by the P1
variant was estimated to be∼100000-fold slower. Substitu-
tion of the P1 residue with Leu, Met, or His similarly resulted
in the appearance of inhibitory activity toward chymotrypsin,
with second-order rate constants for chymotrypsin inhibition
ranging from 103 to 104 M-1 s-1 (Table 1). By contrast, wild-
type antithrombin inhibited trypsin efficiently (kassoc) 1.8
× 105 M-1 s-1), in agreement with previous findings (32),
but inhibited chymotrypsin∼10000-fold slower. Such results
are consistent with the different substrate P1 residue prefer-
ences of chymotrypsin and trypsin and indicate that the
mutations had altered the specificity of antithrombin from
inhibiting trypsin-like to chymotrypsin-like enzymes.

Addition of saturating levels of pentasaccharide to the P1
Trp antithrombin variant increased the rate constant for
chymotrypsin inhibition only∼3-fold, whereas a full-length
heparin produced a∼40-fold increase in the inhibition rate
constant (Figure 1). Comparable small effects of penta-
saccharide and larger effects of full-length heparin on the
rate of chymotrypsin inhibition were found with the P1 Leu
and P1 His variants (Table 1). Saturation of the P1 Trp

variant with full-length heparin only minimally enhanced the
extremely slow rate of trypsin inhibition. Comparison with
the wild-type antithrombin reaction with trypsin showed that
the rate constant for trypsin inhibition was enhanced 3- and
7-fold by saturating levels of pentasaccharide and full-length
heparins, respectively, the latter enhancement being in
agreement with a previous report (16) (Table 1).

Titrations of chymotrypsin with P1 Trp antithrombin in
the absence or presence of pentasaccharide or full-length
heparins indicated inhibition stoichiometries of∼1 mol of
inhibitor/mol of enzyme in all cases. SDS-PAGE confirmed
the stoichiometric reaction of the P1 Trp variant with
chymotrypsin to form an SDS-stable complex (Figure 2).
Similar stoichiometries of chymotrypsin inhibition were
found with other P1 variants after correction for the inactive
inhibitor in the preparations as assessed from measured
heparin binding stoichiometries (20).

ReactiVity of P1 Variant Antithrombins with Thrombin and
Factor Xa.In addition to the slow but detectable reactivity
of the P1 Trp antithrombin variant with trypsin, the variant
was also found to slowly inhibit both thrombin and factor
Xa (Figure 4). That this inhibition was not due to contamina-
tion of the preparation with any wild-type inhibitor was
suggested by the failure to observe any rapid trypsin
inhibition by the variant serpin except at very high ratios of
inhibitor to enzyme (50-500-fold). Under these latter
conditions, a rapid reactivity of a fraction of the variant
inhibitor preparation was detectable, whose extent and rate
were consistent with contamination of the mutant with
∼0.5% wild-type inhibitor. The minimal wild-type inhibitor
contamination made no significant contribution to reactions
conducted at lower inhibitor:enzyme ratios (10-30-fold)
which were sufficient to satisfy the pseudo-first-order condi-
tion. The observed complete reaction of thrombin or factor
Xa with the variant inhibitor in a single-exponential process

Table 1: Association Rate Constants for Unaccelerated and Heparin-Accelerated Reactions of Wild-Type and P1 Variant Antithrombins with
Proteinases atI ) 0.15, pH 7.4, and 25°Ca

kassoc(M-1 s-1)

antithrombin proteinase no heparin with H5b with H26b

wild type (N135Q) chymotrypsin ∼10 NDc 5.8× 102

trypsind 1.4× 105 4.0× 105 9.0× 105

thrombind (9.2( 0.4)× 103 (1.6( 0.2)× 104 (1.3( 0.1)× 107

factor Xad (4.5( 0.1)× 103 (4.6( 0.6)× 105 (8.9( 0.6)× 105

wild type (N135A) thrombine (9.4( 0.4)× 103 (1.1( 0.1)× 104 (9.0( 0.5)× 106

factor Xae (4.8( 0.2)× 103 (6.1( 0.2)× 105 (1.2( 0.1)× 106

R393W chymotrypsinf (2.9( 0.3)× 105 (9.3( 0.8)× 105 (1.2( 0.1)× 107

trypsin ∼2 ND ∼9
thrombing 1.6( 0.1 1.9( 0.1 (6.1( 0.1)× 103

factor Xag (3.3( 0.1)× 101 (1.8( 0.1)× 103 (8.3( 0.2)× 103

R393Hh chymotrypsin (5.4( 0.7)× 102 (3.4( 0.1)× 103 (7.6( 0.5)× 104

thrombin (1.9( 0.3)× 101 (2.6( 0.1)× 101 (2.2( 0.1)× 104

factor Xa (1.0( 0.1)× 102 (7.4( 0.9)× 103 (2.5( 0.3)× 104

R393Lh chymotrypsin (8.1( 0.4)× 103 2.6× 104 (5.9( 0.8)× 105

thrombin 1.5 ND (6.4( 0.4)× 102

factor Xa 2.2× 101 (2.1( 0.2)× 103 (1.0( 0.1)× 104

R393Mh,i chymotrypsin ∼1 × 104 ND ND
thrombin ND ND 4× 103

factor Xa ND ND 1× 104

a Second-order association rate constants (kassoc) for unaccelerated, pentasaccharide-accelerated, and full-length heparin-accelerated reactions of
wild-type and variant antithrombins with proteinases were determined as described in Experimental Procedures. Errors represent the range or SE
from two or more inhibition progress curves.b H5, heparin pentasaccharide; H26, full-length heparin with∼26 saccharides.c ND, not determined.
d Values taken from ref28. e Values taken from refs20 and49. f Values obtained from the data depicted in Figure 1.g Values obtained from the
data depicted in Figures 3 and 4.h Values for heparin-accelerated reactions were obtained by saturating antithrombin with a 1.5-2-fold molar
excess of heparin over antithrombin.i Only single progress curves were analyzed for each reaction due to the limited amounts of this variant.

Role of the Antithrombin P1 Residue in Heparin Activation Biochemistry, Vol. 40, No. 22, 20016673



at such ratios (Figure 3) thus indicated that the variant was
responsible for the inhibition of these enzymes, a conclusion
confirmed by SDS-PAGE analysis. Comparison of second-
order rate constants for the P1 Trp and wild-type antithrom-
bin reactions with either thrombin or factor Xa (Table 1)
showed that the P1 mutation reduced thrombin reactivity by
5000-fold and factor Xa reactivity by∼100-fold. Similar
reduced reactivities of the P1 Leu variant were found with
these enzymes, whereas the P1 His variant inhibited thrombin

and factor Xa with 500- and 40-fold reductions in the
inhibition rate constants, respectively (Table 1). Previous
claims that a natural P1 His antithrombin had lost inhibitory
activity toward thrombin are likely due to the testing of this
activity for an insufficient period of time to detect the 500-
fold reduced reactivity (11).

FIGURE 1: Kinetic analysis of reactions of unactivated and heparin-
activated P1 Trp antithrombin with chymotrypsin. Shown are values
of kobs or the apparentkassoc, calculated as the ratio ofkobs to the
inhibitor concentration, for reactions of P1 Trp antithrombin with
chymotrypsin plotted as a function of the inhibitor concentration
or of the heparin concentration at a fixed inhibitor concentration
of 100 nM. The top panel shows data for the unaccelerated reaction,
the middle panel for the pentasaccharide-accelerated reaction, and
the bottom panel for the full-length heparin-accelerated reaction.
kobs was measured by a continuous assay for enzyme inhibition
employing a reporter chromogenic substrate as described in
Experimental Procedures. The concentrations of inhibitor or heparin
were divided by the factor 1+ [S]o/KM to correct for the competing
effect of the substrate (S) on the inhibition reaction. Solid lines are
fits of data by a linear function (top and bottom panels) or by a
quadratic equilibrium binding function (middle panel).kassocwas
determined from the slopes of the linear plots or from the fitted
end point of the nonlinear plot.

FIGURE 2: SDS-PAGE analysis of the reactions of P1 Trp
antithrombin with proteinases. Shown are the products of the
reactions of a 2-2.5-fold molar excess of P1 Trp antithrombin (5
µM) with chymotrypsin (2.5µM) (lanes 3 and 4), trypsin (2.5µM)
(lanes 6 and 7), thrombin (2.0µM) (lanes 10 and 11), and factor
Xa (2.5µM) (lanes 13 and 14). Reactions were carried out in the
absence of heparin (lanes 3, 6, 10, and 13) or in the presence of
full-length heparin equimolar with the inhibitor (lanes 4, 7, 11, and
14). Reaction times were 5 min for chymotrypsin and 30 min for
trypsin, thrombin, and factor Xa. The unreacted proteins shown
are P1 Trp antithrombin (lanes 1, 8, and 15), chymotrypsin (lane
2), trypsin (lane 5) thrombin (lane 9), and factor Xa (lane 12).

FIGURE 3: Progress curves for the inhibition of thrombin and factor
Xa by P1 Trp antithrombin. Shown are the time-dependent
decreases in enzyme activity resulting from the reactions of 5µM
P1 Trp antithrombin with 0.25µM thrombin (top panel) or 0.25
µM factor Xa (bottom panel). Reactions were carried out in the
absence of heparin (b) or in the presence of pentasaccharide
equimolar with antithrombin (2) as described in Experimental
Procedures. Data for control incubations of enzyme alone are
depicted as solid squares. Solid lines are fits by a single-exponential
decay function with a zero end point.
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The full-length heparin greatly enhanced the ability of the
P1 Trp antithrombin to inhibit thrombin as well as factor
Xa. The observed pseudo-first-order rate constant for the
inhibition of these enzymes showed a saturable dependence
on the heparin concentration which plateaued at a molar ratio
of heparin to inhibitor of∼1 (Figure 4), indicating heparin
enhancements of the second-order rate constants for these
reactions of∼3000- and∼300-fold, respectively, similar to
the heparin enhancements of the wild-type inhibitor reactions
with these enzymes (Table 1). Pentasaccharide heparin
similarly enhanced the rate of P1 Trp antithrombin inhibition
of factor Xa, but a somewhat lower second-order rate
constant at inhibitor saturation representing a∼70-fold rate
enhancement was found in this case (Figure 4 and Table 1).
By contrast, the pentasaccharide only slightly stimulated the
variant inhibitor to inactivate thrombin, similar to the<2-
fold stimulation of the wild-type inhibitor-thrombin reaction
by pentasaccharide (Figure 3 and Table 1). Similar heparin
rate-enhancing effects on the reactions of P1 Leu, P1 His,
and P1 Met antithrombin variants with these enyzmes were
observed (Table 1).

Titrations of thrombin or factor Xa with the P1 antithrom-
bin variants could only be carried out in the presence of
heparin. P1 Trp antithrombin inhibited factor Xa with
stoichiometries slightly greater than 1 mol of inhibitor/mol
of enzyme when complexed with either pentasaccharide or
full-length heparins, whereas it inhibited thrombin with a
stoichiometry of∼1 when bound to pentasaccharide and with
a value of 2.7( 0.1 mol of inhibitor/mol of enzyme when
bound to the full-length heparin. Similar inhibition stoichi-

ometries were found for the heparin-accelerated reactions
of other P1 variants with these enzymes. This behavior
paralleled that of heparin-catalyzed wild-type antithrombin
reactions with the enzymes. The stoichiometry of∼2-3
observed for the thrombin reaction in the presence of the
full-length heparin arises from heparin stimulating a substrate
mode of reaction of antithrombin with thrombin (4, 6). SDS-
PAGE analysis confirmed that the P1 Trp antithrombin
formed complexes with thrombin and factor Xa in the
presence of heparin over short reaction times (Figure 2) and
also with these enzymes in the absence of heparin over longer
reaction times (not shown). SDS-stable complexes were also
observed to be formed in reactions of P1 Leu and P1 His
variants with thrombin.

Analysis of the kinetics of dissociation of wild-type and
P1 Trp variant antithrombin complexes with thrombin and
factor Xa gave dissociation rate constants for the variant
inhibitor complexes similar to those of the wild-type inhibitor
complexes despite the enormous decreases in association rate
constants (Table 2). These findings indicated that while the
rate of formation of the complexes was critically dependent
on the P1 residue, the stability of these complexes was
independent of the nature of the P1 residue.

Heparin Binding to and Conformational ActiVation of the
Variant Antithrombin. Titrations of tryptophan fluorescence
changes in antithrombin induced by heparin binding atI )
0.15 and 100 nM inhibitor showed that the full-length heparin
bound stoichiometrically to wild-type and P1 variant anti-
thrombins due to the high heparin affinity under these
conditions (estimatedKDs of ∼1 nM) (4, 20). Titrations at
higher ionic strengths (I ) 0.3 or 0.45) were carried out to
weaken the binding affinity and allow a more precise
determination of any differences in heparin affinity between
wild-type and variant antithrombins. Such titrations revealed
a 2-3-fold tighter binding of heparin to the P1 variant
antithrombins than to the wild-type inhibitor, and this higher
heparin affinity was seen for both pentasaccharide and full-
length heparins in the case of the P1 His variant (Table 3).
Analytical chromatography of wild-type and P1 variant
antithrombins on a heparin-agarose column showed that the
variant antithrombins eluted at a salt concentration higher
than that required to elute the wild-type inhibitor (Table 3),
confirming that all P1 mutations produced similar increases
in heparin affinity. Relative fluorescence enhancements
induced in antithrombin by heparin at saturation were normal
for the P1 His and Leu variants but reduced for the P1 Trp
variant due to the additional tryptophan producing a higher
initial fluorescence. When the enhancement of the latter
variant was expressed relative to the initial wild-type inhibitor
fluorescence, it was indistinguishable from that of the wild

FIGURE 4: Effect of heparin on the reactions of P1 Trp antithrombin
with thrombin and factor Xa.kobs values for reactions of 100 nM
P1 Trp antithrombin with 10 nM thrombin (top panel) or with 5
nM factor Xa (bottom panel) were measured from inhibition
progress curves such as those in Figure 3 as a function of the molar
ratio of pentasaccharide heparin (2) or full-length heparin (b) to
the P1 variant antithrombin as described in Experimental Proce-
dures. Solid lines are fits by a quadratic binding function.

Table 2: Rate Constants for Dissociation of
Antithrombin-Proteinase Complexes atI ) 0.15, pH 7.3, and
37 °Ca

antithrombin proteinase kdiss (s-1)

wild type thrombin (6.4( 0.6)× 10-7

factor Xa (5.4( 0.5)× 10-7

R393W thrombin (6.3( 0.1)× 10-7

factor Xa (6.5( 0.1)× 10-7

a kdiss values( standard error were obtained from linear regression
analyses of the dependence of the initial rates of complex dissociation
on the concentration of complex for four or five complex concentrations
as described in Experimental Procedures.
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type, suggesting that the fluorescence of the P1 tryptophan
was not sensitive to conformational activation.

To determine whether conversion of the P1 His from a
neutral to a positively charged side chain would cause the
heparin affinity of the variant to revert back to the wild-
type affinity as previously reported (11), the pH dependence
of heparin binding to P1 His and wild-type antithrombins
was determined. Table 4 shows that while a higher heparin
affinity of the P1 His variant was maintained over the pH
range of 6-8.5, a trend from an∼2.5-fold higher affinity at
pH 8.5 where the His side chain should be neutral to an∼1.5-
fold higher affinity at pH 6 where the His side chain should
be mostly positively charged was observed.

Fluorescence Emission Spectra of Wild-Type and Variant
Antithrombins in NatiVe and ActiVated Conformations.Figure
5A compares the fluorescence emission spectra of wild-type
and P1 Trp antithrombins in the absence and presence of
saturating levels of full-length heparin (93-97%). The P1
Trp variant exhibited a higher fluorescence intensity and
small red shift (∼2 nm) of the spectrum relative to that of
the wild-type inhibitor, consistent with the presence of the
additional surface tryptophan residue. Heparin produced
similar increases in the fluorescence intensity of both wild-
type and mutant inhibitors as indicated by the indistinguish-
able difference spectra of complexed and free serpin (Figure
5C), in keeping with the results of the fluorescence titrations
at a fixed wavelength. To determine the spectrum of the P1
tryptophan residue in the absence and presence of heparin
activation, the wild-type inhibitor spectrum was subtracted
from the mutant inhibitor spectrum for both the free and
heparin-complexed proteins. Similar difference spectra with
approximately the same emission maxima and intensities
were obtained (Figure 5B). The P1 tryptophan accounted for

∼15% of the total fluorescence of the unactivated inhibitor.
Moreover, its emission maximum of∼350 nm was 10 nm
red-shifted relative to the emission maximum of the wild-
type serpin and approached that ofN-acetyltryptophan amide
(λmax ∼ 363 nm) under the same conditions, consistent with
the tryptophan being largely solvent exposed.

DISCUSSION

These studies were undertaken to evaluate the relative
importance of the P1 residue of antithrombin in determining
the specificity of the serpin for the target proteinases,
thrombin, and factor Xa, in comparison with other determi-
nants of inhibitor specificity, and to test whether the P1
residue contribution to specificity depended on heparin
activation of antithrombin. In particular, we were interested
in evaluating the proposal that the P1 arginine residue of
antithrombin is a crucial determinant of the enhanced
inhibitory activity of the serpin when it is activated by
heparin (11-13, 32). While the findings of the present study
support an important role for the P1 residue in determining
antithrombin proteinase specificity, they do not support the
proposal that the P1 residue acts as a key mediator of the
enhanced proteinase reactivity of the heparin-activated serpin
by undergoing a large change in accessibility as a result of
activation. Such a change in P1 residue accessibility was
anticipated on the basis of the increased level of exposure
of the loop upon heparin activation resulting from the loop
being partially buried inâ-sheet A in the native conformation
and expelled from the sheet in the activated state (12, 14,
15, 48) and on evidence of an altered environment and
reactivity of the P1 residue upon heparin activation (5, 13).
However, our present results have shown that while muta-
tions of the P1 arginine to large hydrophobic residues switch
the specificity of antithrombin from a trypsin to a chymot-
rypsin inhibitor, the reactivities of the wild-type inhibitor
with trypsin and of the P1 variant inhibitors with chymot-
rypsin are enhanced only 2-6-fold due to conformational
activation by the heparin pentasaccharide. The accessibility
of the P1 residue of wild-type or variant antithrombins to
proteinases thus cannot be greatly affected by conformational
changes in the loop induced by heparin activation. The
previous observation that the P1 arginine was unreactive with
peptidyl arginine deiminase in the native conformation but
efficiently reacted with the enzyme in the heparin-activated
conformation (12, 13) may therefore reflect unfavorable steric
or charge properties of the deiminase which hinder its access
to the P1 arginine in the native loop-constrained conformation

Table 3: Dissociation Constants, Stoichiometries, and Fluorescence Enhancements for Heparin Binding to Variant Antithrombins at 25°C and
pH 7.4a and Salt Concentrations at Which Antithrombins Elute from a Heparin-Agarose Columnb

antithrombin
variant I KD (nM) stoichiometry ∆Fmax/Fo [NaCl] (M)

N135Q 0.3 7.9( 1.2 0.97( 0.09 0.37( 0.03 1.55
R393W/N135Q 0.3 2.5( 0.3 0.91( 0.02 0.27( 0.01 1.84
N135A 0.3 5.6( 0.7 0.82( 0.03 0.38( 0.05 1.87( 0.02
R393H/N135A 0.3 2.8( 0.6 0.8( 0.1 0.33( 0.02 2.02( 0.03
R393L/N135A 0.3 4.0( 0.5 0.62( 0.04 0.35( 0.02 2.08( 0.01
R393M/N135A - NDc ND ND 2.13( 0.01
N135Q 0.45 78( 7 ND 0.50( 0.01 -
R393W/N135Q 0.45 44( 4 ND 0.33( 0.02 -

a Binding parameters from at least two titrations of antithrombin with full-length heparin are given with errors representing either the range or
standard error depending on the number of determinations.b NaCl concentrations( the range or standard error from at least two experiments.c ND,
not determined.

Table 4: Effect of pH on Dissociation Constants for Heparin
Binding to N135A and R393H/N135A Antithrombins at 25°C

KD (nM)a

pH I
heparin
formb N135A R393H/N135A

KD,N135A/
KD,R393H/N135A

6.0 0.6c H26 32( 1 (2) 21( 4 (4) 1.5
7.4 0.3 H26 5.6( 0.7 (4) 2.8( 0.6 (5) 2.0
7.4 0.3 H5 26( 8 (4) 10( 1 (3) 2.6
8.5 0.3 H26 43( 2 (3) 17( 1 (2) 2.5

a AverageKD values are given( the range or standard error with
the number of titrations indicated in parentheses.b H5, heparin pen-
tasaccharide; H26, full-length heparin with∼26 saccharides.c Titrations
at pH 6 were carried out at a higher ionic strength to weaken the affinity
and improve the precision of the measurements.
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since trypsin does not show any such hindered access. Both
the wild-type antithrombin reaction with trypsin and variant
inhibitor reactions with chymotrypsin were accelerated more
substantially by a full-length heparin, but such larger rate
enhancements likely reflect the contribution of heparin
bridging antithrombin and proteinase and are thus not
expected to involve the P1 residue (4, 6). This conclusion is
supported by the correlation between the extent of the
additional rate enhancements and the number of conserved
basic residues in trypsin and chymotrypsin in the region
corresponding to the heparin binding exosites of thrombin
and factor Xa which mediate heparin bridging (33-35); i.e.,
one basic residue in the exosite, Lys 169, is conserved in
trypsin, whereas three such residues, Lys 93, Lys 169, and
Lys 175, are conserved in chymotrypsin.

The observation that mutation of the P1 arginine of
antithrombin reduced inhibitor reactivity with trypsin much
more than it did with thrombin and factor Xa is consistent
with specificity determinants other than the P1 residue
contributing to the reactivity of antithrombin with the clotting
enzymes. The additional finding that this reactivity was
accelerated by heparin to an extent comparable to that of
the wild-type inhibitor reactions with these enzymes indicates
that the heparin accelerating mechanism is largely unaltered
by the P1 mutations despite the P1 specificity mismatch. This
confirms that the P1 residue contributes similarly to anti-
thrombin specificity in native and heparin-activated states
of the serpin, and thus, differences in P1 residue accessibility
in these states do not significantly contribute to the heparin
activating mechanism. It follows that new specificity deter-
minants other than the P1 residue must become available in
the antithrombin-heparin complex to enhance recognition
of the serpin by thrombin and factor Xa. As we have recently
shown (17), such determinants do not appear to involve the
reactive center loop P6-P3′ region based on the finding that
mutations in this region do not significantly affect heparin
enhancement of the rates of antithrombin inhibition of
thrombin or of factor Xa. The origins of the new specificity
determinants depend on the target enzyme and appear to
involve, in the case of thrombin, a bridging site on heparin
adjacent to the pentasaccharide site for antithrombin and, in

the case of factor Xa, an unidentified exosite on antithrombin
(17). A bridging-site determinant on heparin also contributes
to the enhanced recognition of heparin-activated antithrombin
by factor Xa in the presence of physiologic levels of calcium
since the heparin binding exosite of this enzyme only
becomes accessible through calcium binding to itsγ-car-
boxyglutamic acid domain (36, 37).

The contribution of the P1 residue to antithrombin
specificity can be estimated from the ratio of the association
rate constants for mutant and wild-type inhibitor reactions
to minimally range from 2000- to 10000-fold for thrombin
and from 100- to 300-fold for factor Xa for P1 Trp, Leu,
and Met substitutions. The smaller reductions in specificity
due to the P1 His replacement of 400-500-fold for thrombin
and 40-80-fold for factor Xa may reflect perturbations of
the His pKa when it is bound in the S1 site of the proteinase
which result in protonation and enhanced binding of the
positively charged histidine side chain. The greater losses
in antithrombin specificity for thrombin than for factor Xa
due to the P1 arginine mutations imply that the more
hydrophobic P1 side chains are accommodated better in the
S1 site of factor Xa than in the S1 site of thrombin. It is not
a surpise that residues other than arginine can be accom-
modated in the largely hydrophobic S1 sites of thrombin and
factor Xa. Heparin cofactor II and a variant fibrinogen both
interact with thrombin despite having P1 leucine (38, 39)
and histidine residues (40), respectively, due to their interac-
tion with a common exosite in thrombin (41). Similarly,
factor Xa binds the inhibitor, tick anticoagulant peptide, with
high affinity despite having a P1 tyrosine residue, due to
interaction of the inhibitor with a factor Xa-specific exosite
(42, 43). Interactions of nonreactive center loop determinants
of heparin-bound antithrombin with exosites on thrombin and
factor Xa can thus similarly account for the ability of both
wild-type and P1 variant antithrombins to show an efficient
reactivity with these enzymes in the presence of heparin.

Despite the large reductions in the rate of association of
the P1 antithrombin variants with thrombin and factor Xa,
the stability of the complexes formed between the P1 Trp
variant and these enzymes was similar to that of the wild-
type inhibitor complexes as judged by the similar rate

FIGURE 5: Fluorescence difference spectra analysis of the effect of heparin on the P1 Trp emission spectrum. Average fluorescence emission
spectra of wild-type (s) and P1 Trp variant (-‚‚‚-) antithrombins (100-500 nM) are shown in the absence and presence of equimolar
full-length heparin from seven experiments (A). All fluorescence values are expressed relative to the peak fluorescence of wild-type
antithrombin. The difference between P1 Trp variant and wild-type antithrombin spectra in the absence (s) and presence (‚‚‚) of heparin
yielded the average spectrum( standard error of the P1 Trp residue in native and heparin-activated states (B). The difference between
wild-type antithrombin with and without heparin (s) or between the variant antithrombin with and without heparin (-‚‚‚-) reflects the
average spectrum of the fluorescence enhancement induced by heparin (C).
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constants for dissociation of the complexes. Such findings
convincingly argue that P1 residue interactions with the
proteinase S1 site are not involved in stabilizing these
complexes and support the findings of previous studies which
showed a repositioning of the P1 residue in the final covalent
complex (31) and the lack of involvement of other reactive
center loop residues in complex stabilization (17, 28, 44).
These observations agree with the elucidated crystal structure
of a serpin-proteinase complex which reveal trapping of
the proteinase as a covalent acyl-enzyme complex following
its translocation from an initial docking site to the opposite
end of the serpin (45). The translocation is triggered by the
proteinase cleaving the reactive center loop, allowing the loop
and covalently linked proteinase to insert intoâ-sheet A of
the serpin. The insertion disrupts reactive center loop inter-
actions with the proteinase, expels the serpin P1 residue from
the enzyme S1 site, and distorts the enzyme active-site
region, thus accounting for the stability of the complex (45).

Our finding that the P1 tryptophan of the variant anti-
thrombin underwent only minor changes in its fluorescence
emission properties upon heparin activation indicates that
the environment of the mutant P1 residue was minimally
affected by activation. The observed P1 tryptophan fluores-
cence emission properties are indicative of a solvent-exposed
residue in both native and activated states (46) and thus
support similar solvent accessibilities of the P1 residue in
the two states. Although a previous study observed that a
P1 Argf Cys antithrombin labeled with the environmentally
sensitive fluorphore, NBD, underwent substantial increases
in fluorescence upon heparin activation indicative of a change
in environment (5), these fluorescence changes are shown
in the accompanying paper to result from the relief of
quenching of the fluorophore due to its interaction with the
serpin body in the native inhibitor and not to involve any
significant changes in the fluorophore lifetime (47). Such
findings imply that the environment of the P1 residue is
indeed similar in the native and heparin-activated serpin
conformations and that the closer proximity of the P1 residue
to the serpin body in the native state brought about through
partial burial of the loop is likely responsible for a weak
fluorophore interaction which minimally affects the environ-
ment or accessibility of the fluorophore.

Our studies have confirmed previous evidence in support
of a P1 arginine interaction with the serpin body in native
antithrombin by showing that a P1 Argf His mutation
enhances heparin binding affinity a modest but significant
2-3-fold (11, 13), that loss of this affinity enhancement at
lower pH correlates with the histidine becoming positively
charged (11), and that other P1 residue mutations have
similar small effects on heparin affinity (32). The enhanced
heparin affinity of the P1 arginine variants is consistent with
these mutations disrupting a P1 arginine intramolecular
interaction which stabilizes the native low-heparin affinity
conformation, thereby lowering the energy cost for activating
the inhibitor to the high-heparin affinity conformation.
However, the small extent to which heparin affinity was
enhanced by the P1 arginine mutations implies that the
stabilization of the native conformation by the P1 arginine
interaction cannot be very large, i.e., that it should ap-
proximate 0.4-0.6 kcal/mol based on the 2-3-fold change.
It follows that the energy difference between the two putative
conformational states of the P1 arginine must also be small

and, therefore, interacting and noninteracting states of the
P1 arginine are likely to exist in a mobile equilibrium in the
unactivated inhibitor. This equilibrium in the favored loop-
buried conformation of native antithrombin is distinct from
the equilibrium between loop-buried and loop-expelled
conformations which is the basis for allosteric activation of
the serpin by heparin (12, 48). Expulsion of the reactive
center loop fromâ-sheet A upon heparin activation could
make the P1 arginine interaction with the serpin body less
energetically favorable and shift the P1 arginine equilibrium
toward the noninteracting state which is reactive with
proteinases. The low-energy stabilization of the P1 arginine
intramolecular interaction can account for the small effects
of conformational activation of the loop by heparin pen-
tasaccharide on the recognition of proteinases other than
factor Xa which appear to interact only with the loop, i.e.,
trypsin and thrombin. However, the observation of somewhat
larger effects of conformational activation of the loop on
thrombin recognition in the case of antithrombin variants
engineered to have a more favorable thrombin recognition
sequence (17) may be ascribed to the greater flexibility of
the loop after its expulsion from sheet A and consequent
ability of a more extended sequence to better fit the enzyme
active site (17).

In conclusion, our findings suggest a revised model for
the role of the P1 arginine residue of antithrombin in
determining the serpin’s specificity for its target enzymes
(Scheme 1). In this model, the P1 arginine exists in accessible

Scheme 1: Revised Model for Heparin Modulation of
Antithrombin P1 Residue Accessibilitya

a The model depicts the P1 arginine of unactivated antithrombin (stick
representation) in a mobile equilibrium between an exposed state (A,
top left) and a state in which the P1 residue interacts with the serpin
body (A′, top right). The interaction arises due to the partial burial of
the reactive center loop intoâ-sheet A (depicted by the arrows) in the
native conformation, bringing the P1 residue in close proximity to the
serpin body. The weakness of the interaction (Kconf ∼ 2) results in a
significant fraction of the serpin existing in the exposed state and
therefore being accessible to proteinases in the native state. Binding
of heparin expels the reactive center loop from sheet A, fully exposing
the P1 arginine side chain and increasing loop flexibility (B). The
affinity of heparin for the antithrombin state in which the P1 arginine
interacts with the serpin body is lower than its affinity for the state in
which the P1 arginine is exposed (K′H > KH) due to the energy required
to break the P1 arginine interaction.

6678 Biochemistry, Vol. 40, No. 22, 2001 Chuang et al.



(A) and inaccessible (A′) states in the native serpin confor-
mation due to a weak ionic or hydrogen bonding interaction
between the P1 arginine and the serpin body brought about
by their proximity in this conformation. The two states are
nearly equally populated and in a mobile equilibrium due to
the low energy barrier for breaking the P1 arginine interac-
tion. As a result, the P1 residue is largely accessible in the
native conformation. Activation of the serpin by heparin
increases the level of exposure of the reactive center loop
and its flexibility, thereby favoring the fully accessible state
of the P1 arginine side chain (B). Reactivity with proteinases
is only marginally enhanced by the activation because of
the substantial fraction of the serpin already with an
accessible P1 residue. Part of the enhancement may ad-
ditionally arise from the increase in loop flexibility. Accord-
ing to this model, the P1 residue plays the expected critical
role in recognizing target enzymes, but this role is similar
for both native and activated states of the serpin and thus
does not contribute significantly to the enhanced reactivity
of the serpin with proteinases when it is activated by heparin.
It follows that determinants other than the P1 residue are
principally responsible for enhancing the specificity of
antithrombin for its target proteinases when the serpin is
activated by heparin.
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