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Current thought holds that factor Xa (FXa) bound in the pro-
thrombinase complex is resistant to regulation by protein
protease inhibitors during prothrombin activation. Here we
provide evidence that, contrary to this view, the FXa-specific
serpin inhibitor, protein Z-dependent protease inhibitor (ZPI),
complexed with its cofactor, protein Z (PZ), functions as a phys-
iologically significant inhibitor of prothrombinase-bound FXa
during prothrombin activation. Kinetics studies showed that the
rapid rate of inhibition of FXa by the ZPI-PZ complex on pro-
coagulant membrane vesicles (ka(app) �107 M�1 s�1) was
decreased �10-fold when FXa was bound to FVa in prothrom-
binase and a further �3– 4 –fold when plasma levels of S195A
prothrombin were present (ka(app) 2 � 105 M�1 s�1). Neverthe-
less, the ZPI-PZ complex produced a major inhibition of throm-
bin generation during prothrombinase-catalyzed activation of
prothrombin under physiologically relevant conditions. The
importance of ZPI-PZ complex anticoagulant regulation of FXa
both before and after incorporation into prothrombinase was
supported by thrombin generation assays in plasma. These
showed enhanced thrombin generation when the inhibitor was
neutralized with a PZ-specific antibody and decreased throm-
bin generation when exogenous ZPI-PZ complex was added
whether prothrombin was activated directly by FXa or through
extrinsic or intrinsic pathway activators. Moreover, the PZ anti-
body enhanced thrombin generation both in the absence and
presence of activated protein C (APC) anticoagulant activity.
Taken together, these results suggest an important anticoagu-
lant role for the ZPI-PZ complex in regulating both free FXa
generated in the initiation phase of coagulation as well as pro-
thrombinase-bound FXa in the propagation phase that comple-
ment prothrombinase regulation by APC.

Protein Z-dependent protease inhibitor (ZPI)2 is a serpin
family protein protease inhibitor that in conjunction with its

cofactor, protein Z (PZ), functions to specifically and rapidly
inhibit blood coagulation factor Xa (FXa) on a procoagulant
membrane surface (ka(app) �107 M�1 s�1) (1–4). ZPI also inhib-
its factor XIa but this inhibition does not require PZ or proco-
agulant membrane cofactors (3). ZPI binds tightly to PZ and
circulates in plasma mostly complexed with the cofactor (5). PZ
is a vitamin K-dependent protein with an N-terminal Gla
domain that mediates calcium-dependent binding to proco-
agulant membranes (6). PZ binding to ZPI is thought to enable
ZPI to bind to a membrane surface and rapidly inhibit mem-
brane-bound FXa (3, 4). The physiologic importance of the
ZPI-PZ complex as an anticoagulant regulator of FXa is sup-
ported by the mild thrombotic risk associated with ZPI or PZ
deficiency in mice or humans and severe thrombotic risk in
ZPI- or PZ-deficient mice or PZ-deficient humans carrying the
factor V (FV) Leiden mutation (7–10).

Previous studies have shown that membrane-associated FXa
is rapidly inhibited by the ZPI-PZ complex in the presence of
plasma levels of FV and prothrombin, but have suggested that
the protease is fully protected from the serpin after FV is acti-
vated and binds FXa to form prothrombinase (3). Such findings
have implied that the ZPI-PZ complex functions primarily to
dampen the coagulation response by inhibiting FXa generated
from the extrinsic or intrinsic FXase complexes prior to its
incorporation into prothrombinase and to minimally regulate
FXa during prothrombinase activation of prothrombin. How-
ever, no quantitative studies have been performed to determine
the extent to which FXa is protected from inhibition by the
ZPI-PZ complex when bound in prothrombinase and activat-
ing prothrombin and thus to assess the importance of ZPI-PZ
complex in regulating prothrombinase activity during pro-
thrombin activation. In the present study we have performed
kinetic studies of ZPI-PZ complex inhibition of membrane-
associated FXa in the absence and presence of FVa and pro-
thrombin under physiologically relevant conditions. These
studies establish a �40-fold reduced ka(app) for ZPI-PZ com-
plex inhibition of FXa when the protease is incorporated into
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cient to cause a physiologically significant suppression of
thrombin generation. A PZ antibody that disrupts the ZPI-PZ
complex and neutralizes ZPI-PZ anti-FXa activity is further
shown to markedly enhance thrombin generation and the exog-
enous ZPI-PZ complex is shown to decrease thrombin genera-
tion in plasma activated by FXa or by extrinsic or intrinsic path-
way activators, consistent with an important anticoagulant
function of ZPI-PZ complex in regulating both free and pro-
thrombinase-bound FXa on a procoagulant membrane surface.
We finally demonstrate that the ZPI-PZ complex suppresses
thrombin generation in plasma independent of the suppression
produced by activated protein C (APC), consistent with com-
plementary roles for these two anticoagulants in regulating pro-
thrombinase function.

Results

FVa and prothrombin attenuate ZPI-PZ complex anti-FXa
activity

The susceptibility of FXa bound in the prothrombinase com-
plex to inactivation by the ZPI-PZ complex was assessed by
kinetic studies of FXa inhibition by the serpin-cofactor com-
plex in the absence and presence of FVa and in the presence of
procoagulant phospholipid membrane vesicles and calcium.
The additional effect of prothrombin on the kinetics of inhibi-
tion of prothrombinase-bound FXa was also investigated by
employing a variant S195A prothrombin that produces inactive
thrombin upon activation (11). This enabled measurements of
FXa inhibition by the ZPI-PZ complex with a fluorogenic FXa
substrate without interference from the concomitant genera-
tion of active thrombin. ZPI and PZ at 25 nM each rapidly inhib-
ited membrane-associated FXa in the absence of FVa with an
apparent association rate constant (ka(app)) of �7 � 106 M�1 s�1

and actual ka of �107 M�1 s�1 after correction for the Km of 50
nM for the intermediate FXa-ZPI-PZ Michaelis complex, in
agreement with past studies (4). Addition of increasing concen-
trations of factor Va progressively slowed the pseudo-first
order inhibition rate constant in a saturable manner to reach a
limiting ka(app) of �1 � 106 M�1 s�1 at factor Va concentrations
of 25–50 nM (Fig. 1A). Progress curves were in all cases best fit
by a single exponential process, consistent with factor Xa bind-
ing to and equilibrating with factor Va to form prothrombinase
significantly faster than it was inactivated by the ZPI-PZ com-
plex. Indeed, initiating reactions with FXa or with preincubated
FXa-FVa resulted in indistinguishable progress curves at satu-
rating FVa concentrations (Fig. 1B), consistent with an
extremely rapid rate of prothrombinase assembly on a proco-
agulant lipid surface (12). The factor Va concentration depen-
dence of the ZPI-PZ complex inhibition rate constant was fit
best by a noncompetitive inhibition model in which factor Va
binding to membrane-associated factor Xa with a KI of 1.5 � 0.3
nM reduced ka(app) for ZPI-PZ complex inhibition of the prote-
ase to 0.8 � 0.2 � 106 M�1 s�1. Indistinguishable limiting ka(app)
values of 0.8 – 0.9 � 106 M�1 s�1 were measured at plasma con-
centrations of ZPI (60 nM) and PZ (50 nM) and FVa concentra-
tions yielding �95% saturation of FXa (25–50 nM), verifying a
marked susceptibility of prothrombinase-bound FXa to inhibi-
tion by the ZPI-PZ complex under physiologically relevant con-

ditions. By contrast, addition of the procofactor, FV, reduced
the inhibition rate only slightly over the same range of concen-
trations (�1.3-fold) (Fig. 1A), consistent with the much weaker
affinity of FV for FXa on a membrane surface and possibly
reflecting some activation of FV by FXa during the reaction.

The reduced rate of ZPI-PZ complex inhibition of prothrom-
binase-bound FXa was progressively lowered even further
when increasing concentrations of S195A prothrombin were
added in the presence of saturating levels of FVa (Fig. 1C). The
data were fit in this case marginally better by a noncompetitive
versus a competitive model, yielding a KI of 0.46 � 0.07 �M for
S195A prothrombin, comparable with reported Km values for
prothrombin activation by prothrombinase (13). At plasma
prothrombin concentrations (1.4 �M), ka(app) was reduced an
additional 3– 4-fold from the value measured for prothrombi-
nase-bound FXa in the absence of prothrombin. The ka(app) for
ZPI-PZ complex inhibition of FXa is thus maximally reduced
�40-fold to �2 � 105 M�1 s�1 at physiologic levels of FVa and
prothrombin. ka(app) for ZPI-PZ complex inhibition of mem-
brane-associated FXa in the absence of FVa was also reduced by
S195A prothrombin in accordance with a competitive model,
with a �3– 4-fold reduced ka(app) at plasma prothrombin con-
centrations and apparent KI of 0.57 � 0.07 �M for S195A pro-
thrombin (Fig. 1D), similar to the KI measured for S195A pro-
thrombin when FXa was bound to FVa in prothrombinase (Fig.
1C). The similar KI values was consistent with FVa binding to
FXa affecting kcat and not Km for FXa activation of prothrombin
(13). SDS-PAGE analyses confirmed normal activation of
S195A prothrombin by prothrombinase in the absence of the
ZPI-PZ complex, in accordance with previous studies (11).

The reduced rates of ZPI-PZ complex inhibition of pro-
thrombinase-bound FXa did not result from significant altera-
tions in the efficiency of inhibition, as was evident from the
modest increases in inhibition stoichiometries from 2.8 � 0.2 in
the absence of FVa to 3.4 � 0.1 and 4.7 � 0.1 when saturating
FVa (nM) alone or with plasma levels of S195A prothrombin
was present, respectively. Moreover, SDS-PAGE immunoblot-
ting analyses with anti-FXa and anti-ZPI antibodies showed
that ZPI-PZ complex inhibition of membrane-associated free
or prothrombinase-bound FXa produced identical covalent
ZPI-FXa product complexes indicative of inhibition by the stan-
dard serpin mechanism (Fig. S1). These results indicate that
FXa retains a significant susceptibility to ZPI-PZ complex inhi-
bition when FXa is complexed with FVa in prothrombinase and
physiologic concentrations of prothrombin are present.

ZPI-PZ complex inhibits prothrombinase activation of
prothrombin

To show that the ZPI-PZ complex effectively inhibits pro-
thrombinase-bound FXa during the activation of native pro-
thrombin, we assessed the ability of the ZPI-PZ complex to
inhibit thrombin generation, assayed with a thrombin chromo-
genic substrate, during prothrombinase-catalyzed activation of
prothrombin. This was evaluated at plasma levels of ZPI (60
nM), PZ (50 nM), and prothrombin (1.4 �M), and prothrombi-
nase assembled with 0.015– 0.2 nM FXa, a large molar excess of
FVa (2–16 nM) and procoagulant phospholipid vesicles, and
calcium in reactions initiated with preassembled prothrombi-
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nase. The ZPI-PZ complex completely blocked thrombin gen-
eration in reactions in which FVa was replaced with FV, consis-
tent with rapid inhibition of FXa by the ZPI-PZ complex before
FV is activated to form prothrombinase (not shown). Thrombin
generation from prothrombinase-catalyzed activation of pro-
thrombin was significantly inhibited by plasma levels of ZPI and
PZ (14, 15) under all conditions examined, with the extent of
inhibition depending on the prothrombinase concentration
(Fig. 2, A and B). Reactions in which prothrombinase was varied
by fixing the FVa concentration at 9 nM and increasing the FXa
concentration from 0.015 to 0.2 nM resulted in a complete inhi-
bition of thrombin generation within 30 min in contrast to
the full activation of prothrombin observed in the absence of
the ZPI-PZ complex. The extent of inhibition progressively
decreased as the prothrombinase concentration was increased,
with maximal thrombin generation plateauing at �200 –1200
nM as the prothrombinase concentration increased from 0.015
to 0.2 nM. Fixing the FXa concentration (0.06 nM) and increas-
ing FVa over concentrations sufficient to mostly or fully satu-

rate prothrombinase (2–16 nM) resulted in similar extents of
inhibition of thrombin generation, with a maximal generation
of �600 nM thrombin in 30 min. The extent of inhibition was
minimally dependent on whether the reaction was initiated
with FXa or with preincubated prothrombinase when FVa con-
centrations were saturating (Fig. 2C), consistent with saturating
FVa favoring the incorporation of FXa into prothrombinase
before FXa was inhibited by the ZPI-PZ complex. These results
indicate that ZPI/PZ effectively competes with prothrombin
for binding to and inhibiting FXa bound to FVa in prothrombi-
nase during prothrombin activation at levels of prothrombi-
nase generated during coagulation (�0.1 nM) (26), but is less
effective once prothrombinase levels exceed 0.1 nM and favor
prothrombin activation.

A mutant E313A ZPI that binds PZ normally but inhibits
membrane-associated FXa with a �10-fold reduced ka(app)
when complexed with PZ due to the loss of a ZPI exosite inter-
action with the autolysis loop of FXa (16, 17) showed a greatly
reduced ability compared with WT ZPI to inhibit thrombin

Figure 1. FVa and S195A prothrombin attenuate ZPI-PZ complex inhibition of membrane-bound FXa. A, ka(app) for ZPI-PZ complex inhibition of 0.5 nM

FXa as a function of increasing concentrations of FVa or FV in the presence of 25 �M SUVs (30% PS/70% PC) and 5 mM Ca2	 in Tris buffer, pH 7.4, at 25 °C.
Reactions were initiated with FXa/Va/lipid/Ca2	 or FXa/lipid/Ca2	 when FV was present. B, full progress curves of ZPI-PZ complex inhibition of FXa in the
presence of 16 nM FVa, lipid, and calcium as in A for reactions initiated with FXa/FVa/lipid/Ca2	 (●) or FXa/lipid/Ca2	 (E). Solid/dashed lines are fits by a single
exponential function. C and D, ka(app) for ZPI-PZ complex inhibition of FXa in the presence of 26 nM FVa or the absence of FVa as indicated and in the presence
of lipid/Ca2	 as a function of increasing concentrations of S195A prothrombin. Reaction conditions were as in A. ZPI and PZ concentrations were 25 nM each
in A and B, 60 and 50 nM in C, and 20 nM each in D. ka(app) was measured by reacting FXa with ZPI-PZ complex in the absence or presence of FV, FVa, or S195A
prothrombin plus lipid/Ca2	 for different times and assaying residual FXa activity with a fluorogenic FXa substrate, as described under “Experimental proce-
dures.” Solid lines in A, C, and D are fits of data by a noncompetitive model and dashed lines are fits by a competitive model. The noncompetitive fit is significantly
better than the competitive fit for A (p � 0.01) and C (p � 0.05) but not for D. Data represent the average of 3– 4 independent measurements, mean � S.D.
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generation during prothrombinase-catalyzed activation of pro-
thrombin (Fig. 2D). SDS-PAGE analyses confirmed that pro-
thrombin activation by prothrombinase was slowed in the pres-
ence of ZPI/PZ and correlated well with the observed rates of
thrombin generation (Fig. 3). These results demonstrate that
FXa retains a marked susceptibility to ZPI-PZ complex inhibi-
tion when bound in prothrombinase during prothrombin acti-
vation at prothrombinase concentrations expected to be gener-
ated during coagulation, consistent with the reduced rate of
ZPI-PZ complex inhibition of prothrombinase-bound FXa in
the presence of prothrombin being physiologically relevant.

Effect of lipid composition on ZPI-PZ complex inhibition of
prothrombinase-bound FXa

The procoagulant lipid employed to characterize ZPI-PZ
complex inhibition of free and prothrombinase-bound FXa in
these and past studies contained a supraphysiologic phosphati-
dylserine (PS) composition. To ensure that ZPI-PZ complex
inhibition of prothrombinase-bound FXa was also significant
with procoagulant lipids more representative of the physiolog-
ically relevant membrane, we analyzed ZPI-PZ complex inhibi-
tion of free and prothrombinase-bound FXa with lipids of vary-
ing PS composition and containing both phosphatidylcholine
(PC) and phosphatidylethanolamine (PE). Reducing the frac-
tion of PS from 30 to 2.5% had minimal effect on the rapid rate
of ZPI-PZ complex inhibition of free FXa in the absence of FVa
(Fig. 4A) or on the slower rate of inhibition of prothrombinase-

bound FXa in the presence of saturating FVa concentrations
(Fig. 4B), as long as PE was present at 25– 40% and PC com-
prised the remaining phospholipid fraction. Reducing the frac-
tion of PS with only PC comprising the remaining lipid fraction
caused the rates of ZPI/PZ inhibition of both free FXa and pro-
thrombinase-bound FXa to be reduced (not shown). Thrombin
generation from prothrombinase-catalyzed activation of pro-
thrombin was similarly inhibited by plasma levels of ZPI and PZ
in the presence of procoagulant lipid vesicles containing 10%
PS/25% PE/65% PC or 30% PS/70% PC (Fig. 4C). These results
indicate that lipid vesicles with compositions similar to those
found in plasma membranes and activated platelet membranes,
i.e. with low fractional PS along with PE and PC, are as effective
as synthetic high PS with just PC containing vesicles in support-
ing ZPI-PZ inhibition of thrombin generation from prothrom-
binase-catalyzed activation of prothrombin under physiologi-
cally relevant conditions.

ZPI-PZ versus antithrombin regulation of
membrane-associated-FXa

Antithrombin is thought to be an important physiologic
inhibitor of membrane-associated FXa, but a poor inhibitor of
prothrombinase-bound FXa (18, 19). To determine the relative
importance of ZPI-PZ complex and antithrombin as inhibitors
of membrane-associated FXa either free or bound with FVa in
prothrombinase, we measured ka(app) for antithrombin inhibi-
tion of FXa in the absence and presence of saturating FVa and in

Figure 2. ZPI/PZ inhibits prothrombinase-catalyzed activation of prothrombin. Time course of prothrombin activation (1.4 �M) by prothrombinase
assembled with FVa and FXa at the concentrations indicated below, 25 �M 30% PS/70 %PC vesicles, and 5 mM Ca2	 in the absence (solid symbols) or presence
(open symbols) of 60 nM ZPI and 50 nM PZ in Tris buffer, pH 7.4, at 25 °C. A, 9 nM FVa and 0.015 nM (�, ƒ), 0.03 nM (Œ, ‚), 0.06 nM (f, �), 0.1 nM (�, �), or 0.2 nM

(●,E) FXa; B, 0.06 nM FXa and 2 nM (●,E), 9 nM (Œ,‚), or 16 nM FVa (f, �); C and D, 16 nM FVa and 0.06 nM FXa. Reactions were initiated with FXa/FVa/lipid/Ca2	

in all cases except in C, where initiation was with either FXa/FVa/lipid/Ca2	 (●, E) or FXa/lipid/Ca2	 (Œ, ‚). Panel D compares the effect of WT ZPI (E) with an
E313A exosite mutant ZPI (‚). Reactions were quenched at varying times with a chromogenic thrombin substrate plus 10 mM EDTA in reaction buffer and
residual thrombin activity was determined as described under “Experimental procedures.” Data represent the average of 3– 4 independent measurements,
mean � S.D. Solid lines are empirical fits of data.
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the presence of phospholipid vesicles and calcium. ka(app) mea-
sured in the absence of FVa (1.6 � 103 M�1 s�1) was reduced
�10-fold in the presence of saturating FVa (1.4 � 102 M�1 s�1)
and reduced a further 2–3–fold in the presence of plasma levels
of S195A prothrombin (�70 M�1 s�1) (Fig. 5A). Comparison
with ka(app) values for ZPI-PZ complex inhibition of unbound
and prothrombinase-bound FXa suggests that at plasma con-
centrations of antithrombin (2.3 �M) (20) and ZPI/PZ (60
nM/50 nM), ZPI-PZ complex is predicted to inhibit membrane-
associated FXa minimally �100-fold faster than antithrombin
whether unbound or bound in the prothrombinase complex.
Consistent with this expectation, antithrombin had minimal
effect on the rate of ZPI-PZ complex inhibition of membrane-
bound FXa in the absence or presence of saturating FVa and
plasma levels of S195A prothrombin when the two serpins were
present at their plasma concentrations (Fig. 5B). The overriding
importance of the ZPI-PZ complex in regulating prothrombi-
nase-bound FXa in the presence of antithrombin was further
shown in thrombin generation assays of prothrombinase-cata-
lyzed activation of prothrombin. In the absence of ZPI-PZ com-

plex but presence of plasma levels of antithrombin, thrombin
generation showed the expected bell-shaped profile with
thrombin generation reaching a peak followed by a decline due
to the significant rate of antithrombin inhibition of thrombin
(Fig. 5C). Addition of plasma levels of ZPI-PZ complex caused a
reduction in thrombin generation at the peak and subsequent
descending part of the bell-shaped curve, consistent with the
ZPI-PZ complex reducing the concentration of prothrombi-
nase-bound FXa catalyst capable of activating prothrombin.

PZ antibody neutralization of the ZPI-PZ complex

To further evaluate the anticoagulant effect of the ZPI-PZ
complex on thrombin generation in plasma, we employed a
neutralizing PZAb. The specificity of this antibody for binding
PZ and for disrupting the ZPI-PZ complex was first assessed by
native PAGE analysis. Complexation of ZPI with PZ is reflected
on native PAGE by the appearance of a new complex band at a
mobility intermediate between that of free ZPI and free PZ (4).
Addition of the PZAb, but not a control IgG antibody, elimi-
nated the ZPI-PZ complex band as well as the free PZ band,

Figure 3. SDS-PAGE analysis of ZPI-PZ complex inhibition of prothrombinase activation of prothrombin. A, prothrombin (ProT, 1. 4 �M) was activated by
prothrombinase assembled with �0.1 nM FXa, 25 �M PS/PC lipid, 5 mM Ca2	, and 30 nM FVa in the absence or presence of 60 nM ZPI and 50 nM PZ in Tris buffer,
pH 7.4, at 25 °C. Reactions were quenched at varying times with EGR-chloromethyl ketone (�400 �M) and FPR-chloromethyl ketone (�400 �M) in buffer and
analyzed by 10% reducing SDS-PAGE with detection of proteins by Coomassie Blue staining. Prothrombin activation in the absence (lanes 1– 6) and presence
(lanes 7–12) of ZPI-PZ complex is shown. Lane 13 is a pure thrombin control (in the same gel of lanes 7–12). FVa, ZPI, PZ, and FXa in reactions were only weakly
detected or undetectable. B, prothrombin disappearance (circles) and thrombin appearance (B Chain) (squares) in the absence (solid symbols) or presence (open
symbols) of ZPI-PZ complex was quantitated with NIH ImageJ software and plotted against time. Data represent the average of 3 independent SDS-PAGE
analyses, mean � S.D.
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demonstrating that the PZAb specifically binds PZ and disso-
ciates the complex (Fig. 6A). This finding was confirmed by
examining the effect of the PZAb on the binding of PZ to a
site-specific NBD fluorophore-labeled ZPI. The NBD fluoro-
phore is covalently linked to ZPI through an engineered Cys-
239 on the periphery of the PZ-binding site and acts as a
reporter of PZ binding by undergoing a �300% fluorescence
enhancement when PZ is bound (21). Addition of a molar
excess of the PZAb to the NBD-labeled ZPI-PZ complex caused
an almost complete quenching of the PZ-induced fluorescence
enhancement, consistent with the antibody inducing the disso-
ciation of the ZPI-PZ complex (Fig. 6B). Titration of the PZAb
into the NBD-labeled ZPI-PZ complex caused a dose-depen-
dent decrease in the NBD fluorescence to an end point corre-
sponding to the fluorescence of free labeled ZPI, whereas
adding an IgG control antibody or buffer caused minimal fluo-
rescence changes (Fig. 6C). Fitting of the titration data to a
competitive binding curve indicated that the PZAb bound to
and displaced PZ from the labeled ZPI with a KD of 14.3 � 0.2
nM. The PZAb but not a control IgG was further able to dose-
dependently neutralize the anti-FXa activity of the ZPI-PZ
complex measured in the presence of procoagulant phospho-
lipid vesicles and calcium (Fig. 6D). The PZAb thus specifically
binds PZ with high affinity and effectively displaces PZ from the
ZPI-PZ complex to result in neutralization of ZPI-PZ complex
anti-FXa activity.

ZPI-PZ complex inhibits thrombin generation in plasma

We next examined whether the ZPI-PZ complex effectively
inhibited thrombin generation in normal human plasma when
coagulation was activated by intrinsic (factor XIIa (FXIIa)) or
extrinsic (tissue factor (TF)) pathway activators or by the pro-
thrombin activator FXa, using calibrated automated throm-
bography (CAT) assays. Three doses of each activator were
employed and thrombin generation was monitored in the
absence or presence of the PZAb to neutralize endogenous
ZPI-PZ complex or in the presence of added ZPI-PZ complex to
increase the level of the anticoagulant complex. Addition of the
PZAb significantly enhanced thrombin generation, whereas
addition of the ZPI-PZ complex reduced thrombin generation
for all three activators (Fig. 7), consistent with a potent dose-
dependent anticoagulant effect of the ZPI-PZ complex on
thrombin generation for all modes of activation. Control exper-
iments showed that the control IgG had no effect on thrombin
generation profiles in these assays (not shown). Moreover, the
PZAb did not enhance thrombin generation in PZ-deficient
plasma but did reverse a decrease in thrombin generation pro-
duced by exogenous ZPI-PZ complex addition to the PZ-defi-
cient plasma (Fig. S2). The enhanced thrombin generation
caused by the PZAb was evident from parallel changes in both
the peak level of thrombin generated (TP) and the total throm-
bin generated (endogenous thrombin potential, ETP) except
for the intermediate and highest doses of the intrinsic pathway

Figure 4. ZPI/PZ inhibits free or prothrombinase-bound FXa or pro-
thrombinase activation of prothrombin on SUVs that mimic activated
platelet membranes. Progress curves of ZPI-PZ complex inhibition of A, free
FXa, or B, prothrombinase-bound FXa in the presence of 25 �M SUVs com-
prised of 2.5% PS/25% PE/72.5% PC (●); 5% PS/25% PE/70% PC (E), 10%
PS/25% PE/65% PC (�); 20% PS/40% PE/40% PC (�); 30% PS/70% PC (Œ) in
Tris buffer, pH 7.4, containing 5 mM Ca2	 at 25 °C. Reactions contained �0.5
nM FXa with either no FVa (A) or 25 nM FVa (B), and ZPI and PZ at 25 (A) or 50 (B)
nM each. C, ZPI/PZ (60/50 nM) inhibition of thrombin generation from pro-
thrombin (1.4 �M) catalyzed by prothrombinase assembled with �0.08 nM

FXa, 16 nM FVa, and 25 �M SUVs containing 10% PS/25% PE/65% PC (�, �) or
30% PS/70% PC (Œ, ‚) plus 5 mM Ca2	. Open and closed symbols indicate
reactions in the presence or absence of ZPI/PZ. Reactions were initiated with
FXa/lipid/Ca2	 in A, or with FXa/Va/lipid/Ca2	 in B and C. At varying time
points, reactions were quenched with the fluorogenic FXa substrate contain-
ing 5 mM EDTA (A and B), or with the thrombin chromogenic substrate con-
taining 10 mM EDTA (C), and residual FXa or thrombin activity was determined

as described under “Experimental procedures.” Progress curves were fit by a
single exponential decay with a nonzero end point for A and B (solid lines
show fits of reaction with 30% PS/70% PC), or empirical fits of data for C. Data
were derived from at least three independent measurements, mean � S.D.
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FXIIa activator, which showed less significant increases (Table
S1). The latter insensitivity of the PZAb may reflect the
50 –100 –fold faster activation of FX by intrinsic FXase com-
pared with extrinsic FXase (22–25) and consequent increased
prothrombinase levels generated at the higher FXIIa doses that
are less efficiently inhibited by ZPI/PZ (Fig. 2A). Notably, the
lag time before the onset of thrombin generation as well as the
time to reach the thrombin peak progressively increased with
increasing levels of ZPI-PZ complex for extrinsic and intrinsic
activators, whereas these parameters showed no significant
change with increasing doses of ZPI-PZ when FXa was the acti-
vator (Table S1). These findings are consistent with the impor-
tance of ZPI-PZ in regulating FXa prior to its incorporation into
prothrombinase in the initiation phase of coagulation as well as
after FXa is bound in prothrombinase in the propagation phase
of coagulation.

ZPI-PZ complex and APC independently reduce thrombin
generation in plasma

We further compared thrombin generation in normal and
heterozygous FVL plasmas activated with TF in the absence
and presence of exogenous APC or soluble thrombomodulin
(TM) to activate endogenous protein C (Fig. 8). Thrombin gen-
eration in these assays was monitored by discontinuous assays
of thrombin activity with a chromogenic substrate. Exogenous
APC or TM decreased thrombin generation in normal and
heterozygous FVL plasmas and this effect was dose-dependent
(not shown) and marginally less in the FVL plasma, consistent
with differential APC inhibition of normal and mutant FVas
in these plasmas. Addition of the PZAb still significantly
enhanced thrombin generation in these plasmas in the pres-
ence of exogenous APC or TM, consistent with complementary
anticoagulant effects of endogenous ZPI/PZ and APC in inhib-
iting prothrombinase function. Control assays in the absence of
exogenous APC or TM with or without addition of PZAb or
control IgG/buffer to the plasmas confirmed that the PZAb but
not the control IgG enhanced thrombin generation in both
plasmas by blocking endogenous ZPI-PZ anti-FXa activity.
Minor differences in thrombin generation profiles observed in
normal and FVL plasmas in these control assays were abolished
by addition of an APC antibody (not shown), consistent with
traces of endogenous APC in these plasmas as reported previ-
ously (26). These findings suggest that ZPI-PZ and APC act
independently to inhibit prothrombinase function and reduce
thrombin generation.

Discussion

Our results demonstrate that the ZPI-PZ complex is a rea-
sonably efficient inhibitor of prothrombinase-bound FXa on
the membrane surface and effectively competes with pro-
thrombin for binding to and inactivating FXa in prothrombi-
nase under physiologically relevant conditions. The observed
�40-fold reduction in the rate constant for ZPI-PZ complex
inhibition of FXa when bound in prothrombinase in the pres-

Figure 5. ZPI-PZ versus antithrombin (AT) inhibition of free and pro-
thrombinase-bound FXa. Progress curves of FXa (�0. 5 nM) inhibition by
antithrombin (2.3 �M) (panel A) or by ZPI (60 nM)/PZ (50 nM) (panel B) in the
presence of 25 �M PS/PC lipid, 5 mM Ca2	 was measured in the absence or
presence of 30 nM FVa alone or 30 nM FVa plus 1.4 �M S195A prothrombin
in Tris buffer, pH 7.4, at 25 °C. Reactions were initiated with FXa and sam-
ples withdrawn at different time points and diluted into FXa fluorogenic
substrate containing 5 mM EDTA to assay residual FXa activity as described
under “Experimental procedures.” Progress curves were fit by a single
exponential decay with a zero end point for antithrombin reactions or a
nonzero end point for ZPI/PZ reactions. C, thrombin generation curves
resulting from the activation of 1.4 �M prothrombin by prothrombinase
assembled with �0.06 nM FXa, 30 nM FVa, 25 �M PS/PC lipid, and 5 mM

Ca2	 in the absence or presence of 60 nM ZPI/50 nM PZ alone, 2.3 �M

antithrombin alone, or both ZPI/PZ and antithrombin in Tris buffer, pH 7.4,
at 25 °C. Reactions were initiated with preincubated FXa/FVa/lipid/Ca2	.
Thrombin generation was measured by quenching samples at different

time points into thrombin chromogenic substrate plus 10 mM EDTA as
described under “Experimental procedures.” Data were derived from at
least three independent measurements, mean � S.D.
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ence of plasma levels of prothrombin compared with the near
diffusion-limited inhibition of unbound FXa on a procoagulant
membrane (107 M�1 s�1) thus indicates that at plasma concen-
trations of ZPI and PZ, prothrombinase-bound FXa is markedly
susceptible to ZPI-PZ complex inhibition during prothrombin
activation (half-life �90 s). Notably, our finding that FVa
reduces ka(app) for ZPI-PZ complex inhibition of FXa to a lim-
iting value of 8 –9 � 105 M�1 s�1 at concentrations of the cofac-
tor sufficient to saturate FXa, and independent of whether pro-
thrombinase is preassembled or assembled in the presence of
ZPI-PZ indicates that the ZPI-PZ complex directly inhibits
prothrombinase-bound FXa in a noncompetitive manner and
does not require FXa to dissociate from prothrombinase to
render the protease susceptible to inhibition. Direct inhibition

of prothrombinase-bound FXa by the ZPI-PZ complex is con-
sistent with structural alignments of FXa in the homologous
FXa-FVa prothrombinase complex from snake venom (27)
with FXa in the antithrombin-FXa Michaelis complex (28) and
with alignments of antithrombin in the latter complex with ZPI
in the ZPI-PZ complex (16) (Fig. S3). These alignments suggest
that FXa bound to FVa in prothrombinase interacts with the
serpin reactive loop in a manner that minimally interferes with
FVa by placing ZPI and bound PZ in an orthogonal orientation
relative to that of FVa (Fig. S3). However, an interaction of the
A2 domain C-terminal peptide of FVa with the FXa heparin-
binding exosite may sterically interfere with the ZPI reactive
center loop and exosite interactions with the FXa active-site
and account for the reduced rate of ZPI-PZ complex inhibition

Figure 6. PZAb disrupts the ZPI-PZ complex and neutralizes ZPI/PZ anti-FXa activity. A, native PAGE (5. 5% gel) analysis of ZPI (2 �g) and PZ (2.5 �g) alone
or together as indicated in the absence or presence of an anti-human PZAb (20 �g) or a control IgG (Sigma) (20 �g). B, fluorescence emission spectra of
NBD-labeled K239C ZPI (50 nM) alone, after adding a molar excess of PZ (63 nM) and after adding both PZ and 100 �g/ml of PZAb were measured in Tris buffer,
pH 7.4, at 25 °C with excitation at 480 nm. Triplicate spectra were averaged after correction for buffer background and dilution. C, titrations of NBD-labeled
K239C ZPI (50 nM) plus PZ (63 nM) with PZAb (E), control IgG (�), or buffer (‚). Observed relative fluorescence changes at the emission maximum (
Fobs/
Fmax)
were fit by the cubic equation for competitive binding to obtain the KD for the PZAb-PZ interaction (solid line). D, reactions of 55 nM ZPI and 46 nM PZ with 4 nM

FXa, 25 �M PS/PC, and 5 mM Ca2	 in Tris buffer, pH 7.4, at 25 °C after a 2-min preincubation of PZ alone with 0 –100 �g/ml of PZAb or control IgG (100 �g/ml)
in calcium containing buffer. Reactions were quenched into FXa chromogenic substrate plus 10 mM EDTA after 5 min and residual FXa activity was assayed.
Data represent the average of 3– 4 independent measurements, mean � S.D., for C and D.
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of FXa in prothrombinase. FVa binding to FXa could also
impede interactions between the PZ and FXa Gla domains on
the membrane that promote FXa inhibition (3, 4, 17). The addi-
tional effect of prothrombin in slowing ZPI-PZ complex inhi-
bition of prothrombinase-bound FXa may result from pro-
thrombin binding to prothrombinase, further interfering with
or excluding ZPI-PZ complex from binding FXa in prothrom-
binase (29). The observed 3– 4-fold reduction in ka(app) is con-
sistent with noncompetitive or competitive binding of the pro-
thrombin substrate with a KI within the range of reported Km
values (13). Noncompetitive binding is possible because the
prothrombin Km is dominated by exosite rather than active site

interactions (29) and may thus not exclude the ZPI-PZ complex
from binding at the FXa active site.

That the observed rates of inhibition of prothrombinase-
bound FXa by the ZPI-PZ complex are physiologically relevant
was demonstrated by showing that plasma levels of the ZPI-PZ
complex markedly inhibit thrombin generation in prothrombin
activation assays at saturating FVa levels and FXa levels
expected to be generated during the activation of coagulation
(30). Moreover, our finding that PS/PE/PC vesicles with low PS
content that mimic the composition of plasma membranes and
activated platelet membranes (31, 32) are as effective as PS/PC
vesicles with a high PS fraction in promoting ZPI-PZ complex

Figure 7. ZPI-PZ dose-dependently inhibits thrombin generation in plasma. Thrombin generation in normal human plasma after activating coagulation
with A, TF; B, FXa; or C, factor XIIa was measured by CAT at pH 7. 4, 37 °C as described under “Experimental procedures.” To 80 �l of plasma samples containing
fluorogenic substrate, CTI (only for TF and FXa activators), and lipid (20% PS/20% PE/60% PC) was added to 20 �l of activator (only for TF), PZAb, or ZPI-PZ as
indicated. Thrombin generation was initiated by adding 20 �l of CaCl2 plus either FXa or FXIIa activator. Final concentrations were 420 �M fluorogenic
substrate, 30 �g/ml of CTI, 25 �M lipid, 16 mM calcium, and the indicated concentrations of activators. Curves represent control plasma (open circles), addition
of 160 �g/ml of PZAb (closed circles), or 25 nM each of ZPI and PZ (solid triangles). ThrombinoscopeTM software was used to analyze fluorescence data to obtain
the lag time, the thrombin peak height (TP), time to thrombin peak (TTP), and the ETP (integrated area under the thrombogram) (Table S1). Data represent the
average of triplicate measurements.
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inhibition of prothrombinase supports the physiologic signifi-
cance of our findings and is in agreement with the report that
low PS content membranes containing both PE and PC bind PZ
as well as high PS content membranes containing PC but not PE
(33). In TF-initiated clotting of whole blood, prothrombinase
levels reach a maximum of �0.1 nM and are then inhibited
despite residual prothrombin, and an excess of FVa and platelet
prothrombinase sites, implying that inhibition of FXa bound in
prothrombinase is responsible for this inhibition (34). Our
results suggest that the ZPI-PZ complex may account for this
inhibition. Notably, ZPI-PZ complex inhibition of thrombin
generation was abrogated with a ZPI exosite mutant with a
�10-fold reduced reactivity with FXa, implying that the rate of
ZPI-PZ complex inhibition of FXa in prothrombinase is poised
to limit the amount of thrombin produced during coagulation.

Our findings conflict with an earlier report that found com-
plete protection of prothrombinase-bound FXa from ZPI-PZ
complex inhibition when plasma levels of prothrombin were
present (3). Two factors may explain this discordant finding.
First, the previous report measured thrombin generation only
over the early phase of the reaction (120 s) where more modest
reductions in the rate of prothrombinase activation of pro-
thrombin are evident compared with later stages (600 s), where
a pronounced reduction in rate and extent of thrombin gener-

ation is clearly observed. Second, our finding that ZPI-PZ com-
plex inhibition of thrombin generation is most effective when
prothrombinase levels are less than 0.1 nM is in keeping with a
lesser inhibition by the ZPI-PZ complex at the single prothrom-
binase concentration examined in this study of 0.1 nM.

The importance of ZPI-PZ complex regulation of prothrom-
binase-bound and unbound FXa was supported by thrombin
generation assays in plasma. A PZ antibody provided a key re-
agent to block ZPI-PZ anticoagulant activity in plasma based on
its demonstrated ability to specifically bind PZ, disrupt the
ZPI-PZ complex, and neutralize ZPI-PZ complex anti-FXa
activity. The PZ antibody significantly enhanced thrombin gen-
eration in plasma, whereas addition of exogenous ZPI-PZ com-
plex suppressed thrombin generation when coagulation was
activated with extrinsic or intrinsic pathway activators or by
direct activation of prothrombin with FXa, indicating a marked
dose-dependent anticoagulant effect of ZPI-PZ complex when
coagulation was activated through either extrinsic or intrinsic
pathways. The finding that altering the endogenous levels of the
ZPI-PZ complex produces major effects on thrombin genera-
tion in plasma when prothrombin is directly activated with FXa
is consistent with prothrombinase-bound FXa being a key anti-
coagulant target of the ZPI-PZ complex. This is supported by
the insignificant effects on the lag time before the onset of

Figure 8. ZPI/PZ and APC anticoagulant activities are complementary in reducing thrombin generation. Thrombin generation in normal (A and C) or
heterozygous FV Leiden (B and D) plasmas was measured by activating coagulation with TF, lipid, and CaCl2 in the presence of CTI as described in the legend
to Fig. 7 and with or without addition of PZAb/control IgG, TM, or APC as indicated at pH 7.4, 37 °C. Final concentrations were 30 �g/ml of CTI, 25 �M lipid, 2 pM

TF, 16 mM calcium, 160 �g/ml of PZAb or control IgG, 3.3 nM APC, 1.5 nM TM. Thrombin generation was assayed by quenching aliquots (10 �l) at different times
into 1 ml of thrombin chromogenic substrate plus 10 mM EDTA in reaction buffer and residual thrombin activity was determined as described under “Exper-
imental procedures.” The four curves in each panel represent additions of: (i) buffer (Œ) or control IgG (�) to assess endogenous ZPI/PZ activity in the absence
of APC activity, (ii) PZAb to block endogenous ZPI/PZ activity in the absence of APC activity (●), (iii) APC (A and B) or soluble thrombomodulin (TM) (C and D)
to assess exogenous/endogenous APC activity and endogenous ZPI/PZ activity (‚), and (iv) APC or TM plus PZAb to assess exogenous/endogenous APC
activity in the absence of endogenous ZPI/PZ activity (E). The dotted lines in C and D reproduce the corresponding data of A and B. Data were derived from three
independent measurements, mean � S.D.
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thrombin generation or the time to reach the peak thrombin
concentration, both of which reflect the level of prothrombi-
nase formed in the initiation phase, but prominent effects on
the peak thrombin concentration (TP) and total thrombin pro-
duced (ETP) that reflect prothrombinase levels in the propaga-
tion phase (23). By contrast, activation of coagulation in plasma
by extrinsic or intrinsic activators results in significant effects of
the ZPI-PZ complex on the lag time as well as the TP and ETP,
implying that FXa generated by extrinsic or intrinsic activators
before FV activation is an additional target of ZPI-PZ complex
regulation. An earlier study similarly found dramatic effects of
the ZPI-PZ complex on FXa generation and on the lag time and
peak thrombin generation when barium-adsorbed plasma was
supplemented with factor X or with both factor X and pro-
thrombin, respectively, and activated with factor IXa (8). In
keeping with the importance of the ZPI-PZ complex as a key
anticoagulant regulator of FXa, Girard et al. (35) recently
reported that knocking out ZPI or PZ in hemophilia A mice
enhanced coagulation in hemophilia mice, therapeutically
equivalent to 15% FVIII replacement. Our finding that FXa in
prothrombinase is susceptible to inhibition by the ZPI-PZ com-
plex contrasts with the resistance of prothrombinase-bound
FXa to antithrombin inhibition at plasma concentrations of this
serpin (18, 36). Such protection is consistent with our finding
that ka(app) for antithrombin inhibition of prothrombinase-
bound FXa is �1,000-fold slower than ka(app) for ZPI-PZ com-
plex inhibition. Antithrombin inhibition of free FXa on a mem-
brane was similarly found to be much slower (104-fold) than
ZPI-PZ complex inhibition. Although past studies have sug-
gested that FXa generated by extrinsic and intrinsic FXase acti-
vation of FX in the presence of TFPI and antithrombin is sig-
nificantly regulated by antithrombin (19), the rate constants for
ZPI-PZ complex and antithrombin determined in the present
study predict that the ZPI-PZ complex rather than antithrom-
bin will be the dominant regulator of FXa even after accounting
for the 50-fold higher plasma concentration of antithrombin.
Under in vivo conditions, antithrombin regulation of FXa may
become important when the serpin binds and is activated by
endogenous heparin sulfate or heparin molecules containing a
pentasaccharide receptor sequence for the serpin. Heparin acti-
vation thus enhances the rate constant for antithrombin inhi-
bition of unbound or prothrombinase-bound FXa �103-fold
based on our measurements and published data (36). However,
such active heparin molecules may be limiting in vivo (37) and
result in a dependence on the ZPI-PZ complex for effective
regulation of FXa activity.

Prothrombinase-bound FXa has been thought to be resistant
to plasma protease inhibitors including TFPI (38) and to be
regulated solely by the inactivation of FVa by APC in conjunc-
tion with the cofactor, protein S (39 –42). The results of throm-
bin generation assays in normal and heterozygous FVL plasmas
showed that blocking endogenous ZPI-PZ anti-FXa activity
with the PZAb produced significant enhancements in throm-
bin generation that were independent of APC anticoagulant
activity. Such findings suggest a new view in which the ZPI-PZ
complex complements APC in dynamically regulating pro-
thrombinase activity. Whereas FVa bound to FXa in prothrom-
binase and to prothrombin is largely protected from APC inac-

tivation, this protective effect is reversed as prothrombin is
activated by allowing protein S to displace FXa from FVa (39 –
42). By contrast, FXa bound in prothrombinase is directly
inhibited by the ZPI-PZ complex at a reduced but physiologi-
cally significant rate during prothrombin activation that accel-
erates as prothrombin is consumed. Important complementary
roles for ZPI-PZ and APC regulation of prothrombinase are
suggested by clinical and animal model studies that have found
a mild prothrombotic phenotype associated with ZPI-PZ defi-
ciency or the FV Leiden mutation, and a severe thrombosis
phenotype when ZPI or PZ deficiency is combined with the FV
Leiden mutation (7–10, 43, 44). Such findings imply that loss of
APC or ZPI-PZ anticoagulant activity alone cause a modest
overactivity of prothrombinase and mild thrombotic risk,
whereas the combined deficiency of both anticoagulants causes
a marked overactivity of prothrombinase and consequent
heightened risk of thrombosis. Whether this overactivity
results from synergistic effects of combining ZPI/PZ deficiency
with the factor V Leiden mutation remains to be determined by
future studies of prothrombinase regulation by ZPI/PZ and
APC in which prothrombinase assembled with normal and
mutant factor V Leiden are compared. Our findings suggest
that the resistance of FVa Leiden to APC inactivation could
increase prothrombinase levels to an extent that reduces the
anticoagulant effect of ZPI-PZ and therefore compounds the
effects of ZPI or PZ deficiency.

Experimental procedures

Proteins and lipids

Plasma-derived human FXa, FXIIa, PZ, and prothrombin
were from Enzyme Research Laboratories and human FV and
FVa, sheep anti-human PZAb (polyclonal antibody, lot number
P0831), APC, sheep anti-human protein C polyclonal antibody,
and corn trypsin inhibitor (CTI) were from Hematologic Tech-
nologies. Recombinant human TM extracellular domain and
normal sheep IgG were from Sigma. Recombinant human WT
and mutant ZPIs were expressed in baculovirus-infected insect
cells and purified and NBD-labeled K239C ZPI was prepared as
described (4, 21). Recombinant S195A prothrombin was
expressed and purified as described (11). Human antithrombin
was purified from plasma as described (45). Protein concentra-
tions were determined from the absorbance at 280 nm based on
published extinction coefficients (4, 11). Small unilamellar
phospholipid vesicles (SUVs) were prepared by sonication on
ice under nitrogen of mixtures of 30% PS/70% PC; 2.5% PS/25%
PE/72.5% PC; 5% PS/25% PE/70% PC; 10% PS/25% PE/65% PC;
or 20% PS/40% PE/40% PC for 60 –90 min as described (46, 47).
SUVs for thrombogram assays contained 20% PS/20% PE/60%
PC and were prepared as described (11, 47). All lipids were
synthetic and contained dioleyl fatty acids, except for PE and
PC lipids in vesicles with PS varied from 2.5 to 20%, which were
natural lipids from bovine heart. All lipids were purchased from
Avanti Polar Lipids.

Experimental conditions

All experiments were conducted in 50 mM Tris or Hepes
buffer, pH 7.4, containing 0.1 M NaCl, 0.1% PEG 8000, 0.1
mg/ml of BSA at 25 °C, unless specified otherwise.

ZPI inhibits prothrombinase

7654 J. Biol. Chem. (2019) 294(19) 7644 –7657



Kinetics of ZPI-PZ inhibition of free and prothrombinase-
bound FXa

Reactions of ZPI-PZ complex with membrane-associated
free and prothrombinase-bound FXa were done in the presence
of 25 �M SUVs and 5 mM CaCl2, with or without FVa, FV, and
S195A prothrombin under pseudo-first order conditions in
which the inhibitor was in large molar excess over FXa (�20-
fold). Reactions (50 –100 �l) were initiated with FXa/FVa or
FXa preincubated with lipid and calcium and after varying
times quenched with 1 ml of Pefafluor FXa substrate (40 �M)
containing 5 mM EDTA to measure residual FXa activity from
the initial rate of substrate hydrolysis monitored fluorimetri-
cally (4). The observed pseudo-first order inhibition rate con-
stant (kobs) was obtained by fitting full progress curves to a
single exponential with a nonzero end point or calculated from
single reaction time points assuming end points obtained from
such fits (37). Apparent second order association rate constants
(ka(app)) were obtained by dividing kobs by the ZPI-PZ complex
concentration calculated from a measured KD of 10 nM (21).
Stoichiometries of ZPI-PZ inhibition of FXa in the absence and
presence of FVa or prothrombin were measured by end point
titrations of 100 –200 nM FXa with the inhibitor as described
(4).

Thrombin generation assays

Mixtures containing ZPI, PZ, 25 �M SUVs, 5 mM Ca2	, and
prothrombin were incubated for 2 min at 25 °C, and then FXa/
FVa or FXa were preincubated with lipid and calcium was
added to initiate the reaction. At different time points, samples
were withdrawn and diluted into buffer containing 200 �M

S2238 and 10 mM EDTA and the thrombin generated was mea-
sured from the initial rate of absorbance change at 405 nm.
Initial rates were converted to thrombin concentration by com-
paring with a standard curve constructed with known thrombin
concentrations.

The effect of the PZAb or exogenous ZPI-PZ complex on
thrombin generation in normal human plasma (George King
Bio-medical) activated with TF (Innovin), FXIIa, or FXa was
measured by CAT (48) assays at 37 °C, essentially as described
in Ref. 49. TF activator, PZAb, or exogenous ZPI-PZ when pres-
ent (20 �l) were added to 80 �l of plasma samples containing
fluorogenic substrate, CTI (only for TF and FXa activators), and
SUVs followed by initiation with 20 �l of buffered CaCl2. FXa
and FXIIa activators were added with calcium. Final concentra-
tions are given in Fig. 7. Plasma levels of ZPI and PZ were
confirmed to be in the reported range (40 – 60 nM) (14, 15) by
Western blotting with specific ZPI and PZ antibodies after
calibration with known ZPI/PZ concentrations.

The effect of PZAb or exogenous APC and TM on thrombin
generation in normal human and heterozygous factor V Leiden
plasma (Precison Biologic) activated with TF was similarly per-
formed. TF activator, PZAb, APC, TM, CTI, lipids, buffer, or
control IgG (40 �l) were added to 100-�l plasma samples and
after 2 min incubation at 37 °C, 10 �l of buffered CaCl2 was
added to initiate coagulation. Final concentrations of added
components are given in Fig. 8. At different time points, sam-
ples were withdrawn and diluted into buffer containing 200 �M

S2238 and 10 mM EDTA and the thrombin generated was mea-
sured from the rate of substrate hydrolysis as described above.

Miscellaneous methods

Native PAGE and SDS-PAGE were performed as described
(4). Immunoblotting analyses of ZPI-FXa complex formation in
ZPI reactions with FXa in the presence of PZ, 25 �M PS/PC, and
5 mM Ca2	 and the absence or presence of saturating FVa were
performed by acid denaturation of samples as previously
reported (4). Fluorescence emission spectra and fixed wave-
length titrations of NBD-labeled ZPI-PZ complex were per-
formed with an SLM8000 spectrofluorometer as described (21).
Binding of PZAb to PZ was measured by competitive binding
titrations in which PZAb was titrated into a solution of NBD-
labeled ZPI-PZ complex and the fluorescence decrease due to
PZAb displacement of PZ from the labeled ZPI-PZ complex
was measured. Observed relative fluorescence changes were fit
by the cubic equation for competitive binding to obtain the KD
for the PZAb-PZ interaction assuming a stoichiometry of 1.0
and independently determined KD for the labeled ZPI-PZ inter-
action as described (21). PZAb concentrations were calculated
based on a molecular weight of 150 kDa. PZAb effects on
ZPI-PZ anti-FXa activity were analyzed by quenching reactions
of ZPI-PZ complex and FXa in the presence of 25 �M PS/PC and
5 mM Ca2	 with 100 �M Spectrozyme FXa substrate plus 10 mM

EDTA after a fixed time and measuring residual FXa activity
from the initial rate of absorbance change at 405 nm.
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