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Abstract

Background—~Protein Z (PZ) has been reported to promote the inactivation of factor Xa (FXa)
by PZ-dependent protease inhibitor (ZP1) three orders of magnitude. Previously, we prepared a
chimeric PZ in which its C-terminal pseudo-catalytic domain was grafted on FX light-chain (Gla
and EGF-like domains) (PZ/FX-LC). Characterization of PZ/FX-LC revealed the ZPI interactive-
site is primarily located within PZ pseudo-catalytic domain. Nevertheless, the cofactor function
and apparent Ky of PZ/FX-LC for interaction with ZPI remained impaired ~6-7-fold, suggesting
PZ contains a ZPI interactive-site outside pseudo-catalytic domain. X-ray structural data indicates
Tyr-240 of ZPI interacts with EGF2-domain of PZ. Structural data further suggests 3 other ZPI
surface loops make salt-bridge interactions with PZ pseudo-catalytic domain. To identify ZPI
interactive-sites on PZ, we grafted the N-terminal EGF2 subdomain of PZ onto PZ/FX-LC
chimera (PZ-EGF2/FX-LC) and also generated two compensatory charge reversal mutants of PZ
pseudo-catalytic domain (Glu-244 and Arg-212) and ZPI surface loops (Lys-239 and Asp-293).

Methods—PZ chimeras were expressed in mammalian cells and ZP1 derivatives were expressed
in E.coli.

Results—The PZ EGF2 subdomain fusion restored the defective cofactor function of PZ/FX-LC.
The activities of PZ and ZP1 mutants were all impaired if assayed individually, but partially
restored if the compensatory charge reversal mutants were used in the assay.

Conclusions—PZ EGF2 subdomain constitutes an interactive-site for ZPI. Data with
compensatory charge reversal mutants validates structural data that the identified residues are part
of interactive-sites.
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General significance—Insight is provided into mechanisms through which specificity of ZPI-
PZ-FXa complex formation is determined.

1. Introduction

Protein Z (PZ)! is a vitamin K-dependent plasma protein which promotes the inactivation
rate of factor Xa (FXa) by the PZ-dependent proteinase inhibitor (ZPI) on negatively
charged phospholipids (PC/PS) in the presence of Ca2* by more than three orders of
magnitude [1-3]. It has a genetic organization identical to vitamin K-dependent coagulation
zymogens [4]. However, PZ has no enzymatic activity, but instead functions as a cofactor to
regulate the proteolytic activity of FXa by ZPI on PC/PS vesicles in the presence of Ca2*
[1-3]. Similar to other vitamin K-dependent coagulation proteins, PZ has an N-terminal -
carboxyglutamic acid (Gla) domain that is followed by two epidermal growth factor (EGF)-
like domains (light chain homologue) and a C-terminal pseudo-catalytic domain [4]. ZPl is a
72 kDa serpin which binds to the active-site of FXa via its P1-Tyr on the reactive center
loop (RCL), thereby trapping it in the form of an inactive and covalently modified serpin-
protease complex, a property shared by other inhibitory serpins [1-3,5]. In addition to FXa,
ZPl is also a specific inhibitor of factor Xla, in this case however, ZPI does not require PZ
and thus effectively inhibits the protease, independent of a cofactor [6]. We recently
investigated the mechanism of the cofactor function of PZ by constructing a chimeric PZ
derivative in which the pseudo-catalytic domain of the molecule was grafted on the light
chain of factor X (PZ/FX-LC). Analysis of the cofactor function and the ZPI-binding
properties of PZ/FX-LC chimera indicated that the primary ZPl-interactive site on PZ is
located within the C-terminal pseudo-catalytic domain of the cofactor [7]. However, the
chimeric cofactor exhibited ~7-fold weaker affinity for ZPI which was also associated with
~6-fold decreased maximal cofactor function in the FXa inhibition assay on the negatively
charged phospholipid vesicles in the presence of Ca?* [7]. The molecular basis for the
decreased cofactor activity of the PZ/FX-LC chimera was not investigated but the results
raised the possibility that there is another interactive-site for ZPI outside the pseudo-
catalytic domain of the cofactor.

Recently, the x-ray crystal structure of ZPI in complex with PZ was resolved by two groups
[8-10]. Structural data supports our mutagenesis data demonstrating that ZP1 makes
extensive salt-bridge and hydrophobic interactions with 4 surface loops within the pseudo-
catalytic domain of PZ [10]. Interestingly, the structural data further revealed that a
hydrophobic residue on ZPI (Tyr-240) is oriented toward the EGF2 domain of PZ,
interacting with a hydrophobic cavity in the interface between this domain and the pseudo-
catalytic domain of the cofactor [10]. To validate the structural data and identify the site on
PZ EGF2 domain that may constitute an interactive-site for ZPI, we grafted the first
subdomain (residues forming the first 2 disulfide-stabilized loops) of PZ back onto PZ/FX-

Labbreviations— PZ, protein Z; ZPI, protein Z-dependent protease inhibitor; RCL, reactive center loop; ZPI-Y387A, a ZPl mutant in
which Tyr-387 has been replaced with an Ala; FXa, activated factor X; Gla, y-carboxyglutamic acid; EGF, epidermal growth factor;
PZ/FX-LC, a PZ chimera in which its N-terminal Gla-domain has been replaced with the Gla-domain of factor X; PZ-EGF2/FX-LC, a
PZ chimera in which the first subdomain of EGF2 domain in PZ/FX-LC has been replaced with the corresponding sequence of PZ;
PZ/FX-Gla, a PZ chimera in which its N-terminal Gla-domain has been replaced with the Gla-domain of factor X; PZ/FX-EGF2, a PZ
chimera in which the first subdomain of EGF2 domain of PZ has been replaced with the corresponding sequence of FX; PEG,
polyethylene glycol; BSA, bovine serum albumin.
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LC chimeric cofactor (Fig. 1). Moreover, we substituted the first subdomain of PZ EGF2
domain with the corresponding loops of FXa EGF2 domain. Since an interaction between
the Gla-domain of PZ and FXa on PC/PS vesicles has been postulated [2,7], we also
prepared a PZ chimera in which the Gla-domain of the cofactor was replaced with the
corresponding Gla-domain of FXa (Fig. 1). Characterization of these PZ chimeras in kinetic
assays indicates that ZP1 interacts with a hydrophobic cavity formed by the first subdomain
of PZ EGF2 domain and that the Gla-domain of FXa can functionally substitute for the Gla-
domain of PZ on PC/PS vesicles in the presence of Ca?*. Moreover, we mapped the
proposed salt-bridge mediated interactive-site of ZPI with the pseudo-catalytic domain of PZ
by a compensatory mutagenesis approach, validating the structural data that the interaction
of several charged residues of PZ with complementary sites of ZPI contribute to the binding
affinity of the cofactor-serpin inhibitory complex formation.

2. Materials and Methods

2.1. Construction, Mutagenesis and Expression of Recombinant Proteins

Wild-type PZ and a PZ chimera in which the pseudo-catalytic domain of the cofactor was
grafted on the light chain of factor X (PZ/FX-LC) were expressed in a mammalian
expression/purification vector system as described [7]. A PZ chimera was constructed in
which the first EGF2 subdomain of PZ/FX-LC was replaced with the corresponding
subdomain of PZ EGF2 domain (Fig. 1). Two other PZ chimeras were prepared. In the first
construct, the first EGF2 subdomain of wild-type PZ was replaced with the corresponding
FXa EGF2 subdomain. In the second construct, the Gla-domain of PZ was replaced with the
corresponding Gla-domain of FXa. The charge reversal mutants of PZ including Glu-244 to
Lys (PZ-E244K), Arg-212 to Asp (PZ-R212D) and Arg-298 to Asp (PZ-R298D) were
constructed using the same vector system. All mutations were introduced by the PCR
mutagenesis approach and the accuracy of all constructs was confirmed by DNA
sequencing. The expression vectors, containing a neomycin gene for selection in mammalian
cells with G418, were transfected to human embryonic kidney (HEK-293) cells. Several
G418 resistant clones were selected and examined for PZ expression by an ELISA using the
HPC4 monoclonal antibody and a polyclonal anti-PZ antibody (Haematologic Technologies
Inc. Essex Junction, VVT) as described [7]. A high expressing clone for each PZ derivative
was identified and 20 liters of cell culture supernatant were collected, concentrated and
purified by a combination of HPC4 immunoaffinity and Mono Q ion exchange
chromatography as described [7]. Concentrations of PZ derivatives were calculated from
their absorbance at 280 nm using a molar absorption coefficient of 74,400 M~1 cm1 as
described [7,11]. The purity of all recombinant cofactors was ensured by SDS-PAGE under
non-reducing conditions and the protein preparations were frozen at -80 °C in small aliquots
until use.

Wild-type ZP1 was prepared in E. coli using the SUMO fusion expression/purification
system and characterized as described [12]. A ZPI mutant in which an Ala substituted the
native P1-Tyr-387 of the serpin (ZP1-Y387A) was constructed by standard PCR mutagenesis
methods and expressed using the same vector system. The compensatory charge reversal
mutants of ZPI including Lys-239 to Glu (ZP1-K239E) and Asp-293 to Arg (D293R) were
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constructed and expressed in the same vector system. Concentrations of ZPI derivatives
were calculated from their absorbance at 280 nm using a molar absorption coefficient of
31,525 M~ cm™ as described [3].

Human plasma FXa was purchased from Haematologic Technologies Inc. (Essex Junction,
V/T). Phospholipid vesicles containing 80% phosphatidylcholine and 20%
phosphatidylserine (PC/PS) were prepared as described [13]. The chromogenic substrate
Spectrozyme FXa (SpFXa) was purchased from American Diagnostica (Greenwich, CT).

2.2. Inhibition assay

A discontinuous assay method was used to measure the second-order association rate
constants (k) for the ZPI inhibition of FXa under pseudo-first-order conditions as a function
of increasing concentrations of the PZ chimeras as described [7,12]. Briefly, FXa (0.75 nM)
was incubated with ZPI (5 nM) and different concentrations of each PZ derivative (0.3-20
nM) on PC/PS vesicles (25 uM) in 0.1 M NaCl, 0.02 M Tris-HCI (pH 7.5), 0.1%
polyethylene glycol 8000 (PEG 8000), 0.1 mg/mL bovine serum albumin (BSA) and 5 mM
Ca%* (TBS/Ca2*) for 1.5-8 min in 50 uL volumes in 96-well polystyrene plates at room
temperature. The inhibition reactions were stopped by the addition of 50 uL SpFXa (0.2 mM
final) in TBS containing 50 MM EDTA and the remaining enzyme activity was measured
with a Vnax Kinetics Microplate Reader (Molecular Devices, Menlo Park, CA) at 405 nm.
The cofactor concentration dependence of the ZPI inhibition of FXa indicated that the PZ
concentrations used are saturating under these conditions. The observed pseudo-first-order
(kops) rate constants were calculated from a first-order rate equation and the second-order
rate constants (ky) were calculated from the slope of plots of ks values versus PZ-ZPI
complex concentrations as described [7,12]. The apparent dissociation constants (Kgapp)) of
the PZ derivatives for interaction with ZPI were estimated from the hyperbolic dependence
of kops Values on PZ concentrations in the presence of a fixed concentration of ZPI (5 nM)
on PC/PS vesicles in TBS/Ca?*.

Similar methods were employed to evaluate the PC/PS dependence of the cofactor effect of
each PZ derivative (20 nM) in catalyzing the ZP1 (5 nM) inhibition of FXa (0.75 nM) in the
presence of 5 mM Ca2*. All values are presented as the average of at least 3 independent
measurements +S.D.

2.3. Competitive inhibition assay

The same inhibition assay was used to evaluate the affinity of PZ derivatives for interaction
with an RCL mutant of ZPI (ZP1-Y387A), which cannot inhibit FXa, by the ability of the
serpin mutant to compete with wild-type ZPI for interaction with the cofactor. In this assay,
the PZ-mediated ZPI inhibition of FXa (0.75 nM) was monitored by incubating FXa with
fixed concentrations of PZ (5 nM) and ZPI (5 nM) on PC/PS vesicles (2 uM) in the presence
of increasing concentrations of the ZPI mutant (0-500 nM) in TBS/Ca2*. Following a 3-12
min incubation at room temperature, 50 L SpFXa (200 uM final) was added to each well
and the remaining FXa activity was measured as described above. Under these experimental
conditions ~80-90% of the FXa activity in the presence of the competitor (ZPI-Y387A) was
recovered. Ky apparent values for interaction of the PZ derivatives with the ZPI mutant were
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determined by non-linear regression analysis of the saturable ZPI-Y387A concentration
dependence of recovery of FXa activity according to a hyperbolic equation as described
[12].

2.4, Stoichiometry of inhibition (SI)

3. Results

The Sl values for the ZP1 inhibition of FXa in the presence and absence of PZ derivatives
were determined by titrating 10-100 nM active-site titrated FXa with increasing
concentrations of ZPI (5-fold molar excess) in complex with PZ (equimolar with ZP1) as
described [12]. Following incubation at room temperature allowing for sufficient time to
reach maximal inhibition based on measured k; values, the residual activity of FXa was
monitored from the hydrolysis of the chromogenic substrate SpFXa at 405 nm as described
above. Sl values were determined from the x-intercept of the linear regression fit of the
residual activities plotted versus the serpin/protease ratios as described [14].

3.1. Expression and characterization of PZ derivatives

Wild-type and PZ chimeras (Fig. 1) were expressed in HEK-293 cells using an expression/
purification vector system as described [7]. We have already demonstrated that recombinant
wild-type PZ has essentially identical ZPI-affinity and cofactor function as the plasma-
derived PZ [7]. Wild-type PZ exhibited Kg(app) 0f ~1 nM for ZP1 in the FXa inhibition assay
on PC/PS vesicles in the presence of Ca2* (Fig. 2A and Table 1). In agreement with our
previous results [7], PZ/FX-LC chimera exhibited ~7-fold lower affinity for ZPI, thus
yielding Kqapp) 0f 7.2 nM for the serpin (Fig. 2A, Table 1). These results indicate that PZ
may have an interactive-site for ZPI outside the C-terminal pseudo-catalytic domain.
Structural data suggests that this site may be located in the EGF2 domain of the cofactor
[10]. This domain, like other EGF domains of vitamin K-dependent coagulation proteins,
contains 6 Cys residues forming three disulfide bonds divided into a primary subdomain
stabilized by two disulfides and a second subdomain stabilized by the last disulfide bond
[4,16]. To determine whether EGF2 domain of PZ contains a binding site for ZPI, we
grafted the N-terminal primary subdomain of PZ EGF2 back onto the PZ/FX-LC chimera
(Fig. 1, fourth construct). Interestingly, this construction strategy restored both the defective
ZPl-affinity and the cofactor function of the chimeric cofactor. Thus, the resulting chimera
(PZ-EGF2/FX-LC) exhibited a wild-type like apparent K4 for ZP1 and normal cofactor
function in accelerating the ZP!I inhibition of FXa on PC/PS vesicles in the presence of Ca2*
(Fig. 2A, Table 1).

To provide further support for the hypothesis that the primary subdomain of PZ contains a
binding site for ZPI, we substituted this subdomain with the corresponding subdomain of
FXa. In agreement with our conclusion, this PZ chimera (PZ/FX-EGF2) also exhibited the
same cofactor properties of PZ/FX-LC. Thus, the apparent affinity of this chimera for ZPI
was decreased more than 8-fold and its extent of cofactor function was impaired ~2-3-fold
(Fig. 2A, Table 1). Previous results have indicated that the interaction of the Gla-domain of
PZ with FXa contributes to its cofactor function on PC/PS vesicles [2,7]. To further
investigate this question, we substituted the Gla-domain of PZ with the corresponding
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domain of FXa (PZ/FX-Gla). Analysis of the cofactor properties of this PZ chimera
indicated that the Gla-domain of FXa can functionally substitute for the Gla-domain of the
cofactor since the chimera exhibited wild-type like properties in the FXa inhibition assay
(Fig. 2A, Table 1). To ensure that alterations in the interaction of the chimeric cofactors with
PC/PS vesicles do not affect the results presented above, the PC/PS concentration
dependence of all chimeric cofactors was evaluated in the same FXa inhibition assay. The
results presented in Fig. 2B suggest that the PC/PS affinities of the PZ chimeras are
minimally affected and that the concentration of PC/PS vesicles used in the inhibition assays
is not limiting.

3.2. Contribution of the ZPI reactive center loop for its affinity in the inhibitory complex

Next, we investigated the extent to which the Kyspp) Values for the interaction of PZ
derivatives with ZPI in the inhibition assays are affected by the RCL-dependent interaction
of ZPI with the active-site of FXa. Thus, we constructed a ZPI mutant in which the P1-
Tyr-387 of the RCL was replaced with an Ala (ZPI-Y387A). The ZPI-Y387A mutant did
not exhibit a detectable reactivity with FXa, thus it was used as a competitive inhibitor of PZ
interaction with ZPI on PC/PS vesicles in the inhibition assay. This strategy facilitated the
estimation of the extent of the contribution of the exosite-dependent interaction of ZP1 from
its RCL-dependent interaction with PZ in the inhibitory complex. The ZPl mutant was a
relatively effective competitive inhibitor of wild-type PZ, PZ/FX-Gla and PZ-EGF2/FX-
LC, exhibiting Kqapp) values of ~40 nM for the three PZ derivatives (Fig. 3). The ZPI
mutant exhibited ~3-fold lower affinity for the PZ/FX-EGF2 chimera, thus inhibiting its
interaction with ZPI with Kgapp) 0f 124 nM (Fig. 3 and its legend). By contrast, the ZPI
mutant was the poorest competitive inhibitor of PZ/FX-LC chimera, exhibiting a Kyapp) of
227 nM for the mutant cofactor. These results suggest that the exosite-dependent interaction
of ZP1 with PZ in the inhibitory complex makes significant contributions to the mechanism
of FXa inhibition by the serpin. The results further support the conclusion that ZPI has an
interactive-site outside the pseudo-catalytic domain of PZ.

3.3. Charge-reversal mutants of PZ and ZPI

Analysis of structural data indicates that three surface loops on ZPI make salt-bridge/
hydrogen bond interactions with the C-terminal pseudo-catalytic domain of PZ [10]. Thus,
residues His-210, Arg-212 and Arg-298 of PZ are three dimensionally located at a distance
to contact Asp-293 of ZPI (Fig. 4). Other similar contacts of PZ with ZP1 include Glu-244
with Lys-239; His-250 with Asp-238; Thr-297 with Met-71; Arg-350 with Asp-74; and
GIn-357 with Asn-261 [10]. To validate the structural data we took a compensatory
mutagenesis approach and reversed the charges of Arg-212, Glu-244 and Arg-298 (R212E,
E244K and R298D) in PZ individually in three different constructs and expressed the
mutants in HEK-293 cells. PZ-R298D was not expressed to a sufficient quantity for
characterization. However, adequate quantities of the other two cofactors were expressed
and purified. Similarly, we reversed the charges of Asp-293 and Lys-239 (D293R and
K239E) individually in ZPI and expressed the ZPI derivatives in E. coli as described [12].
Analysis of the inhibitory properties of the ZPI mutants toward FXa suggested that the
serpin derivatives inactivate FXa with normal rate constants in the absence of PZ. However,
the affinity of the charge reversal ZP1-K239E mutant for interaction with PZ-WT was
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decreased ~5-fold (Table 2). Thus, in contrast to a Kqapp)y 0f ~1 nM for the ZPI-WT
interaction with PZ-WT, the same value was increased to ~5 nM for the interaction of ZPI-
K239E with the wild-type cofactor (Table 2). Interestingly, this trend in the cofactor affinity
for the serpin mutant was reversed if the Kqapp) for ZP1-K239E was measured with the
compensatory PZ-E244K mutant (Table 2). In this case, the mutant serpin exhibited a
Kd(app) Of 2.2 nM for the mutant cofactor, however, wild-type ZPI had an elevated Kyapp) of
4.4 nM for the mutant cofactor (Table 2). The PZ-R212D mutant exhibited a Kg(app) of ~5
nM for wild-type ZPI (elevated 5-fold relative to wild-type PZ) and its capacity to function
as a cofactor was significantly impaired (Fig. 5A, Table 2). While the reactivity of the
compensatory ZPl mutant (ZPI1-D293R) with FXa was normal in the absence of a cofactor,
its reactivity with FXa was not promoted by wild-type PZ, suggesting the cofactor function
of PZ with this ZP1 mutant is completely abolished (Fig. 5B, Table 2). By contrast, the
compensatory PZ mutant (PZ-R212D) promoted the reactivity of ZPI1-D293R with FXa
~2.5-fold (Fig. 5B, Table 2), supporting structural data that Arg-212 of PZ interacts with
Asp-293 of ZPI. These results are in line with structural data that Asp-293 is one of the most
critical residues of ZPI, interacting with at least two other sites (Fig. 4) and making the
greatest contribution to the free energy of PZ binding [10].

4. Discussion

In this study, we used “gain of function” and compensatory mutagenesis approaches to map
the interactive-sites of the cofactor, PZ, with the serpin inhibitor, ZPI, on PC/PS vesicles in
the presence of Ca2*. Our results suggest that 1) in addition to interaction with the C-
terminal pseudo-catalytic domain of PZ, ZPI also interacts with a hydrophobic cavity in the
EGF2 domain of the cofactor (PZ), 2) the interaction of Asp-293 of ZPI with a basic pocket
in PZ makes the greatest contribution to the binding energy of the cofactor interaction, and
3) the N-terminal Gla-domain of the protease FXa can functionally substitute for the Gla-
domain of PZ on PC/PS vesicles. Previously, we demonstrated that grafting the C-terminal
pseudo-catalytic domain of PZ on the light chain of FXa (PZ/FX-LC) restores most of the
cofactor function of PZ in catalyzing the ZPI inhibition of FXa on PC/PS vesicles in the
presence of CaZ* [7]. However, the apparent dissociation constant (Kd(app)) for the
interaction of the PZ/FX-LC chimera was elevated ~7-fold and its cofactor function was also
similarly decreased ~6-fold [7], suggesting a possible interactive site for ZPI outside the
pseudo-catalytic domain of PZ. A recent x-ray crystal structure of PZ in complex with ZPI
indicates that in addition to extensive interaction between ZPI and the pseudo-catalytic
domain, the side chain residue of ZPI Tyr-240 orients toward a hydrophobic cavity between
the pseudo-catalytic domain and EGF2 domain of PZ [10]. Structures of EGF domains in
vitamin K-dependent plasma proteins consist of three disulfide bonded 3 sheets forming
three loops divided into a primary subdomain stabilized by the first two disulfide bonds and
a secondary subdomain stabilized by a single disulfide bond [4,15]. Two Pro residues
(Pro-91 and Pro-103) of PZ, located in the primary subdomain of EGF2 contribute to the
hydrophobicity of this cavity (Fig. 6). Several other hydrophobic residues including Phe-247
and Phe-250 which are located on the pseudo-catalytic domain of PZ also protrude into this
cavity, rendering it highly hydrophobic (Fig. 6). Analysis of structural data suggests that the
phenolic ring of Tyr-240 in ZPI can be stabilized in this cavity without any evidence for its
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hydroxyl group making a hydrophilic interaction with any one of the surrounding residues
(Fig. 6). The corresponding hydrophobic residues in the FXa EGF2 domain have not been
conserved [16], but rather several charged residues (in particular Glu-102 and Glu-103)

would render this pocket hydrophilic and thus unsuitable for accommodating ZPI Tyr-240.

To test the hypothesis that the stabilization of Tyr-240 of ZPI within this hydrophobic cavity
of PZ contributes to the binding affinity of complex formation and thus accounts for the 6-
fold impaired cofactor function of the PZ/FX-LC chimera, we introduced the Pro residues of
PZ EGF2 domain back onto the PZ/FX-LC chimeric cofactor. However, the resulting
cofactor mutant did not express for characterization (data not presented). Thus, we grafted
the first subdomain of PZ back on the PZ/FX-LC chimera and expressed the mutant in
HEK-293 cells. Consistent with the hypothesis and structural data, the defective cofactor
functions of this PZ chimera, with respect to both its ZPl-affinity and its extent of cofactor
function, were restored. This was evidenced by the observation that the chimera exhibited
kinetic and cofactor properties which were essentially identical to those of wild-type PZ. To
estimate the contribution of this interaction to binding affinity, the Kqapp) values for PZ/FX-
LC (7.2 nM), PZ-EGF2/FX-LC (0.75 nM) and PZ-WT (1.0 nM) were converted to
decreases in the free energy of binding for these derivatives based on AGpjnging = RT Ln
(Kd(app))- Thus, relative to a binding free energy of —12.3 kcal/mol for PZ-WT (or PZ-
EGF2/FX-LC), the corresponding value of —11.1 kcal/mol for PZ/FX-LC and -11.0 kcal/mol
for PZ/FX-EGF2 (Kg(app) = 8.5 NM) would suggest that the intermolecular interaction
between residue Tyr-240 of ZPI and the hydrophobic cavity of EGF2 in the cofactor PZ
makes ~-1.2 to —1.3 kcal/mol for the binding energy of the interaction. These results are
consistent with free energy measurements using the reactive center loop (RCL) mutant of
ZPI1 (ZP1-YA) which is nearly inactive and does not inhibit FXa, but is expected to exhibit
normal affinity for PZ. Relative to a binding free energy of —10 kcal/mol for the interaction
of the ZPI-Y A mutant with PZ-WT (Kg(app) = 40 nM), the corresponding value of -9
kcal/mol for PZ/FX-LC (Kqapp) = 227 nM) supports the conclusion that the interaction of
ZP1 with the EGF2 domain of PZ makes ~-1 kcal/mol contribution to the free energy of
binding. Thus, in contrast to a previous report which observed a dramatic binding energy
effect for the ZPI Tyr-240 interaction with EGF2 domain [10], our results predicts a modest
contribution for this residue in stabilizing the binary ZPI-PZ complex formation. The basis
for these differences in the extent of contribution of ZPI Tyr-240 to the binding energy of
complex formation between the two studies is not known. The previous study replaced the
EGF2 domain of PZ with the corresponding domain of protein C which has an N-linked
glycosylation site (Asn-97) on the EGF2 domain [4]. This feature has not been conserved in
the EGF2 domains of either FXa or PZ. The PZ/protein C chimera was a loss of function
mutant, exhibiting no affinity for ZPI [10]. Whether this posttranslational modification,
which most likely also existed in the PZ/protein C chimera, interfered with the interaction of
ZP1 with this cofactor mutant needs to be considered. Unlike the loss of function mutant of
previous report, the results presented in the current manuscript are analyzed based on “gain
of function” mutagenesis approaches.

By contrast to this modest contribution by Tyr-240 of ZPI to the binding energy of
interaction with PZ, Asp-293 of ZPI makes a dramatic contribution to interaction with the
cofactor since the charge reversal mutant of the D293R mutant of ZPI exhibited dramatically
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reduced affinity for wild-type PZ as evidenced by the linear dependence of the rate constants
on concentrations of the ZP1 mutant for up to 800 nM serpin. The compensatory PZ-R212D
cofactor mutant could only restore the defective cofactor function of PZ-R212D by ~2-fold,
confirming structural data that in addition to Arg-212, Asp-293 of ZP1 is also involved in
hydrophilic interactions with other residues of PZ including His-210 and Arg-298 in the
binding interface between the two interacting molecules (Fig. 4). Since the Kgapp) for the
interaction of ZP1-D293R could not be determined, no estimate for its binding free energy
could be calculated, though the results designate a primary role for this residue in the ZPI-
PZ interaction mechanism. This hypothesis is consistent with the literature [10].

Finally, there is evidence that the interaction of the N-terminal Gla-domain of PZ with the
corresponding domain of FXa contributes to the cofactor function of PZ on PC/PS vesicles
in the presence of CaZ* [2,7]. We have demonstrated that replacing the Gla-domain of
activated protein C (APC), another homologous vitamin K-dependent plasma protease, with
the corresponding domain of FXa renders APC susceptible to inactivation by the PZ-ZPI
complex on PC/PS vesicles [7]. In the current study we found that replacing the Gla-domain
of PZ with the corresponding domain of FXa neither alters the affinity of the chimeric
cofactor for ZPI nor the extent of its cofactor function in promoting the serpin inhibition of
FXa on PC/PS vesicles. These results may suggest that specific protein-protein interactions
between the Gla-domains of PZ and FXa may not be strictly required for the reaction, but
rather the ability of the two vitamin K-dependent molecules to assemble on the same surface
with similar high affinity is sufficient to facilitate the formation of an effective inhibitory
complex. It should be noted that the Gla-dependent assembly of PZ and FXa makes an
essential contribution to a ternary inhibitory complex formation on the PC/PS vesicles since
neither Gla-domainless PZ (a PZ deletion mutant lacking the Gla-domain) has a significant
cofactor function nor Gla-domainless FXa (a FXa deletion mutant lacking the Gla-domain)
exhibits significant susceptibility to inhibition promoting effect of PZ on PC/PS vesicles in
the presence of Ca2* [7].
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Figure 1.
Cartoons of factor X and PZ chimeras used in the study. Cat represents factor X catalytic

domain; pseudo-Cat represents PZ pseudo-catalytic domain; LC represents factor X light
chain.
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Figure 2.
Concentration-dependence of PZ-mediated ZPI inhibition of FXa on PC/PS vesicles. (A)

Inhibition of FXa (0.75 nM) by ZPI (5 nM) was monitored in the presence of increasing
concentrations of PZ derivatives (x-axis) on PC/PS vesicles (25 uM) in TBS/Ca?* as
described under “Materials and Methods”. kqps Values were calculated and plotted as a
function of different concentrations of PZ derivatives. The symbols are: PZ-WT (O), PZ-
FX-Gla (@), PZ/FX-EGF2 (0O0), PZ/FX-LC (m), and PZ-EGF2/FX-LC (). Non-linear
regression analysis of kinetic data using a hyperbolic equation yielded Kyapp) and k, values
that are presented in Table 1. (B) The same as panel A except that the inhibition of the FXa
by fixed concentrations of PZ (20 nM) and ZP1 (5 nM) was monitored as a function of
increasing concentrations of PC/PS vesicles (x-axis). The symbols are the same as those
described in panel A. Non-linear regression analysis of kg Values using a hyperbolic
equation yielded Kqapp) for the interaction of PZ derivatives with PC/PS: PZ-WT (0.95
+0.1), PZ-FX-Gla (2.1 £0.3), PZ/FX-EGF2 (1.5 £0.2), PZ/FX-LC (2.8 £0.4), and PZ-
EGF2/FX-LC (2.4 +0.2). Data in both panels are derived from at least three independent
measurements +S.D.
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Figure 3.
Competitive effect of ZPI-Y387A on the ZPI inhibition of FXa in the presence of PZ

derivatives. The competitive effect of the ZPI derivative (0-500 nM) on the inhibition of
FXa (0.75 nM) by ZPI-WT (5 nM) was monitored in the presence of different PZ
derivatives (5 nM) for 3-12 min in TBS/Ca2* on PC/PS vesicles (2 uM) as described under
“Materials and Methods”. The symbols are:PZ-WT (O), PZ-FX-Gla (@), PZ/FX-EGF2 (O),
PZ/FX-LC (m), and PZ-EGF2/FX-LC (A&). Non-linear regression analysis of kinetic data
using a hyperbolic equation yielded Kgapp) values of ~40 nM for PZ-WT, PZ/FX-Gla and
PZ-EGF2/FX-LC. The same values for PZ/FX-EGF2 and PZ/FX-LC were 124 nM and 227
nM, respectively. Data are derived from at least three independent measurements £S.D.
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Figure 4.
Crystal structure of the PZ-ZP1 complex. The structures of ZPI and PZ in ribbon

representations are shown in cyan and green, respectively. The relative three dimensional
locations of the side-chains of selected charged residues of the interface under study are
shown in blue for basic residues and in red for acidic residues. The coordinates obtained
from Protein Data Bank accession code (PDB ID: 3H5C) were used to prepare the figure
[10].
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Figure 5.
Inhibition of FXa by ZPI-WT in the presence of PZ-WT and PZ-R212D on PC/PS vesicles.

(A) Inhibition of FXa (0.75 nM) by ZPI-WT (5 nM) was monitored in the presence of
increasing concentrations of either PZ-WT (O) or PZ-R212D (@) on PC/PS vesicles (25
M) for 1.5-8.0 min in TBS/Ca2* as described under “Materials and Methods”. (B) The
same as panel A except that the inhibition of the FXa by increasing concentrations of the
compensatory ZPI-D293R mutant was monitored in the absence of PZ (O) and presence of
equimolar concentrations of either PZ-WT (@) or PZ-R212 (7). Non-linear regression
analysis of Kops values in panel A using a hyperbolic equation yielded Kqappy and kj values
that are presented in Table 2. kqps values in panel B did reach saturation for measuring
kinetic constants. Data in both panels are derived from at least three independent
measurements +S.D.
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Figure 6.
Crystal structure of the PZ-ZP1 complex. The structures of ZPI and PZ in ribbon

representations are shown in cyan and green, respectively. The relative three dimensional
locations of the side-chains of PZ and ZPI residues which form a hydrophobic cavity
between EGF2 and pseudo-catalytic domain of PZ and stabilize Tyr-240 of ZPI are shown
by arrows. The first EGF2 subdomain of PZ is shown in light brown color. The coordinates
obtained from Protein Data Bank accession code (PDB ID: 3H5C) were used to prepare the
figure [10].
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Kinetic constants and SI values for the inhibition of FXa by ZPI-WT in the absence and presence of PZ

derivatives on PC/PS vesicles

ZPI-WT

PZ-WT
PZ/FX-LC
PZ-EGF2/FX-LC
PZ/FX-EGF2
PZ/FX-Gla

Ko(app) (M71s71)
3.0+0.3x 103
2.8 +0.2x 10°
0.4+0.1x 108
3.0+0.2x 108
0.8 +0.1x 108
2.9 +0.3x 10°

SI (mol I/mol E)
4.2+0.30
3.1+0.26
3.8+0.25
28+0.27
3.7+0.21
2.7+0.18

Ko(app)*SI (M71s71)
1.2 +0.2x 10*
8.7 +1.2x 106
1.6 +0.3x 106
8.4 +1.3x 108
3.0 +0.5x 108
7.8+ 1.1x 106

K(app) (NM)
1.0£0.2
7215
0.75+£ 0.1
85+18
1.3+0.2

Page 18

The apparent second-order rate constants (k2(app)) and Sl values for the inhibition of FXa by ZP1 in the absence and presence of PZ derivatives on

PC/PS vesicles were determined in TBS/CaZ* by a discontinuous assay as described in Materials and Methods. The product k2(app) X SI
represents the second-order rate constant corrected for the S values. Kd(app) values for the interaction of ZP1 with PZ derivatives were measured
from the hyperbolic dependence of kghg values on PZ concentrations on PC/PS vesicles in FXa inhibition assays as described in Materials and

Methods.
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Comparisons of kinetic constants and Sl values for the inhibition of FXa by wild-type PZ/ZP1 complex and
compensatory charge reversal mutants of PZ-E244K/ZPI1-K239E and PZ-R212D/ZPI1-D293R complexes on

PC/PS vesicles in TBS/CaZ*

ZPI-WT
ZPI-WT+PZ-WT
ZP1-K239E
ZP1-K239E+PZ-WT
ZPI-K239E+PZ-E244K
ZPI-WT+PZ-E244K
ZP1-D293R
ZP1-D293R+PZ-WT
ZPI1-D293R+PZ-R212D
ZPI-WT+PZ-R212D

Ko(app) (M71s71)
3.0+0.3x 108
2.8 +0.2x 10°
2.7+0.1x 108
1.6 +£0.1x 108
1.7 £0.2x 108
1.8 £0.1x 108
3.0 +£0.3x 108
3.2+0.3x 108
7.6 +1.6x 103
0.6 +0.1x 108

SI (mol I/mol E)
4.2+0.30
3.1+0.26
45+0.48
43+0.36
41+0.31
4.0+0.27
4.7+0.24
4.8+0.24
4.6+0.14
2.7+0.24

Koappy*S! (M2s7%)
1.2+0.2x 10
8.7:+1.2x 10
1.2+0.4% 10
6.9+ 1.4x 106
7.0+ 15x 108
7.2:+1.7%x 108
1.4+05% 10
15+03% 10
35+03x 10
1.6 +0.1x 100

Kd(app) (nM)

1.0+0.2
45+05
22+0.3
44+0.5
ND

ND

47+0.6

The apparent second-order rate constants (k2(app)) and Sl values for the inhibition of FXa by ZP1 in the absence and presence of PZ derivatives on

PC/PS vesicles were determined in TBS/Ca2* by a discontinuous assay as described in Materials and Methods. The product k2(app) X SI
represents the second-order rate constant corrected for the Sl values. Kd(app) values for the interaction of ZPI with PZ derivatives were measured
from the hyperbolic dependence of kgps values on PZ concentrations on PC/PS vesicles in FXa inhibition assays as described in Materials and
Methods. ND, not determined.
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