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Abstract

The Ca* binding 70-80 loop of factor X (fX) contains one basic (Arg71) and three acidic (Glu’*, Glu’®, and
Glu"’) residues whose contributions to the zymogenic and enzymatic properties of the protein have not been
evaluated. We prepared four Ala substitution mutants of X (R71A, E74A, E76A, and E77A) and charac-
terized their activation kinetics by the factor VIla and factor IXa in both the absence and presence of
cofactors. Factor VIla exhibited normal activity toward E74A and E76A and less than a twofold impaired
activity toward R71A and E77A in both the absence and presence of tissue factor. Similarly, factor IXa in
the absence of factor VIIla exhibited normal activity toward both E74A and E76A; however, its activity
toward R71A and E77A was impaired approximately two- to threefold. In the presence of factor VIlla,
factor IX activated all mutants with approximately two- to fivefold impaired catalytic efficiency. In contrast
to changes in their zymogenic properties, all mutant enzymes exhibited normal affinities for factor Va, and
catalyzed the conversion of prothrombin to thrombin with normal catalytic efficiencies. However, further
studies revealed that the affinity of mutant enzymes for interaction with metal ions Na* and Ca®* was
impaired. These results suggest that although charged residues of the 70-80 loop play an insignificant role
in fX recognition by the factor VIla-tissue factor complex, they are critical for the substrate recognition by
factor IXa in the intrinsic Xase complex. The results further suggest that mutant residues do not play a

specific role in the catalytic function of fXa in the prothrombinase complex.
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Factor X (fX) is a vitamin K-dependent serine protease
zymogen in plasma that upon activation to factor Xa (fXa)
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assembles into the prothrombinase complex (fXa, factor Va,
negatively charged membrane surface, and Ca®* ion) to con-
vert prothrombin to thrombin in the final stage of the blood
coagulation cascade (Furie and Furie 1988; Mann et al.
1990; Davie et al. 1991). FX can be activated by either one
of the two physiological activators—the factor VIla (fVIla)—
tissue factor (TF) complex (extrinsic Xase), or the factor
IXa (IXa)-factor VIIIa (fVIIIa) complex (intrinsic Xase)—
on the negatively charged membrane surfaces in the pres-
ence of Ca®* (Jackson and Nemerson 1980; Edgington et al.
1991). Both activators specifically cleave a single peptide
bond, Arg'’-Ile'® (chymotrypsinogen numbering system
has been used throughout the manuscript) on the activation
peptide of fX to release a 52-residue peptide thereby gen-
erating an active enzyme. An efficient cleavage of this pep-
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tide bond by either one of the physiological Xase complexes
occurs only in the presence of cofactors because neither
fVIIa nor fIXa alone can activate fX at a significant rate.
The exact mechanism by which cofactors improve the cata-
Iytic efficiency of these and other coagulation proteases is
not well understood.

Structural data suggest that the catalytic domain of fXa,
similar to those of other coagulation proteases, has several
surface loops including 39, 60, 70, 90, and 148 loops that
surround the substrate-binding pocket of the protease (Furie
et al. 1982; Bode et al. 1992; Padmanabhan et al. 1993).
Although these surface loops are conserved at similar three-
dimensional locations on all coagulation proteases, the
amino acid residues forming the loops are not conserved in
all members of the family. It has become clear in recent
years that these variant surface loops provide exosite-de-
pendent recognition sites for substrates and/or cofactors
thereby facilitating the specific assembly of the coagulation
activation complexes on membrane surfaces (Chat-
topadhyay and Fair 1989; Anderson et al. 2000; Baugh et al.
2000). A well-studied example is the pivotal role that the
basic residues of the 70-80 loop play in determining the
substrate, cofactor, and inhibitor specificity of both pro-
thrombin/thrombin and protein C/activated protein C in the
procoagulant and the anticoagulant pathways, respectively
(Bode et al. 1992; Mather et al. 1996; Pineda et al. 2002;
Chen et al. 2003). Unlike prothrombin and protein C, this
loop in fX has a reversed polarity, because it contains only
one basic (Arg7l), but five acidic residues (Asp7°, Glu’,
Glu’®, Glu”’, and Gluso). Similar to trypsin, and with the
exception of prothrombin, an acidic residue at both posi-
tions 70 and 80 has been conserved in all vitamin K-depen-
dent coagulation proteases (Bode and Schwager 1975).
Structural, mutagenesis, and antibody binding data have in-
dicated that acidic residues of the 70 and 80 sites are in-
volved in Ca** coordination in all of these proteases (Bode
and Schwager 1975; Padmanabhan et al. 1993; Persson et
al. 1993; Rezaie and Esmon 1994). In the case of fXa, we
previously showed that the substitution of Asp’® with a Lys
results in a functionally active mutant that loses its ability to
interact with Ca”*, but retains its ability to activate pro-
thrombin (Rezaie and Esmon 1994). The role of other
charged residues of the 70-80 loop to the zymogenic and
enzymatic properties of fX/fXa has not been examined.

To address this question, we substituted Arg’', and the
three acidic residues Glu”*, Glu’®, and Glu”” of fX, with Ala
in separate constructs and expressed the mutant zymogens
in mammalian cells. Following purification to homogeneity,
these mutants were characterized with respect to their abil-
ity to function as zymogens for the two physiological acti-
vators fVIIa and fIXa, and then as enzymes in the prothrom-
binase complex to activate prothrombin to thrombin. It was
found that the activation of E74A and E76A by fVIIa was
unaffected, but the activation of R71A and E77A was
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slightly impaired (<twofold) in both the absence and pres-
ence of TF. Similarly, with fIXa as the activating enzyme,
the activation of E74A and E76A was normal in the absence
of fVIIla, but impaired approximately twofold in the pres-
ence of the cofactor. Unlike the latter two residues, the fIXa
activation of R71A and E77A was impaired approximately
two- to fivefold in both the absence and presence of fVIIIa.
These results suggest that none of the residues under study
interact with TF in the extrinsic Xase complex. Moreover,
although all four residues of fX are required for its proper
recognition by the intrinsic Xase complex, only Glu’* and
Glu’® have an approximately twofold effect on the cofactor-
dependent recognition of the substrate by the activation
complex. Nevertheless, cofactor-independent interaction of
fX residues Arg’' and Glu”* with fIXa is required for ef-
fective activation of the substrate. Results of plasma-based
clotting assays are in agreement with results obtained in the
purified system. In contrast to observed impairments in the
zymogenic properties, all mutant enzymes exhibited normal
activity toward prothrombin in both the absence and pres-
ence factor Va (fVa), suggesting that these residues do not
play an apparent role in the catalytic function of fXa in the
prothrombinase complex. However, further studies revealed
that both the Ca®* and Na* binding properties of the mutant
enzymes had been impaired. These results confirm our pre-
vious observation that the conformation of the Ca**-binding
70-80 loop of fXa is allosterically linked to the Na*-binding
loop of the protease (Rezaie and He 2000).

Results

Expression and purification of recombinant proteins

The wild-type and mutant fX zymogens were expressed in
a novel expression/purification vector system as described
(Manithody et al. 2002). This vector system replaces the
first 12 N-terminal residues of the activation peptide of fX
with the epitope for the Ca**-dependent monoclonal anti-
body, HPC4, for the purification purposes. Wild-type and
mutant proteins were separated from the cell culture super-
natants by a combination of immunoaffinity and ion ex-
change chromatography using the monoclonal antibody
HPC4 and a Mono Q column as described (Manithody et al.
2002). Both plasma and recombinant fX yielded a Gla con-
tent of ~10 mole Gla/mole of protein (10.2 and 10.7 for the
plasma-derived fX and recombinant fX, respectively). The
theoretical value for the Gla content of fX is 11 mole Gla/
mole of protein. Consistent with a full y-carboxylation, all
recombinant fXa derivatives also exhibited indistinguish-
able prothrombinase activity on PC/PS vesicles (see below).
SDS-PAGE analysis of fX derivatives suggested that the
recombinant proteins have been purified to homogeneity,
and that they all migrate with similar molecular masses as
the plasma-derived fX (Fig. 1). All derivatives could be
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Figure 1. SDS-PAGE analysis of the recombinant fX derivatives ex-
pressed in HEK293 cells. Under nonreducing conditions: (Lane /) Plasma-
derived fX, (lane 2) wild-type recombinant fX, (lane 3) R71A, (lane 4)
E74A, (lane 5) E76A, (lane 6) E77A, and (lane 7) molecular mass stan-
dards in kDa.

converted to their active forms by RVV-X as determined
by an amidolytic activity assay using Spectrozyme FXa
(SpFXa). Following complete activation, the concentration
of fXa derivatives were determined by an amidolytic activ-
ity assay and active-site titration with known concentrations
of human antithrombin.

Activation by the extrinsic Xase complex

The zymogenic properties of fX mutants were evaluated in
activation reactions by fVIla in both the absence and pres-
ence of TF and Ca®" on PC/PS vesicles (extrinsic Xase
complex). FVIIa by itself exhibited normal activity toward
both E74A and E76A, but its activity toward R71A and
E77A was slightly affected (Fig. 2A). Similarly, the con-
centration dependence of zymogen activation suggested that
the catalytic efficiency of the extrinsic Xase complex to-
ward the mutant is also minimally affected (Fig. 2B; Table
1). A notable observation was that the k_,, of the activation
for both R71A and E77A were slightly impaired (Fig. 2B).
However, the activation of both mutants by fVIIa alone was
also affected to a similar extent (Fig. 2A). Thus, none of the
residues of the 70-80 loop makes a significant contribution
to fX recognition by fVIla in the extrinsic Xase complex.
The normal activation rates of mutants by both fVIla and
the extrinsic Xase complex suggest that the mutagenesis did
not adversely affect the proper folding of the mutant zymo-
gens.

Activation by the intrinsic Xase complex

The zymogenic properties of fX mutants were also evalu-
ated in activation studies by fIXa in both the absence and
presence of fVIIIa and Ca®>* on PC/PS vesicles (intrinsic
Xase complex). Similar to fVIIa, fIXa by itself exhibited

normal activity toward both E74A and E76A mutants of X
(Fig. 3A). However, relative to wild type, the activation of
R71A and E77A by fIXa was impaired two- to threefold
(Fig. 3A). On the other hand, the activity of the intrinsic
Xase complex toward all mutants was impaired at varying
degrees (Fig. 3B). The most impairment in the catalytic
efficiency (approximately fivefold) was observed for the
activation of the R71A mutant. The activation of all other
mutants was impaired approximately twofold. The concen-
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Figure 2. Activation of fX derivatives by fVIla in the absence and pres-
ence of TF. (A) In the absence of TF, fVIIa (50 nM) was incubated with
recombinant fX derivatives: wild type (open circles), R71A (filled circles),
E74A (open squares), E76A (filled squares), and E77A (open triangles)
(0.5 uM each) on PC/PS vesicles (50 uM) at room temperature in TBS/
Ca®*. At different time intervals, small aliquots of the activation reactions
were transferred to wells of a 96-well assay plate containing 20 mM
EDTA, and the rate of fXa generation was measured from the cleavage rate
of SpFXa, as described in Materials and Methods. (B) FVIIa (0.025 nM) in
complex with the relipidated dcTF (2.5 nM) was incubated with different
concentrations of fX derivatives: wild type (open circles), R71A (filled
circles), E74A (open squares), E76A (filled squares), and E77A (open
triangles) in TBS/Ca*. After 1-2 min of incubation at room temperature,
the reactions were terminated by addition of EDTA, and the initial rate of
fXa generation was measured as described above. Solid lines in B are
nonlinear regression fits of kinetic data to the Michaelis-Menten equation,
and those in A are fits to a linear equation.
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Table 1. Kinetic constants for the activation of fX derivatives by extrinsic and intrinsic Xase complexes

Extrinsic Xase complex

Intrinsic Xase complex

K, (nM) keoe (NM/min/nM) keod Kin K., (nM) koo (NM/min/nM) ko Ko
WT 75.8+2.8 4574 5.5 6.0 51.6 4.6 2349 +6.4 4.6
R71A 59.6 5.3 2469 +£7.0 4.1 55.0+3.6 547=+1.1 1.0
E74A 107.2+5.7 451.6 £8.5 42 80.6 +4.1 109.1£1.9 1.4
E76A 914+24 428.0+4.2 4.7 492 %27 1484 +2.4 3.0
E77A 100.1 +4.9 358.5%6.5 3.6 548 +4.4 1479 3.7 2.7

The kinetic constants were determined from the concentration dependence of the activation of fX derivatives by either the extrinsic or the intrinsic Xase
complex in TBS/Ca** at room temperature as described under Materials and Methods. All values are the average of at least two to three measurements +

standard errors.

tration dependence of zymogen activation by the intrinsic
Xase complex revealed that the primary defect with all mu-
tants is in the k_, of the activation reaction (Fig. 3B; Table
1). These results suggest that all fX residues under study are
important for the substrate activation by fIXa in the intrinsic
Xase complex. However, a similar extent of impairment in
the activation of Arg’' and Glu’’ mutants by fIXa in both
the absence and presence of fVIIla suggests that neither
residue interacts with the cofactor.

It is worth mentioning that during activation by the ex-
trinsic Xase complex, identical activation parameters (both
K, and k) were obtained for both the plasma-derived fX
and recombinant fX in which the first 12 residues of the
activation peptide were exchanged with the epitope for the
HPC4 monoclonal antibody. However, with the intrinsic
Xase complex as the activator, the activation of recombinant
fX was impaired approximately fourfold (data not shown).
To determine whether the mutations at the N terminus of the
activation peptide of recombinant fX or other posttransla-
tional modifications (i.e., differential glycosylation) are re-
sponsible for the differences in the activation rates between
the two Xase complexes, another wild-type recombinant fX
was prepared in which the activation peptide of the zymo-
gen was not modified; thus, it was chemically identical to
plasma-derived fX. This recombinant wild-type fX was pu-
rified to homogeneity on a fX monoclonal antibody as de-
scribed (Le Bonniec et al. 1992). As expected, both forms of
wild-type recombinant fX were activated normally by the
extrinsic Xase complex; however, the activation rate of the
unmodified recombinant fX by the intrinsic Xase complex
was still impaired approximately twofold (data not shown).
Thus, it appears that recombinant fX expressed in HEK293
cells is not efficiently recognized by the intrinsic Xase com-
plex. Monitoring the initial rate of activation in both the
absence and presence of fVIIla revealed that the slower
activation of recombinant fX by fIXa is independent of the
cofactor (data not shown). Previous results have indicated
that the activation peptide of fX plays a critical role in
efficient substrate activation by the intrinsic (Duffy and Lol-
lar 1992), but not by the extrinsic Xase complex (Baugh and
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Krishnaswamy 1996). Moreover, it is known that the car-
bohydrate moieties of fX are required for its optimal acti-
vation by both physiological activators (Sinha and Wolf
1993). Because the activation peptide of human fX has two
N-linked and two O-linked glycosylation sites (Inoue and
Morita 1993; Sinha and Wolf 1993), one possibility for the
slower activation rate of recombinant fX by the intrinsic
Xase complex may be that the carbohydrates on the activa-
tion peptide play a more critical role in the interaction of the
substrate with fIXa and that the differential modification of
either one of these glycosylation sites negatively affects this
interaction. Further mutagenesis work is in progress to de-
termine the validity of this hypothesis.

Clotting assays

Both PT and APTT assays were used to evaluate the clotting
activities of recombinant zymogens. As expected, both
plasma-derived fX and recombinant fX exhibited indistin-
guishable clotting activities in the PT assay. In this assay,
the clotting activities of E74A, E76A, and E77A mutants
were slightly impaired (Fig. 4A). The extent of impairments
in the PT assay correlated well with results obtained in the
zymogen activation by the extrinsic Xase complex in the
purified system (Fig. 2A). The most impairment (approxi-
mately twofold) was observed for the clotting activity of the
R71A mutant (Fig. 4A, filled circles). By doubling the
concentration of R71A in the PT assay, it was not possible
to restore the defect in the clotting activity of this mutant,
suggesting that the defect in the clotting activity is due to a
defect in the k_, value. Inspection of the kinetic data shown
in Table 1 is consistent with this hypothesis. Thus, Arg’!
contributes approximately twofold to k_, of fX activation
by fVIIa. This defect is not related to TF because the acti-
vation of the R71A mutant by fVIla alone was impaired to
nearly the same extent (Fig. 2A). On the other hand, in the
APTT assay, the clotting activities of all four mutants were
significantly impaired (Fig. 4B). Similar to results in the
purified system (Fig. 3B), the greatest impairment in the
APTT assay was observed for R71A, followed by the R74A
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Figure 3. Activation of fX derivatives by fIXa in the absence and presence
of fVIIIa. (A) In the absence of fVIIIa, fIXa (50 nM) was incubated with
recombinant fX derivatives: wild type (open circles), R71A (filled circles),
E74A (open squares), E76A (filled squares), and E77A (open triangles)
(0.5 uM each) on PC/PS vesicles (50 wM) at room temperature in TBS/
Ca’*. At different time intervals, small aliquots of the activation reactions
were stopped by 20 mM EDTA, and the rate of fXa generation was mea-
sured from the cleavage rate of SpFXa as described in Materials and
Methods. (B) FIXa (0.025 nM) in complex with fVIIIa (25 nM) was in-
cubated with different concentrations of fX derivatives: wild type (open
circles), R71A (filled circles), E74A (open squares), E76A (filled squares),
and E77A (open triangles) on PC/PS vesicles (50 wM) in TBS/Ca>*. After
1-2 min of incubation at room temperature, the reactions were terminated
by addition of EDTA, and the initial rate of fXa generation was measured
as described above. Solid lines in B are nonlinear regression fits of kinetic
data to the Michaelis-Menten equation, and those in A are fits to a linear
equation.

mutant. Similar to the PT assay, the extent of the impair-
ments in the APTT assays correlated relatively well with the
zymogen activation by the intrinsic Xase complex in the
purified system (Fig. 3). Similarly, by increasing the con-
centration of the mutants it was not possible to restore the
defects in the clotting activities, suggesting that these resi-
dues are important for the k_, of fX activation by the in-
trinsic Xase complex. This is consistent with results pre-
sented in Table 1.

Catalytic properties of the FXa derivatives

To determine whether the residues of the 70-80 loop play a
role in the catalytic function of fXa, the kinetic properties of
mutants were studied with respect to their ability to: (1)
hydrolyze SpFXa and bind to the S1 site-specific competi-
tive inhibitor of serine proteases, p-aminobenzamidine
(PAB), (2) bind monovalent and divalent cations, (3) acti-
vate prothrombin, and finally, (4) react with antithrombin.

Amidolytic activity and binding to PAB

Kinetic parameters for the hydrolysis of the chromogenic
substrate SpFXa by fXa derivatives are presented in Table
2. Relative to wild-type fXa, a similar k., for the substrate
hydrolysis was observed for all mutants; however, the K,,
value for the R71 A mutant was elevated approximately two-
fold. These results suggest that with the exception of R71A,
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Figure 4. Clotting activities of fX derivatives in PT and APTT assays. (A)
The clotting activities of fX derivatives wild type (open circles), R71A
(filled circles), E74A (open squares), E76A (filled squares), and E77A
(open triangles) at four different dilutions (0.05-0.4 pg/mL) were deter-
mined by a PT assay as described in Materials and Methods. (B) The
clotting activities of the same fX derivatives (the same symbols) at four
different dilutions (0.2-1.6 pg/mL) were determined by an APTT assay as
described in Materials and Methods.
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Table 2. Kinetic constants for the cleavage of the chromogenic substrate Spectrozyme FXa by fXa derivatives

ko Kin K; Kd(app)
K, (WM) ke (s (WM 57 (PAB, pM) (Na, mM)
WT 83.0+£6.0 173.5+3.5 2.1+0.2 539+23 13255
R71A 1547+ 143 188.7+4.9 1.2+0.1 110.6 £ 15.8 61.4 +20.1
E74A 102.3+7.7 147.5+33 1.4+0.1 79.2+4.1 247 +8.8
E76A 82.7+43 149.0 £ 2.0 1.8 £0.1 632+25 21.1+8.3
E77A 110.0 £ 8.0 188.3+3.6 1.7+0.2 702 +25 26.2+10.0

The kinetic constants were calculated from the cleavage rate of increasing concentrations of SpFXa (7.5-1000 wM) by each fXa
derivative (0.5 nM) in TBS/Ca®*. The K; values for p-aminobenzamidine (PAB) were measured from the decrease in initial rates of

SpFXa hydrolysis produced by the competitive inhibitor, and the K

(app

, values for the interaction with Na* was determined from the

concentration dependence enhancement in the amidolytic activity of fXa derivatives in TBS/Ca®* as described under Materials and
Methods. Kinetic values are the average of three measurements + standard errors.

the mutagenesis did not adversely affect the conformation
of the S3-S1 binding pocket of fXa mutants. Similar to
hydrolysis of the chromogenic substrate, the K; values for
the interaction of PAB were nearly normal for all mutants,
with the exception of an approximately twofold impairment
for the R71A mutant. These results suggest that the S1
binding pocket of the R71A mutant enzyme has been
slightly affected (Table 2).

Interaction with Na* and Ca®™*

We previously demonstrated that the conformation of the
Ca”* binding 70-80 loop of fXa is allosterically linked to
the Na* binding loop of the protease (Rezaie and He 2000).
In addition, results of other recent studies have indicated
that the S1 binding site of fXa is also thermodynamically
linked to the Na* binding site of the protease (Underwood et
al. 2000; Camire 2002). To determine whether the muta-
genesis of these residues influenced the affinity of mutants
for interaction with the monovalent and divalent cations, the
amidolytic activities of mutants were monitored in the pres-
ence of increasing concentrations of Na* and Ca®* as de-
scribed (Rezaie and He 2000). In the presence of 5 mM
Ca®*, the Na* concentration dependence of the amidolytic
activity of mutant enzymes revealed that the affinity of mu-
tants for Na* has been altered (Table 2). Interestingly, the
greatest effect (approximtely fivefold impairment) was ob-
served with the Na* binding to the R71A mutant, and a less
than twofold effect was observed for the other three mutants
(Table 2). The affinity of mutants for interaction with Ca**
was also evaluated. The amidolytic activity of wild-type fXa
toward S2222 in TBS containing 0.1 M NaCl was enhanced
~30% to 40% with K, of ~178 pM. A similar extent of
Ca®*-dependent enhancement in the amidolytic activities
E74A and E76A mutants was observed with K, values
of ~356 pM and ~690 pM, respectively. However, the en-
hancement (~70%) in the amidolytic activity of the R71A
mutant exhibited a biphasic dependence on the concentra-
tion of Ca** yielding K dcapp) Values of ~0.6 mM and ~2 mM
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(data not shown). The underlying basis for changes in the
Ca”* dependence of the R71A amidolytic activity may be
due to a significant impairment in its affinity for Na*. In-
terestingly, no K, value for the E77A mutant could be
calculated because Ca”* did not influence the amidolytic
activity of this mutant. These results suggest that the muta-
genesis of charged residues of the 70-80 loop affects the
Na* and Ca** ion binding properties of fXa, confirming our
initial observation that the two metal ion binding sites are
allosterically linked (Rezaie and He 2000).

Prothrombin activation

The catalytic efficiency of fXa derivatives toward pro-
thrombin was studied in both the absence and presence of
fVa and Ca** on PC/PS vesicles (prothrombinase complex).
Time course of the activation studies in the absence of the
cofactor indicated that all fXa derivatives have similar ac-
tivity toward prothrombin (Fig. 5A). Similar to results ob-
tained with the hydrolysis of SpFXa and interaction with
PAB, the ability of R71A to activate prothrombin was
slightly impaired relative to the wild-type enzyme (Fig. 5A).
The fVa concentration dependence of prothrombin activa-
tion on PC/PS vesicles suggested that all mutants interact
with the cofactor with similar K, values of ~1.5-3 pM
(Table 3). Detailed kinetic analysis further suggested that all
fXa derivatives have a similar prothrombinase activity (k,,/
K,,) toward the activation of prothrombin, which suggests
that the residues of the 70-80 loop under study do not
interact with either the cofactor or the substrate in the ac-
tivation complex (Fig. 5B; Table 3).

Reaction with antithrombin

The reactivity of the fXa derivatives with antithrombin was
evaluated in both the absence and presence of the pentasac-
charide. Relative to the wild-type fXa, antithrombin inacti-
vated E76A and E77A with a similar second-order associa-
tion rate constant (k,) in both the absence and presence of
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Figure 5. Prothrombin activation by recombinant fXa derivatives in the
absence and presence of fVa. (A). In the absence of fVa, human prothrom-
bin (I pwM) was incubated with each fXa derivatives: wild type (open
circles), R71A (filled circles), E74A (open squares), E76A (filled squares),
and E77A (open triangles) (10 nM each) on PC/PS vesicles (25 uM) at
room temperature in TBS/Ca**. At different time intervals, small aliquots
of the activation reactions were transferred to wells of a 96-well assay plate
containing 20 mM EDTA, and the rate of thrombin generation was mea-
sured from the cleavage rate of S2238 as described in Materials and Meth-
ods. (B) In the presence of human fVa (30 nM), fXa derivatives: wild type
(open circles), R71A (filled circles), E74A (open squares), E76A (filled
squares), and E77A (open triangles) (0.025 nM each) was incubated with
different concentrations of prothrombin on PC/PS vesicles (25 wM) in
TBS/Ca?*. After 0.5-2 min of incubation at room temperature, the reac-
tions were terminated by addition of EDTA and the initial rate of thrombin
generation was measured as described above. Solid lines in B are nonlinear
regression fits of kinetic data to the Michaelis-Menten equation, and those
in A are fits to a linear equation.

the pentasaccharide (Table 4). However, an approximately
twofold impairment in the k, values was observed for the
antithrombin inhibition of both R71A and E74A mutants,
although the extent of the cofactor effect of the pentasac-
charide was not affected with either one of the mutants
(Table 4).

Discussion

Recent results have indicated that variant residues on the
exposed surface loops play pivotal roles in determining the

Table 3. Kinetic constants for prothrombin activation by fXa
derivatives assembled into the prothrombinase complex

Km kca( Kd(app)
(nM) (nM/min/nM) (fVa, nM)
WT 51625 1096.4 = 13.4 2.1+0.3
R71A 85.6 +14.7 1434.3 £70.1 1.5+0.2
E74A 56.7+3.4 1205.9 = 16.8 1.7+0.3
E76A 524+55 1241.1 £29.3 29+0.3
E77A 629+39 1510.0 £22.3 33+0.6

The kinetic constants were determined from the concentration dependence
of prothrombin activation by fXa derivatives in the prothrombinase com-
plex in TBS/Ca** at room temperature as described under Materials and
Methods. All values are the average of at least two to three measurements
+ standard errors.

substrate, cofactor, and inhibitor specificity of coagulation
proteases (Baugh et al. 2000; Kolkman and Mertens 2000;
Rezaie 2000; Pineda et al. 2002; Chen et al. 2003). One of
these surface loops, the 70-80 loop, has been thoroughly
studied for both prothrombin (Anderson et al. 2000; Chen et
al. 2003) and protein C (Friedrich et al. 2001; Gale et al.
2002; Yang and Rezaie 2003), and contains several basic
residues in both molecules. Previous mutagenesis of these
residues in both prothrombin and protein C has been shown
to severely impair the zymogenic and enzymatic properties
of the mutant molecules. Unlike prothrombin and protein C,
the 70-80 loop of fX has a reversed polarity because it
contains only one positively charged (Arg’") but five nega-
tively charged residues (Asp70, Glu”, Glu’®, Glu”’, and
Glu®®). With the exception of Asp’® and Glu®’, which are
involved in Ca®* coordination (Padmanabhan et al. 1993;
Rezaie and Esmon 1994), the contribution of other residues
of this loop to structure and function of fX/fXa has not been
studied. Thus, the current study was undertaken to address
this question. The results obtained suggest that these resi-
dues are important for the efficient activation of fX by fIXa
in the intrinsic Xase complex. Unlike prothrombin and pro-

Table 4. Second-order rate constants (M~' sec™) for the
inhibition of fXa derivatives by antithrombin in the absence and
presence of pentasaccharide

—H, (x10%) +Hy (x10%) +Hy/-H,
WT 27+0.1 8.0+0.1 296 + 15
R71A 1.3+0.1 44+0.6 339+ 72
E74A 1.3+0.1 42+0.6 323+71
E76A 22+0.1 5704 259 +30
E77A 1.9+0.2 53+04 279 + 50

The second-order association rate constants were determined from the
remaining activities of enzymes (1 nM) after incubation with antithrombin
(250 nM in the absence and 25 nM in the presence of 500 nM pentasac-
charide [H5]) in TBS/Ca>* as described under Materials and Methods. All
values are the average of at least two to three measurements + standard
errors.

www.proteinscience.org 437



Chen et al.

tein C, however, in which the basic residues of the 70-80
loop were cofactor-dependent recognition sites for pro-
thrombinase (Chen et al. 2003) and the thrombin—thrombo-
modulin complex (Yang and Rezaie 2003), respectively, the
residues of this loop in fX do not appear to interact with
fVIIla in the intrinsic Xase complex. This was evidenced by
the observation that the activation of both R71A and E77A
mutants by fIXa was impaired to nearly the same extent in
both the absence and presence of fVIIIa (Fig. 3). Although
the activation of E74A and E76A was specifically impaired
approximately twofold in the presence of fVIIla, in light of
allosteric linkage of this loop to other parts of the molecule
and the modest effect of the mutation on the activation rates,
a direct interaction for either one of these residues with the
cofactor cannot be ascertained based on results of this study.
Unlike the intrinsic Xase complex, results of both activation
kinetic data and the clotting assays suggest that the mutant
residues play an insignificant role (~1.5-fold) in fX recog-
nition by the extrinsic Xase complex (Fig. 2; Table 1).
These results are in agreement with a previous peptide in-
hibition study that investigated the ability of synthetic pep-
tides derived from selected regions of fX to inhibit the sub-
strate activation by the intrinsic and extrinsic Xase com-
plexes (Chattopadhyay and Fair 1989). In that study, a
peptide spanning all residues of the 70—-80 loop exhibited no
inhibitory effect on fX activation by the extrinsic Xase com-
plex. However, an ~30% inhibitory effect for the same pep-
tide was observed in fX activation by the intrinsic Xase
complex.

Unlike the zymogenic properties, no significant defect in
the proteolytic properties of the mutant enzymes was ob-
served with respect to their ability to interact with fVa, or
activate prothrombin when assembled into the prothrombi-
nase complex. These results are also consistent with the
peptide inhibition study mentioned above, in which a syn-
thetic peptide containing the residues of the 70-80 loop,
including those mutated in this study, had no inhibitory
effect on the rate of prothrombin activation by the pro-
thrombinase complex (Chattopadhyay et al. 1992). Thus,
neither one of the mutant residues under study in this loop
interacts with the cofactor fVa or the substrate prothrombin
in the activation complex. With the exception of an approxi-
mately twofold elevated K,, value for the hydrolysis of the
tripeptidyl substrate, SpFXa, by the R71A mutant, all fXa
mutants cleaved this substrate with similar catalytic effi-
ciencies. The observation that the K; for the interaction of
the R71A mutant with the S1 site-specific inhibitor PAB
was also elevated approximately twofold suggests that the
S1 binding site of the mutant fXa has been affected by the
mutagenesis. The K, for the interaction of R71A with
both Na* and Ca”* ions were also impaired. These results
are in agreement with results of our previous mutagenesis
study in which we showed that the conformation of the
70-80 loop of fXa is allosterically linked to the Na* binding
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loop of the protease (Rezaie and He 2000). In addition to the
metal ion binding loops, it has been recently demonstrated
that the S1 and the Na* binding sites of fXa are also ther-
modynamically linked (Underwood et al. 2000). Because
the ability of the R71A mutant to interact with Na* was
elevated approximately fivefold, it therefore follows that the
mutagenesis of Arg’' may have affected the conformation
of the S1 site of the mutant enzyme. Nevertheless, despite
possible changes in the conformation of both the Ca** and
Na* binding loops, the R71A mutant of fXa in the pro-
thrombinase complex activated prothrombin with a catalytic
efficiency that was similar to that of the wild-type fXa. In a
recent study, it was proposed that the Na* binding site of
fXa is also thermodynamically linked to the fVa binding
helix of the protease (Camire 2002). Because the affinity of
R71A for interaction with Na* was impaired approximately
fivefold, we expected that the mutant may also exhibit al-
tered affinity for fVa. However, the fVa concentration de-
pendence of prothrombin activation yielded essentially
identical K, values for fVa interaction with both the
wild-type and mutant enzymes. Thus, direct binding studies
with this mutant will be required to further investigate this
question. The observation that the mutagenesis of Arg’' had
a more deleterious effect than the mutagenesis of the acidic
residues suggests that Arg’"' plays a critical role in the struc-
ture and function of fX/fXa.

With the exception of prothrombin, an Asp or a Glu has
been conserved at both 70 and 80 positions of all vitamin
K-dependent coagulation proteins as well as in trypsin. It is
known that both acidic residues 70 and 80 in fXa and other
coagulation proteases are involved in Ca®* coordination
(Padmanabhan et al. 1993; Persson et al. 1993; Rezaie and
Esmon 1994). The observation that the chromogenic sub-
strate activity of the E77A mutant was independent of Ca**
suggests that the carboxylate group of Glu’” is also involved
in Ca®* coordination. The structural basis for this observa-
tion may be provided by examining the relative orientation
of the side chains of these residues in the X-ray crystal
structure of the protease domain of the CI-1031-inhibited
fXa (Fig. 6; Adler et al. 2000). The side chains of all three
residues Asp’®, Glu”’, and Glu®® are pointing inward, and
thus capable of liganding a Ca** ion. On the other hand, side
chains of both residues Glu’* and Glu’® are pointing out-
ward toward the solvent, and not expected to be involved in
interaction with Ca®*. Consistent with the structural data,
the amidolytic activity of the latter two mutants was Ca**-
dependent. However, the observation that the neutralization
of the charges of these residues lead to approximately two-
to fourfold impairments in K, for interaction of mutants
with Ca”* suggests that both Glu”* and Glu’® contribute to
the overall electronegativity of this loop to support the high
affinity interaction of fXa with the metal ion. Although the
E77A mutant lost its ability to bind Ca®*, it assembled into
the prothrombinase complex and activated prothrombin
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Figure 6. Crystal structure of the catalytic domain of fXa in complex with
CI-1031. The side chain of acidic residues of the 70-80 loop of fXa are
shown in red and the basic residue is shown in blue. The black sphere
represents a Ca>* ion placed arbitrarily in the middle of the loop. The
autolysis loop of fXa from residues 143-155 is colored in purple. The
Na*-binding loop from residues 218-225 is colored in black. The catalytic
triad residues Asp'%?, His*’, and Ser'®® are shown in red, green, and blue,
respectively. The coordinates (Protein Data Bank code 1FJS) of the C-
terminal EGF and catalytic domains of fXa were used to prepare the figure
(Adler et al. 2000).

with a similar kinetic efficiency as the wild-type fXa. Thus,
the binding of Ca>* to the 70-80 loop may not be required
for the prothrombinase activity of fXa. The structural data
also revealed that the side chain of Arg’' is not exposed to
the solvent, but oriented toward a cavity in the vicinity of
Asp?* (~3.7 A) behind the 70-80 loop (Fig. 6; Adler et al.
2000). Assuming that this side-chain arrangement is also
true for the Ca”*-stablized uninhibited fXa, Arg’' may not
be available for interaction with the fXa ligands. However,
this appears not to be the case with the zymogen fX, because
its activation by both fIXa alone and the intrinsic Xase
complex was impaired approximately three- to fivefold.
Nevertheless, because there is no crystal structure for the
zymogen fX, this possibility cannot be ruled out. If this is
the case, then the impairment in the zymogenic properties of
the R71A mutant during activation by the intrinsic Xase
complex may not actually be caused by the loss of specific
interactions of fIXa with the side chain of Arg’"' as proposed
above, but rather by an overall change in the conformation
of the 70-80 loop in the mutant zymogen. A crystal struc-
ture of X zymogen is required to answer this question with
certainty.

Finally, a minimal change in the reactivity of E76A and
E77A mutants of fXa with antithrombin, in either the ab-
sence or presence of the pentasaccharide, suggests that nei-
ther residue significantly contributes to the specificity of the
fXa—antithrombin interaction. However, the reactivity of
R71A and E74A with the serpin was impaired approxi-
mately twofold, independent of the pentasaccharide. We
previously showed that the autolysis loop of fXa is critical

for interaction of the protease with antithrombin (Mani-
thody et al. 2002). Both Arg’' and Glu”* of the 70-80 loop
are located adjacent to the autolysis loop of fXa (Fig. 6).
Thus, it is possible that these two residues of the 70-80 loop
also interact with the serpin. It should, however, be noted
that the impairment in the reactivity of both mutants with
antithrombin could also be due to an indirect effect stem-
ming from possible alterations in the conformations of the
Na*-binding and/or the autolysis loop of the protease. The
latter possibility is strengthened by the observation that the
carbonyl oxygen of Arg’! is in hydrogen bond contact with
the main chain nitrogen atom of Leu'>” at the C-terminal
end of the autolysis loop (2.734 A; Adler et al. 2000). Simi-
larly, the main-chain nitrogen atom of Thr’® makes a hy-
drogen bond with the side-chain oxygen of Thr'>® (2.762
A). Thus, the mutagenesis of Arg’! and Glu’ could lead to
alterations in the conformation of the autolysis loop, which
in turn, could lead to its altered interaction with antithrom-
bin. A conformational linkage between the autolysis loop
and the 70-80 loop is supported by the observation that the
Ca®* occupancy of the 70-80 loop protects fXa from pro-
teolytic cleavage of its own autolysis loop (Sabharwal et al.
1997).

Materials and methods

Mutagenesis and expression of recombinant proteins

The construction and expression of fX in a novel expression/pu-
rification vector system, in which the first 12 residues of the ac-
tivation peptide of fX (residues 183-194 in fX numbering) on the
heavy chain have been replaced with the sequence of a 12-residue
epitope for the Ca®*-dependent monoclonal antibody, HPC4, was
described previously (Manithody et al. 2002). The Arg’' — Ala
(R71A), Glu” — Ala (E74A), Glu’® — Ala (E76A), and
Glu”” — Ala (E77A) mutants of fX were prepared by PCR muta-
genesis methods in the same vector system as described (Mani-
thody et al. 2002). After confirmation of the accuracy of mutagen-
esis by DNA sequencing, the constructs were transfected into
HEK?293 cells and the mutant proteins were isolated from 20-L cell
culture supernatants by a combination of immunoaffinity and ion
exchange chromatography using the HPC4 monoclonal antibody
and an FPLC Mono Q column as described (Manithody et al.
2002). Recombinant tissue factor lacking the cytoplasmic domain
(dcTF), expressed in bacteria (Neuenschwander et al. 1995), was
generously provided by Dr. James Morrissey (University of Illi-
nois at Urbana—Champaign).

Human plasma proteins including factors Va, Vlla, IXa, Xa, and
X, and the factor X-activating enzyme from Russell’s viper venom
(RVV-X) were purchased from Haematologic Technologies Inc.
Phospholipid vesicles containing 80% phosphatidylcholine and
20% phosphatidylserine (PC/PS) were prepared as described
(Smirnov and Esmon 1994). Human recombinant fVIIIa was a
generous gift from Dr. Philip Fay (University of Rochester). Hu-
man recombinant antithrombin was prepared as described (Rezaie
and Yang 2001). The active antithrombin-binding pentasaccharide
fragment of heparin (fondaparinux sodium) was purchased from
Quintiles Clinical Supplies. The chromogenic substrate Spectro-
zyme FXa (SpFXa) was purchased from American Diagnostica,
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and S2222 and S2238 were purchased from Kabi Pharmacia/Chro-
mogenix. The prothrombin time (PT; Thrombomax with Ca®*) and
activated partial thromboplastin time (APTT; Alexin) reagents
were purchased from Sigma. Normal pooled plasma and fX defi-
cient plasma from a genetically deficient patient were purchased
from George King Bio-Medical, Inc.

v-Carboxyglutamic acid (Gla) analysis

The Gla content of both plasma-derived and recombinant fX were
determined following alkaline hydrolysis and derivatization with
phenylisothiocyanate as described (Smalley and Preusch 1988).

Activation by the FIXa—VIlla complex

The initial rate of activation of fX derivatives by fIXa was studied
in both the absence and presence of fVIIIa on PC/PS vesicles in 0.1
M NaCl, 0.02 M Tris-HCl, pH 7.4 (TBS) containing 0.1 mg/mL
BSA, 0.1% PEG 8000, and 5 mM Ca?* (TBS/Ca>*). In the absence
of the cofactor, the time course of the activation of fX derivatives
(0.5 pM) by fIXa (50 nM) on PC/PS vesicles (50 uM) was moni-
tored in TBS/Ca®* at room temperature (~22-25°C). At different
time points, a small aliquot of each reaction was transferred to TBS
containing 20 mM EDTA and the concentration of fXa generated
was determined from standard curves by an amidolytic activity
assay from the hydrolysis of 200 M SpFXa in TBS containing 0.1
mg/mL BSA and 0.1% PEG 8000. The rate of hydrolysis was
measured at 405 nm at room temperature in a V., kinetic plate
reader (Molecular Devices). In the presence of fVIIIa (25 nM), the
concentration dependence of fX activation (7.8—1000 nM) by fIXa
(25 pM) was monitored on PC/PS vesicles (50 uM) in TBS/Ca**
at room temperature for 1-2 min. The activation reactions (0.03
mL volumes) were terminated by addition of 0.02 mL EDTA to
obtain a final concentration of 20 mM. The rate of fXa generation
was determined from standard curves using an amidolytic activity
assay as described above. The K,, and k_,, values were calculated

m

from the Michaelis-Menten equation.

Activation by the factor VIla-TF complex

Activation of fX derivatives by fVIla was monitored in both the
absence and presence of TF on PC/PS vesicles in TBS/Ca**. In the
absence of the cofactor, the time course of the activation of fX
derivatives (0.5 uM) by fVIIa (50 nM) on PC/PS vesicles (50 nM)
was monitored in TBS/Ca®* at room temperature. At different time
points, a small aliquot of each reaction was transferred to TBS
containing 20 mM EDTA and the concentration of fXa generated
was determined from standard curves as described above. Kinetics
of activation of fX derivatives were also studied by fVIla in com-
plex with dcTF incorporated into phospholipid vesicles contain-
ing 80% phosphatidylchloine (PC) and 20% phosphatidylserine
(PS) as described (Neuenschwander et al. 1995). Briefly, dcTF
(400 nM final) was incubated with PC/PS vesicles (1 mM final) in
the presence of the detergent, CHAPS (3.75 mM final) in 0.1 M
NaCl, 0.02 M Tris-HCI, pH 7.4 in 200 L reaction volume for 2
h at 37°C. Relipidated dcTF was extensively dialyzed (12-14-kD
cutoff membrane) against 5 x 4 liters of TBS at 4°C. The concen-
tration of functional dcTF, exposed on the outside of PC/PS
vesicles, was determined by an amidolytic activity assay using
known concentrations of fVIIa as described (Neuenschwander and
Morrissey 1994). This assay indicated that 60% (240 nM) of dcTF
is exposed on the outside of vesicle surface. The initial rate of
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activation by factor VIla (25 pM) in complex with relipidated
dcTF (2.5 nM) was carried out as a function of increasing con-
centrations of the substrate (7.8-1000 nM) in TBS/Ca>* as de-
scribed (Neuenschwander and Morrissey 1994). The reactions
were carried out at room temperature for 0.5-2 min. The activation
reactions (0.03 mL volumes) were terminated by addition of 0.02
mL EDTA to obtain a final concentration of 20 mM. The concen-
tration of fXa generated was determined from standard curves by
a chromogenic substrate assay as described above. It was ensured
that less than 15% of fX was activated at all substrate concentra-
tions. The K, and k_,, values for activation were calculated from
the Michaelis-Menten equation.

Measurement of clotting activities

Clotting activities of fX derivatives were evaluated by both pro-
thrombin time (PT) and activated partial thromboplastin time
(APTT) assays using a STart 4 fibrinometer (Diagnostica/Stago) as
described (Manithody et al. 2002, 2003). In the PT assay, 0.1 mL
of the PT reagent (Thrombomax with Ca®*) was added to a mix-
ture of 0.05 mL of the test sample (human plasma, plasma derived
fX, and recombinant wild-type and mutant fX derivatives) and
0.05 mL of fX deficient plasma at 37°C. Activities of all samples
were measured at four different dilutions ranging from 0.05 to 0.4
png/mL X (final concentrations). In the case of APTT assay, 0.05
mL of APTT reagent (Alexin) was incubated with a mixture of
0.05 mL fX deficient plasma and 0.05 mL of the test sample for 5
min before the initiation of clotting by the addition of 0.05 mL of
35 mM CaCl, at 37°C. The clotting activities of samples were
measured at four different dilutions ranging from 0.2 to 1.6 pg/mL
fX (final concentrations). The clotting activities of plasma samples
ranged from 17-32 sec for PT and 27-55 sec for APTT.

Cleavage of the chromogenic substrates
by the factor Xa derivatives

For measuring the amidolytic activities, X derivatives (1 pM
each) were completely activated to fXa using 20 nM RVV-X in
100 L reactions at 37°C for 1 h. Time-course analysis indicated
that this time was sufficient for a complete activation of all fX
derivatives. Then, the active-site concentrations of the fXa deriva-
tives were determined by titrations with human antithrombin as-
suming a 1:1 stoichiometry as described (Rezaie 1998). The
steady-state kinetics of hydrolysis of SpFXa (7.5-1000 wM) by the
fXa derivatives (0.5 nM) were studied in TBS/Ca*>* as described
above. The rate of hydrolysis was measured at 405 nm at room
temperature in a V,,,, kinetic plate reader as described (Manithody
et al. 2002). The K,,, and k_,, values for substrate hydrolysis were
calculated from the Michaelis-Menten equation.

Dissociation constants (Kypy)) for Na* and Ca**

The K dapp) values for the interaction of fXa derivatives with Na*
and Ca”" were determined from the effect of varying concentra-
tions of the metal ions on the amidolytic activities of proteases
toward the synthetic substrates SpFXa or S2222 as described
(Rezaie and He 2000). The Ca®" titration was carried out in TBS
containing 0.1 M NaCl and 0.02 M Tris-HCI, pH, 7.4. For the Na*
titration (0-200 mM) experiments, Tris-HCI was used to adjust the
ionic strength of buffer in all reactions as described (Rezaie and He
2000).
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Prothrombinase assay

The initial rate of prothrombin activation by the wild-type and
mutant fXa derivatives was determined in both the absence and
presence of fVa at room temperature as described (Manithody et
al. 2002). In the absence of the cofactor, prothrombin (1 wM) was
incubated with each fXa derivative (10 nM) in TBS/Ca>** on PC/
PS vesicles (25 wM). The time course of prothrombin activation
was monitored from the rate of thrombin generation by an amido-
lytic activity assay using 100 wM S2238. The concentrations of
thrombin generated in the activation reactions were determined
from a standard curve prepared from the cleavage rate of S2238 by
known concentrations of recombinant thrombin under exactly the
same conditions. The initial rate of prothrombin activation in the
presence of human fVa (30 nM) was measured by incubating each
fXa derivative (25 pM) with increasing concentration of prothrom-
bin (15-1000 nM) in TBS/Ca®* on PC/PS vesicles (25 wM). Fol-
lowing 0.5-2-min incubation at room temperature, EDTA was
added to a final concentration of 20 mM, and the concentrations of
thrombin generated were determined from a standard curve as
described above. It was ensured that less than 15% of prothrombin
was activated at all concentrations of the substrate.

Inactivation by antithrombin

The rate of inactivation of fXa derivatives by antithrombin in both
the absence and presence of the pentasaccharide fragment of high
affinity heparin was measured under pseudofirst-order rate condi-
tions by a discontinuous assay as described (Manithody et al.
2002). Briefly, 1 nM fXa was incubated with 250 nM human
antithrombin in the absence, or 25 nM antithrombin in the presence
of 500 nM pentasaccharide in TBS/Ca>*. All reactions were car-
ried out at room temperature in 50 wL volumes in 96-well poly-
styrene plates. After a period of time (20 min in the absence and
0.5 min in the presence of pentasaccharide), 50 pL of SpFXa (500
pM) in TBS was added to each well and the remaining enzyme
activity was measured with a V,_ . kinetics plate reader as de-
scribed above. The second-order inactivation rate constants were
obtained as described (Manithody et al. 2002).

Inhibition by p-aminobenzamidine

The affinity of p-aminobenzamidine (PAB) for interaction with the
active-site pocket of the wild-type and mutant fXa derivatives was
evaluated. In all cases, fXa (1 nM) was incubated with increasing
concentrations of the inhibitor (0-320 wM) in the presence of
different fixed concentrations of SpFXa (50-400 wM) in TBS/
Ca?*. The enzyme activity was measured from the cleavage rate of
the chromogenic substrate as described above and the K, values
were determined by global fitting of data to a competitive binding
equation as described (Rezaie 2003).
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