
Identification of Exosite Residues of Factor Xa Involved in
Recognition of PAR-2 on Endothelial Cells
Chandrashekhara Manithody, Likui Yang, and Alireza R. Rezaie*

Edward A. Doisy Department of Biochemistry and Molecular Biology, Saint Louis University School of Medicine, Saint Louis,
Missouri 63104, United States

ABSTRACT: Recent results have indicated that factor Xa (FXa) cleaves protease-
activated receptor 2 (PAR-2) to elicit protective intracellular signaling responses in
endothelial cells. In this study, we investigated the molecular determinants of the
specificity of FXa interaction with PAR-2 by monitoring the cleavage of PAR-2 by
FXa in endothelial cells transiently transfected with a PAR-2 cleavage reporter
construct in which the extracellular domain of the receptor was fused to cDNA
encoding for alkaline phosphatase. Comparison of the cleavage efficiency of PAR-2
by a series of FXa mutants containing mutations in different surface loops indicated
that the acidic residues of 39-loop (Glu-36, Glu-37, and Glu-39) and the basic
residues of 60-loop (Lys-62 and Arg-63), 148-loop (Arg-143, Arg-150, and Arg-154),
and 162-helix (Arg-165 and Lys-169) contribute to the specificity of receptor
recognition by FXa on endothelial cells. This was evidenced by significantly reduced
activity of mutants toward PAR-2 expressed on transfected cells. The extent of loss in
the PAR-2 cleavage activity of FXa mutants correlated with the extent of loss in their PAR-2-dependent intracellular signaling
activity. Further characterization of FXa mutants indicated that, with the exception of basic residues of 162-helix, which play a
role in the recognition specificity of the prothrombinase complex, none of the surface loop residues under study makes a
significant contribution to the activity of FXa in the prothrombinase complex. These results provide new insight into mechanisms
through which FXa specifically interacts with its macromolecular substrates in the clotting and signaling pathways.

Factor Xa (FXa) is a vitamin K-dependent trypsin-like
serine protease in plasma that upon interaction with factor

Va (FVa) on negatively charged membrane surfaces in the
presence of calcium (prothrombinase) activates prothrombin to
thrombin during the blood coagulation process.1−3 Thrombin
cleaves fibrinogen to fibrin to form a blood clot at the site of
vascular injury, thereby preventing blood loss from the injured
vessel.1−3 In addition to this essential role in the clotting
cascade, FXa is also known to elicit intracellular signaling
responses through the activation of protease-activated receptor
2 (PAR-2) expressed on endothelial cells.4−6 PAR-2 belongs to
a subfamily of G-protein coupled receptors with four members
to date having been identified and characterized (PAR-1, PAR-
2, PAR-3, and PAR-4).7 Thrombin can activate PAR-1, PAR-3,
and PAR-4, but not PAR-2.7 It appears that PAR-2 is
specifically cleaved by FXa and factor VIIa-tissue factor
complex,5,8,9 but not by thrombin or other coagulation
proteases. The mechanism by which coagulation proteases
recognize their plasma substrates with a high degree of
specificity has been extensively studied; however, there is far
less data available on the determinants of the specificity of these
proteases in interaction with cell surface receptors. Recent
results have indicated that distinct variant residues in the
extended binding pocket of coagulation proteases play critical
roles in determining the substrate and inhibitor specificity of
these proteases.10−12 Among the residues located in the active-
site pocket, Asp-189 (chymotrypsin numbering13), which is
conserved in all trypsin-like serine proteases, determines the

P1-Arg binding specificity through a salt-bridge interaction with
the side-chain guanidine group of this residue on the activation
peptide of substrates.10−13 Since the P1 residue on the
extracellular domain of all four PARs is an Arg, the primary
specificity of the receptor recognition by coagulation proteases
thus must also be determined through a similar salt-bridge
interaction between P1-Arg of the receptor and Asp-189 of the
protease.12,13 However, in addition to P1-Arg, coagulation
proteases also require specific interactions with other residues
surrounding the scissile bonds, in particular with those at the
P3−P3′ sites (nomenclature of Schechter and Berger14), in
order to engage their substrates in catalytic reactions, a feature
that is not shared by trypsin.10−13 For instance, while FXa
prefers a Gly at P2 sites,15 thrombin exhibits a strong
preference for a Pro at this position of the substrates.13

Similarly, while FXa can accommodate both basic and acidic
residues at the P3 site, the occurrence of an acidic residue at
this position is inhibitory for thrombin.10,16 In agreement with
these observations, we recently demonstrated that exchanging
the P2 and/or P3 residues between PAR-1 and PAR-2 switches
the receptor specificity of coagulation proteases.17 Thus,
changing the P2-Pro of PAR-1 with the P2-Gly of PAR-2,
and vice versa, switched the target protease specificity of the
mutant receptors so that thrombin effectively cleaved the PAR-
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2 but not the PAR-1 mutant, and FXa efficiently cleaved the
PAR-1 but not the PAR-2 mutant.17 The molecular basis for the
preference of FXa and thrombin for different P2 residues
appears to be due to the presence of nonconserved variant
residues at the extended P2-binding pockets (S2-subsite) of
these proteases.13,15

In addition to the variant residues within or near the active-
site grooves, coagulation proteases also have surface loops
removed from the catalytic pocket (exosites) which play
essential roles in conferring narrower substrate specificity for
these proteases.11,12,18 In the case of PAR-1 recognition by
thrombin, it is known that the interaction of the basic exosite-I
of thrombin with the acidic hirudin-like region of PAR-1,
reminiscent of the exosite-I interaction with thrombomodulin,
is required for the protease recognition of the receptor.19,20

Such an exosite-binding region has not been identified in PAR-
2, and it is not known whether, similar to thrombin, FXa
utilizes specific exosites to interact with the receptor. To
analyze the determinant of the PAR-2 recognition specificity of
FXa, we used a PAR-2-cleavage reporter construct and
monitored the PAR-2 cleavage specificity of a series of FXa
mutants which contain substitutions in various surface loops.
The results demonstrate that acidic residues of the 39-loop and
basic residues of both 60- and 148-loops contribute to the FXa
recognition of PAR-2 on endothelial cells. Further biochemical
analysis of the activities of the FXa mutants in a
prothrombinase assay revealed that none of these surface
loop residues play a role in the interaction of the protease with
FVa and/or prothrombin in the activation complex.

■ MATERIALS AND METHODS

Construction, Expression, and Purification of Re-
combinant Proteins. Construction, expression, and purifica-
tion of factor X (FX) both in full-length and Gla-domainless
(des-Gla-fX) forms in HEK-293 cells have been described.21,22

Expression and purification of the Glu to Gln-substitution
mutants of the 39-loop (E36Q, E37Q, and E39Q), Arg to Ala-
substitution mutants of the 148-loop (R143A, R150A, and
R154A), and the Ala substitution mutants of the 162-helix
(R165A and K169A) (all in the chymotrypsin numbering
system13) has been described.21,22 Expression and purification
of Lys-62 to Glu (62E), Arg-63 to Glu (63E), Glu-86 to Ala
(86A), and Lys-90 to Ala (90A) has been described.22,23 The
Glu-124 to Ala (124A) and Glu-129 to Ala (129A) substitution
mutants of FX were constructed using the same vector system
and expressed in HEK-293 cells as described.21,22 For
constructing the PAR-2 cleavage reporter plasmid, the cDNA
encoding for secreted human tissue nonspecific alkaline
phosphatase24 lacking the last 19 COOH-terminal residues
was fused to the N-terminus of the PAR-2 cDNA (PAR-2-ALP)
in the mammalian expression vector pRc/RSV (Invitrogen, San
Diego, CA) as described.25

Human plasma proteins including FXa, FVa, prothrombin,
thrombin, and antithrombin and the factor X-activating enzyme
from Russell’s viper venom (RVV-X) were purchased from
Haematologic Technologies, Inc. (Essex Junction, VT). The
chromogenic substrate, Spectrozyme FXa (SpFXa), was
purchased from American Diagnostica (Greenwich, CT), and
S2238 was purchased from Kabi Pharmacia/Chromogenix
(Franklin, OH). Phospholipid vesicles containing 80%
phosphatidylcholine and 20% phosphatidylserine (PC/PS)
were prepared as described.21

Activation of Factor X Derivatives by RVV-X. All
recombinant FX derivatives were converted to active forms by
RVV-X as described.21,23 Briefly, each FX derivative (∼0.5−1
mg) was incubated with RVV-X (10 nM) at 37 °C for 15−30
min in 0.1 M NaCl, 0.02 M Tris-HCl, pH 7.5 containing 5 mM
Ca2+ (TBS/Ca2+). Time course analysis of the activation
reactions indicated that FX zymogens have been converted to
their active forms under these experimental conditions. All FXa
derivatives were purified on a Mono Q ion exchange column as
described.21,23 The fully γ-carboxylated proteins were eluted
from the ion exchange column at ∼0.40−0.45 M NaCl as
described.21,26 Active-site concentrations were determined by
an amidolytic activity assay using SpFXa and titrations with
human antithrombin assuming a 1:1 stoichiometry as
described.21,23,26 These concentrations were within 80−100%
of those expected based on zymogen concentrations as
determined from the absorbance at 280 nm using a published
absorption coefficient.21,23,26

Prothrombin Activation. The apparent affinity of FXa
derivatives for FVa and their catalytic activity toward the
substrate prothrombin were evaluated on PC/PS vesicles as
described.21,23 Briefly, FXa (50−100 pM) was mixed with
varying concentrations of human FVa (0−10 nM) on PC/PS
vesicles (25 μM) in TBS/Ca2+ containing 0.1 mg/mL BSA and
0.1% PEG 8000 at room temperature. The activation reactions
were initiated in 96-well assay plates with the addition of 0.5
μM human prothrombin (final concentration) for 1 min,
following which they were terminated by addition of EDTA to
a final concentration of 20 mM. The rate of thrombin
generation was determined by an amidolytic activity assay
using S2238 (100 μM) at 405 nm by a Vmax kinetic microplate
reader (Molecular Devices, Menlo Park, CA) as described.21,23

The concentration of thrombin generated in each activation
reaction was determined from a standard curve prepared from
the cleavage rate of S2238 by known concentrations of
thrombin under exactly the same conditions. The Kd(app)
value for interaction with FVa was calculated from the
hyperbolic dependence of activation rates on the concen-
trations of the cofactor as described.21,23 In all reactions, it was
ensured that less than 10% prothrombin was activated at all
concentrations of the substrate. Next, the concentration
dependence of prothrombin activation in the presence of FVa
on PC/PS vesicles was studied by a similar prothrombinase
assay. In this case, each FXa derivative (50−100 pM) in
complex with a saturating concentration of FVa (10 nM in all
reactions) on PC/PS vesicles (25 μM) was incubated with
varying concentrations of prothrombin (7.8−1000 nM) in
TBS/Ca2+ containing 0.1 mg/mL BSA and 0.1% PEG 8000.
Following 0.5−1 min incubation at room temperature, EDTA
was added to a final concentration of 20 mM, and the
concentration of thrombin generated was determined by an
amidolytic activity assay as described above.

PAR-2 Cleavage Assay. Transformed human umbilical
vein endothelial (EA.hy926) cells (kindly provided by Dr. C.
Edgell from University of North Carolina at Chapel Hill, NC)
at 90% confluence in 24-well plates were transiently transfected
with pRc/RSV containing PAR-2-ALP cDNA in antibiotic free
Opti-MEM medium using Lipofectamin (Invitrogen, Carlsbad,
CA). On the following day, cells were washed and incubated in
serum-free medium for 5 h. Cells were then incubated for an
additional 1 h with varying concentrations of FXa derivatives
(0−100 nM). Conditioned medium was collected and
centrifuged to remove cell debris. Supernatant was collected,
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and alkaline phosphatase activity was measured using the
SensoLyte luminescent secreted alkaline phosphatase reporter
gene assay kit (AnaSpec, San Jose, CA) according to the
manufacture’s instruction and as described.17 Results are
expressed as mean ± SE, and all experiments were repeated
three times.
Permeability Assays. The barrier permeability of

EA.hy926 in response to thrombin (5 nM for 15 min),
following treatment with FXa (1−100 nM for 3 h), was
quantitated by spectrophotometric measurement of the flux of
Evan’s blue-bound albumin across the cell monolayer using a
modified two-compartment chamber model as described.27

Results are expressed as mean ± SE, and all experiments were
repeated three times.

■ RESULTS
Expression, Purification, and Characterization of FXa

Derivatives. All FX derivatives were expressed in HEK-293
cells, purified to homogeneity, and converted to active forms by
RVV-X as described.21,23,26 The amidolytic activities of FXa
derivatives have been previously characterized, and normal
activities for all of them have been observed,21−23,28 suggesting
that the mutagenesis of residues under study did not adversely
affect the folding or the reactivity of the catalytic triad of
mutant proteases. We and others have also investigated the
contribution of basic residues of both the 148-loop21 and the
162-helix28−30 to the catalytic activity of FXa in the
prothrombinase complex. The results indicated that, similar
to wild-type FXa, all three mutants of the 148-loop (R143A,
R150A, and R154A) interact with FVa with a similar Kd(app) of
1−2 nM and exhibit a similar catalytic specificity (kcat/Km)
toward prothrombin in the prothrombinase complex.21,23 On
the other hand, the basic residues of the 162-helix (in particular,
Arg-165) appear to be critical for the activity of FXa and have
been shown to provide recognition sites for FVa in the
prothrombinase complex.28−30 Thus, the mutagenesis of Arg-
165 and Lys-169 significantly impaired the affinity of the FXa
mutants for interaction with FVa as well as their catalytic
activity toward prothrombin in the prothrombinase com-
plex.28−30 However, the contribution of the acidic residues of
the 39-loop and the basic residues of the 60-loop to the
catalytic function of FXa in the prothrombinase complex has
not been investigated. The results presented in Figure 1A
demonstrate that the mutants of both surface loops bind to FVa
with near normal apparent affinities (Kd(app) = 1−2 nM) and
activate prothrombin with normal catalytic efficiencies (kcat/Km
= (1.3−1.5) × 108 M−1 s−1 for all FXa derivatives) (Figure 1B).
These results suggest that neither one of the acidic residues of
the 39-loop nor the basic residues of the 60-loop make a
significant contribution to the specificity of FXa interaction
with either the cofactor or the substrate of the prothrombinase
complex. It should be noted that all of these FXa derivatives
also exhibited normal activity toward prothrombin in the
absence of FVa.
PAR-2 Cleavage. The activity profiles of FXa derivatives

toward PAR-2, expressed in fusion with alkaline phosphatase
(ALP) at the surface of endothelial cells, are presented in
Figure 2. In contrast to their normal amidolytic and
prothrombinase activities, all mutants of the 39-, 60-, and
148-loops exhibited dramatically impaired activities in the PAR-
2 cleavage assay, suggesting that these residues contribute to
the specificity of PAR-2 recognition by FXa on vascular
endothelial cells. Furthermore, similar to their impaired

prothrombinase activities, the 162-helix mutants were also
poor activators of PAR-2, suggesting that the basic residues of
this loop contribute to the specificity of FXa in both the
prothrombinase and PAR-2 cleavage reactions. In agreement
with previous results,17 the cleavage of the cell surface PAR-2
by FXa did not require the Gla-domain of the protease since
the Gla-domainless protease (des-Gla-fXa) also cleaved PAR-2
with a relatively good efficiency (Figure 2). In light of the
results that every mutant tested exhibited markedly impaired
activity toward PAR-2, we decided to monitor the activity of
several other mutants of FXa (E86A, K90A, E124A, and
E129A) to ensure that the diminished activities of FXa
derivatives are not somehow nonspecifically related to the

Figure 1. FVa dependence of prothrombin activation by FXa
derivatives in the prothrombinase complex. (A) The activation of
prothrombin (0.5 μM) by FXa derivatives (50−100 pM each) was
monitored in the presence of different concentrations of FVa on PC/
PS vesicles (25 μM) in TBS/Ca2+ containing 0.1 mg/mL BSA and
0.1% PEG 8000. Following 0.5−1 min activation at room temperature,
EDTA was added to a final concentration of 20 mM, and the rate of
thrombin generation was measured from the cleavage rate of S2238 as
described in the Materials and Methods section. (B) The same as (A)
except that the concentration dependence of prothrombin activation
by the same FXa derivatives was monitored in the presence of a
saturating concentration of FVa (10 nM). The symbols in both panels
are wild-type FXa (○), FXa-E36Q (●), FXa-E37Q (□), FXa-E39Q
(■), FXa-K62E (△), and FXa-R63E (▲). Solid lines in both panels
are nonlinear regression fits of kinetic data to the Michaelis−Menten
equation, yielding similar Kd(app) values of 1−2 nM for FVa (panel B)
and similar kcat/Km values of (1.3−1.5) × 108 M−1 s−1 (panel B) for all
FXa mutants. Data are derived from at least three independent
measurements ± SD.
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mutagenesis of FXa. However, analysis of the activity of these
four FXa mutants ruled out this possibility since all mutants
exhibited normal activity toward PAR-2 in this assay (Figure 2).
It is worth noting that the prothrombinase activities of FXa-
E86A and FXa-K90A have been previously studied, and normal
activities for them have been observed.23 Further studies in this
article suggested that both FXa-E124A and FXa-E129A also
have normal affinity for FVa and wild-type-like catalytic activity
in the prothrombinase complex (data not presented).
PAR-2-Dependent Signaling. FXa is known to elicit PAR-

2-dependent protective signaling responses in endothelial
cells.6,17,31 To determine whether the PAR-2 cleavage profiles
of mutants correlate with their ability to elicit PAR-2-dependent
intracellular signaling activities, the properties of mutants were
monitored in an endothelial cell permeability assay as
described.17,31 Analysis of the concentration dependence of
FXa activity in this assay showed that FXa elicits a barrier
protective effect in thrombin-stimulated endothelial cells with
an optimal concentration of ∼25 nM (data not presented). The
barrier protective activity profiles of FXa mutants (25 nM) in
the thrombin-induced endothelial cell hyperpermeability assay
are presented in Figure 3. Consistent with their PAR-2 cleavage
profiles in endothelial cells (Figure 2), all mutants of the 39-,
60-, and 148-loops and 162-helix exhibited significantly lower
protective signaling activity in endothelial cells (Figure 3). The
extent of loss of the activities of FXa mutants correlated in the
two cell-based assays. Thus, among the residues of the 39-loop,
the E39Q mutant had the lowest activity in the PAR-2 reporter
cleavage assay (Figure 2). The same mutant also exhibited the
lowest barrier protective activity in the permeability assay
(Figure 3). The same observation was true for the 60-loop
mutants when their activities were compared in the PAR-2
cleavage and permeability assays (Figures 2 and 3). In
agreement with the results presented above, the FXa mutant
lacking its Gla-domain as well as the E86A and E124A mutants
exhibited normal signaling activities (Figure 3). The activities of
the other two FXa mutants (K90A and E129A) were not
examined in the permeability assay. The barrier protective
signaling activity of FXa was dependent on the cleavage of
PAR-2 since the function-blocking anti-PAR-2, but not anti-
PAR-1 antibody, effectively inhibited the barrier protective
activity of FXa in endothelial cells (data not shown). The same
anti-PAR-2 antibody also inhibited the FXa cleavage of the
PAR-2-ALP fusion protein in endothelial cells transfected with
this construct (data not shown).

■ DISCUSSION
In this study, we have mapped the exosite residues of FXa that
contribute to the specificity of PAR-2 recognition by the
protease on endothelial cells. The relative three-dimensional
locations of these residues on the four surface loops of the
catalytic domain of FXa are presented in Figure 4. Among these

surface loop residues, only residues of the 162-helix are
essential for the catalytic function of FXa in both the
prothrombinase and signaling assays. By contrast, while the
charged residues of 39-, 60-, and 148-loops contribute to
determining the PAR-2 cleavage specificity of FXa, neither one
of these residues made a significant contribution to the catalytic
activity of FXa in the prothrombinase complex. This is derived
from the current mutagenesis results presented above for the
residues of the 39- and 60-loops as well as from the previous

Figure 2. PAR2-ALP cleavage profiles of FXa derivatives. EA. hy926
cells, transiently transfected with PAR2-ALP fusion construct, were
incubated in the presence and absence of indicated concentration of
FXa derivatives for 1 h at 37 °C. The cleaved alkaline phosphatase
(ALP) activity in the cultured medium was measured using a
chemiluminescence substrate (AnaSpec). ΔALP on y-axis represents
the background-subtracted alkaline phosphatase activity in presence of
proteases.

Figure 3. Barrier protective activity of FXa derivatives in endothelial
cells in response to thrombin. Confluent EA. hy926 cells in a dual
chamber system were preincubated for 3 h with FXa derivatives (25
nM), followed by incubation with 5 nM thrombin for 15 min to induce
hyperpermeability. Cell permeability was assessed by the amount of
BSA-bound Evans blue diffused into the lower chamber by measuring
OD650 nm as described in the Materials and Methods section. Each
point represents mean ± SD of three independent wells. Unpaired t
test suggests statistical significance with *; P < 0.05 vs no FXa.

Figure 4. X-ray crystal structure of the catalytic domain of FXa. The
active site residues are highlighted in orange. Positive and negatively
charged exosite residues that are critical for the interaction of FXa with
PAR-2 and have been subjected to mutagenesis are respectively
colored in blue and red. The coordinates obtained from Protein Data
Bank accession code 1EZQ were used to prepare the figure.48
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results we reported for the residues of the 148-loop.21 Previous
studies have established that the basic residues of the 162-helix
(Arg-165 and Lys-169) make important contributions to the
specificity of FXa interaction with FVa in the prothrombinase
complex.28−30 In agreement with previous results, both mutants
of FXa exhibited 3−4-fold weaker affinity for FVa and their
catalytic activities (kcat/Km) toward prothrombin were also
impaired up to 10-fold (data not presented, see also refs 28 and
29). In addition to their diminished activities in the
prothrombinase reactions, both mutants of 162-helix also
exhibited dramatically lower activity toward PAR-2 in both the
cleavage and signaling assays. These results indicate that basic
residues of 162-helix may contribute to the specificity of FXa in
both clotting and signaling pathways. The observation that the
Gla-domainless FXa (des-Gla-fXa) exhibited a normal signaling
activity is consistent with our previous conclusion that the Gla-
domain of FXa is not required for its barrier protective
function;17 however, the Gla-domain plays an essential role in
prothrombin activation by FXa in the prothrombinase
complex.1−3 Taken together, these results suggest that, with
the exception of the residues of 162-helix, distinct structural
elements are involved in determining the specificity of FXa
interaction with its substrates/receptors in the alternative
clotting and signaling pathways.
Relative to residues of the 39, 60, and 148 surface loops,

which are all located at the substrate entry site of the active-site
pocket, the basic residues of 162-helix are located on the
opposite side of the active-site pocket in the back of the
molecule (Figure 4). Given their three-dimensional locations, it
is not known whether the residues of 162-helix are directly
involved in interaction with PAR-2 or if allosteric changes
involving other surface loops of FXa (induced by the mutation
of 162-helix) are responsible for the slower activity of the FXa
mutants toward the cell surface receptor. In support of the
latter possibility, it is known that the conformation of the 162-
helix is allosterically linked to the sodium-binding 220-loop of
FXa.32,33 Results from several laboratories have further
demonstrated that an allosteric linkage between the sodium-
binding loop and the S1 specificity pocket of FXa and other
coagulation proteases play a decisive role in their catalytic
activity.32−34 Thus, the possibility that the mutation of the 162-
helix indirectly impairs the activity of FXa toward PAR-2
cannot be ruled out at this time. Another possibility worth
mentioning is that 162-helix may constitute an interactive-site
for an unknown cofactor/coreceptor that facilitates the
interaction of the protease with the cell surface receptor. In
this context, it has been demonstrated that FXa recruits other
cell surface receptors to elicit PAR-dependent intracellular
signaling responses in endothelial cells.31,35,36 Thus, further
studies will be required to understand the molecular basis for
the diminished activity of the 162-helix mutants of FXa toward
PAR-2 in endothelial cells. It is also worth noting that in a
previous study we demonstrated a similar essential role for the
two acidic residues of the homologous 162-helix of activated
protein C in the PAR-1-dependent protective signaling activity
of the protease in endothelial cells.37 There is also some
evidence in support of a critical role for the residues of 162-
helix in the catalytic function of other coagulation proteases.
For instance, in the case of factors VIIa and IXa, residues of
162-helix are known to constitute interactive-sites for the
cofactors, tissue factor and factor VIIIa, respectively, in the
respective physiological activation complexes.38−40 In throm-
bin, basic residues of 162-helix are part of the heparin-binding

exosite of the protease which is also known as exosite-II.41 This
exosite is known to play a key role in mediating the specific
interaction of thrombin with various physiological ligands.11−13

Thus, residues of 162-helix contribute to determining the
substrate/cofactor specificity of all coagulation proteases.
Unlike residues of the 162-helix, which provide interactive

sites for the cofactors in the coagulation activation complexes,
the residues of other surface loops under study (39-, 60-, and
148-loops) do not interact with protein or polysaccharide
cofactors, but instead influence protease specificity by directly
interacting with residues in the vicinity and/or surrounding the
scissile bonds. Thus, the residues of 39- and 148-loops play
insignificant roles in binding to FVa and/or in recognition of
prothrombin in the prothrombinase complex, but they do
contribute to the specificity of FXa interaction with
antithrombin and tissue factor pathway inhibitor as previously
demonstrated.21,22 These inhibitors regulate the proteolytic
activity of FXa in the clotting cascade. A similar role for the
same loops have been reported in the specific interaction of
factor IXa with antithrombin.42,43 In the case of thrombin, both
loops are also involved in interaction with various substrates
and inhibitors.44,45 Unlike the 60-loop of FXa, which plays no
apparent role in interaction with antithrombin or recognition of
prothrombin, the 60-loop of thrombin, containing 8 insertion
residues,13 plays a critical role in the specific interaction of
thrombin with its divergent physiological substrates and
inhibitors.46,47 Taken together, these results suggest that
residues of the surface loops, those surrounding the substrate
entry site of the catalytic pocket of FXa (Figure 4), are all
involved in determining the PAR-2 recognition specificity of
the protease in the signaling pathway. Nevertheless, these
residues do not appear to have a role in the substrate specificity
of FXa in the prothrombinase complex. These residues are
therefore critical for the interaction of FXa with its
physiological substrates and inhibitors excluding prothrombin.
In the case of prothrombin, it appears that complex formation
with FVa in the prothrombinase complex, which enhances the
catalytic efficiency of FXa toward prothrombin by more than 5
orders of magnitude,11 diminishes the importance of the P3−
P3′ binding specificity of the protease in activation of the
substrate. Consistent with this hypothesis, exchanging the P2
and P3 binding pocket residues of FXa with activated protein C
switched the chromogenic substrate and inhibitor specificity of
the mutant protease in free form, but not when the mutant
protease was assembled into the prothrombinase complex.16

Similarly, exchanging P2 and P3 residues of PAR-1 with the
corresponding residues of PAR-2 switched the receptor
specificity of FXa so that the protease cleaved the PAR-1
mutant with the same efficiency as it did the wild-type PAR-2,17

suggesting that the residues of the three surface loops
surrounding the active site pocket of FXa primarily determine
the specificity of P and/or P′ residues that are located in the
immediate vicinity of the P1-Arg on the extracellular domain of
PAR-2.
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