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Background: B-domain fragments of factor V (FV) were used to assess the mechanism by which it is maintained as a procofactor.
Results: A basic region fragment binds to FV containing an intact acidic region and inhibits FXa binding.

Conclusion: B-domain sequences function as cis- and trans-acting elements to suppress FV(a) procoagulant function.
Significance: The results provide mechanistic insight into FV autoinhibition and activation.

Coagulation factor V (FV) circulates as an inactive procofac-
tor and is activated to FVa by proteolytic removal of a large
inhibitory B-domain. Conserved basic and acidic sequences
within the B-domain appear to play an important role in keeping
FV as an inactive procofactor. Here, we utilized recombinant
B-domain fragments to elucidate the mechanism of this FV
autoinhibition. We show that a fragment encoding the basic
region (BR) of the B-domain binds with high affinity to cofactor-
like FV(a) variants that harbor an intact acidic region. Further-
more, the BR inhibits procoagulant function of the variants,
thereby restoring the procofactor state. The BR competes with
FXa for binding to FV(a), and limited proteolysis of the B-do-
main, specifically at Arg'®*®, ablates BR binding to promote
high affinity association between FVa and FXa. These results
provide new insight into the mechanism by which the B-do-
main stabilizes FV as an inactive procofactor and reveal how
limited proteolysis of FV progressively destabilizes key regu-
latory regions of the B-domain to produce an active form of
the molecule.

Hemostasis is achieved through spatially and temporally reg-
ulated thrombin generation following vascular injury. The final
protease of the coagulation cascade, thrombin, is generated by
the enzyme complex prothrombinase, composed of the serine
protease factor Xa (FXa)® associated with FVa on activated cel-
lular surfaces. FVa is essential for thrombin generation, as it
increases the catalytic activity of FXa toward prothrombin by
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several orders of magnitude (1). Like most clotting factors, FVa
is generated from a functionally inert precursor following vas-
cular injury. Its precursor, FV, is a single-chain protein in which
the heavy and light chains of FVa flank a large, heavily glycosylated
B-domain (domain organization A1-A2-B-A3-C1-C2) (2, 3).
Unlike FVa, FV does not bind to FXa at physiological con-
centrations and thus cannot enhance thrombin generation
(4-7). FVis activated by limited proteolysis at three discrete
sites (Arg”®®, Arg'®'%, and Arg'>*®), releasing the B-domain
as two large fragments to produce the procoagulant het-
erodimer FVa (7-11).

Given the profound effect FVa has on thrombin generation,
FV activation represents an important step in hemostasis.
Unlike serine proteases such as FXa, in which discrete proteol-
ysis induces a well defined series of conformational changes
that produce an active enzyme (12), the specific contributions
of B-domain proteolysis to FV activation have remained largely
uncharacterized. A prevailing hypothesis is that the B-domain
inhibits procoagulant function through nonspecific steric con-
straints that are relieved by proteolysis. Surprisingly however,
recent studies have shown that FV is regulated by an autoin-
hibitory region contained within the B-domain. Initial evidence
of this came from studies using the recombinant variant
FV-810 (FVA811-1491), which contains a truncated B-domain
and exhibits constitutive FVa-like activity even in the absence
of proteolysis (13—15). Subsequent generation of a panel of
B-domain truncation variants led to the identification of an
evolutionarily conserved basic region (BR) that is necessary to
stabilize FV as a procofactor (16). More recently, it was discov-
ered that the BR is in fact part of a bipartite autoinhibitory
domain that also contains an evolutionarily conserved acidic
region (AR) (17). Together, the BR and AR, which we have
termed the procofactor regulatory region (PRR), constitute the
minimal inhibitory B-domain sequence that is necessary to sta-
bilize FV as a procofactor.

Although identification of the PRR provides new insights
into FV regulation, important mechanistic questions remain.
For example, how does the PRR inhibit FV procoagulant function,
and how does B-domain proteolysis produce an active cofactor?
Although systematic mutagenesis of the B-domain has been useful
to identify critical regulatory B-domain elements, this approach is
unlikely to bear fruit in defining the mechanism of FV autoinhibi-
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tion and activation. In this study, we report important new insights
into the mechanism of suppression of FV procoagulant activity
and provide new ideas regarding how proteolysis of the B-domain
produces an active cofactor.

EXPERIMENTAL PROCEDURES

Materials—The peptidyl substrate H-p-phenylalanyl-L-pipe-
colyl-L-arginyl-p-nitroanilide (52238) was from Diapharma
(West Chester, OH). Benzamidine, 4-amidinophenylmethane-
sulfonyl fluoride hydrochloride, isopropyl B-p-1-thiogalactopy-
ranoside, BSA, and poly-L-lysine (average M, = 1000 —5000) were
from Sigma. Dansylarginine N-(3-ethyl-1,5-pentanediyl)amide
(DAPA) was from Hematologic Technologies (Essex Junction,
VT). All tissue culture reagents were from Invitrogen, except insu-
lin/transferrin/sodium selenite was from Roche Applied Science.
Small unilamellar phospholipid vesicles composed of 75% (w/w)
hen egg 1-a-phosphatidylcholine and 25% (w/w) porcine brain
L-a-phosphatidylserine (PCPS; Avanti Polar Lipids, Alabaster, AL)
were prepared and characterized as described (18).

Proteins—Human prothrombin, thrombin, FX, and FV were
isolated from plasma and prepared as described (19-22).
Recombinant FX (rFX), rFXa, rFVa, plasma-derived FVa,
FV-810, and the FV-810 variants FV-810%7%°%, FV-810%'%5<,
and FV-8102R were prepared, purified, and characterized as
described (15, 23, 24). Prethrombin-2 was prepared by proteol-
ysis of human prothrombin and purified as described (25).
Molecular weights and extinction coefficients (E, ;,, = 280 nm)
of the various proteins have been reported previously (16, 17).
All functional assays were performed at 25 °C in assay buffer (20
mMm HEPES, 150 mm NaCl, 5 mm CaCl,, and 0.1% polyethylene
glycol 8000, pH 7.5).

Construction of FV B-domain Peptides—BR cDNA-encoding
residues Ser”'-Lys'**® of FV was amplified from FV ¢cDNA
using primers A (5'-GCAAGGTCTCAAGGTTCACGTGCT-
TGGGGAGAAAGCACC-3', forward) and B (5'-GCTTGTC-
GACTTACTTCTCTTTTTTCTTTTTTCGTGTCTITAATG-
AGAAACTGG-3/, reverse). The BR+AR peptide, encoding
the juxtaposed BR and AR sequences from the FV variant FV-
B104 (17), was amplified from FV-B104 ¢cDNA using primers C
(5'-GCAAGGTCTCAAGGTAGTGGCCACCCAAAGTTTC-
CTAGAG-3/, forward) and D (5'-GCTTGTCGACTTAGTT-
GTCAGGATCTCTGGAGGAGTTGATGTTTGTCC-3', re-
verse). Bovine BR (Bos taurus Ser®*®*~Lys**®), green anole BR
(Anolis carolinensis Ser*>*'—Lys'3?), and zebrafish BR (Danio
rerio Ser'**°~Lys'?'®) cDNAs were synthesized by GenScript
(Piscataway, NJ). Amplified cDNAs were digested with the re-
striction enzymes Bsal (5') and Sall (3’) and ligated into the
pE-SUMO bacterial expression vector (LifeSensors, Malvern,
PA), which had been digested with the same restriction en-
zymes. All constructs were verified by DNA sequencing.

Expression and Purification of B-domain Peptides—Se-
quence-verified bacterial expression constructs were trans-
formed into chemically competent BL21(DE3) cells (EMD Mil-
lipore, Billerica, MA), and single colonies were used to
inoculate liquid LB cultures containing 50 ug/ml kanamycin
(LB-Kang,). Starter cultures were subcultured into 1 liter of
LB-Kang, and incubated at 37 °C until Ay, reached 0.5, at
which point, isopropyl B-p-1-thiogalactopyranoside was added
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at a final concentration of 1 mM. After 2 h, cells were pelleted,
resuspended in lysis buffer (20 mm Tris, 150 mm NaCl, and 1%
Triton X-100, pH 8), and lysed with a Misonix Sonicator 3000
system (Qsonica, Newtown, CT). Cell debris was pelleted, and
the small ubiquitin-like modifier (SUMO) fusion proteins were
purified on HisTrap FF columns (GE Healthcare) following the
manufacturer’s instructions. Purified SUMO fusion proteins
were incubated with SUMO protease (LifeSensors) for 2 h at
30 °C to remove the SUMO fusion, and cleaved peptides were
purified by cation exchange chromatography. Protein purity
was assessed by SDS-PAGE using 4—12% gradient gels (Invit-
rogen) in MES buffer, followed by staining with Coomassie Bril-
liant Blue R-250.

Peptide Acetylation and Fluorescent Labeling—The BR pep-
tide was acetylated by incubation with a 20-fold molar excess
(relative to amine groups) of N-hydroxysulfosuccinimide ace-
tate (Thermo Scientific) for 1 h at 25 °C in 20 mm HEPES, 150
mwm NaCl, 2 mm CaCl,, and pH 7.4. Mass spectroscopy data of
the acetylated BR peptide were consistent with quantitative
modification of all Lys residues and the N terminus (data not
shown). Fluorescent labeling of the BR peptide was performed
by incubating the BR peptide containing an N-terminal Cys
(Cys-BR) for 10 min at 25 °C with a 10-fold molar excess of
tris(2-carboxyethyl)phosphine HCl (Thermo Scientific) to
reduce disulfide bonds, followed by 2 h at 25 °C with a 20-fold
molar excess of either Oregon Green 488 maleimide or QSY7
C,-maleimide (Invitrogen). The reactions were quenched by
the addition of excess DTT, and labeled BR peptides were puri-
fied by gel filtration through Bio-Gel P-6DG resin (Bio-Rad) to
remove excess labeling reagents.

Prothrombin and Prethrombin-2 Activation Assays—Steady-
state initial velocities of prothrombin cleavage were deter-
mined discontinuously at 25 °C as described (23). Reaction mix-
tures containing PCPS (50 um), DAPA (3 um), prothrombin
(1.4 um), and either rFVa or the indicated FV-810 derivatives
were incubated with B-domain peptides (0—10 uMm) in assay
buffer. Reactions were initiated with FXa (2 nm), and aliquots
were quenched in buffer containing 50 mm EDTA at multiple
time points. Prothrombin activation was determined using the
chromogenic thrombin substrate S2238 as described (23). Pre-
thrombin-2 activation was measured similarly to prothrombin
using the following reaction conditions: 50 um PCPS, 1.4 um
prethrombin-2, 3 um DAPA, 5 nm rFVa or FV-810 derivatives,
1-50 nm FXa, and 0-1000 nM BR peptide.

Clotting Assays—FV derivatives (500 nm) were prepared in
assay buffer. Where noted, FV derivatives were pretreated with
10 nM thrombin for 15 min at 37 °C, followed by the addition
of 15 nM hirudin. Samples were diluted to 0.25 nm in assay
buffer with 0.1% BSA, and the specific clotting activity was
measured in FV-deficient plasma (George King Bio-Medical,
Overland Park, KS) with TriniCLOT PT Excel (T coag, Wick-
low, Ireland) as described (26). The data are presented as the
means * S.D.

Fluorescence Anisotropy Measurements—Steady-state fluo-
rescence anisotropy was measured at 25 °C in a PTI Quanta-
Master fluorescence spectrophotometer (Photon Technology
International, Birmingham, NJ) using excitation and emission
wavelengths of 480 and 520 nm, respectively, with long-pass
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FIGURE 1. Design and expression of FV B-domain fragments. A, structural organization of FV. The BR (Lys?**-Lys'%%®) is indicated in blue, and the AR
(Thr'#92-Asn'>3¥) is indicated in red. Amino acid sequences of the BR and AR used to design B-domain fragments are shown below. B, SDS-PAGE analysis of
purified B-domain fragments. Purified proteins (2 wg/lane) were resolved on 4-12% gels under reducing conditions and stained with Coomassie Brilliant Blue.
First lane, the BR peptide; second lane, the acetylated BR peptide (Ac-BR); third lane, the BR+AR peptide. The apparent molecular weights of the protein

standards are indicated.

filters (KV500, CVI Melles Griot) in the emission beam. Reac-
tion mixtures (2.5 ml) containing fixed concentrations (20 —40
nM as indicated) of Oregon Green 488 maleimide-modified BR
(OG488-BR) and 50 um PCPS in assay buffer were prepared in
1-cm? quartz cuvettes to which increasing concentrations of FVa
or FV-810 were added. Fluorescence anisotropy measurements,
including controls, were performed as described (20, 27).

Analytical Ultracentrifugation—Analytical ultracentrifuga-
tion of QSY7 C;-maleimide-modified BR (QSY7-BR) was per-
formed in a Beckman Optima XL-I analytical ultracentrifuge
using absorbance optics. Sedimentation velocity was measured
at 25,000 or 45,000 rpm with two-sector cells in an An-60 Ti
rotor at 20 °C. Sedimentation of QSY7-BR was followed mea-
suring absorbance at 560 nm in cells containing 5 um QSY7-BR
alone or with 7 um FV-810 or rFVa in 20 mm HEPES, 150 mMm
NaCl, and 2 mm CaCl,, pH 7.4. Sedimentation coefficients and
molecular weights were determined by g(s*) analysis performed
using DCDT+ (28).

Data Analysis—Data were analyzed by nonlinear least
squares regression analysis using the Marquardt algorithm (29),
and the quality of each fit was assessed as described (30). Equi-
librium dissociation constants (K;) and stoichiometries (#) for
the interaction between OG488-BR and FV-810 in saturation
binding measurements were obtained from the change in
OG488-BR anisotropy over increasing concentrations of
FV-810, which was corrected for the overall change in fluores-
cence intensity (31, 32). Displacement binding experiments, in
which unlabeled BR or FXa®!?** were titrated into preformed
complexes of OG488-BR-FV-810, were analyzed to determine
K, and # as described (27). In prothrombin-2 activation reac-
tions, K, values for the interactions of BR and FXa with FV-810
were obtained by global analysis of prethrombin-2 activation
rates at varying concentrations of FXa and BR fit to a model of
tight binding using DYNAFIT (33).

RESULTS

Inhibition of Cofactor-like FV Variants by B-domain Frag-
ments—We previously identified a minimal inhibitory motif
termed the PRR within the FV B-domain that consists of evo-
lutionarily conserved basic and acidic elements (17). To define
how these elements inhibit FV function, B-domain fragments
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were expressed as SUMO fusions in Escherichia coli and puri-
fied by ion exchange chromatography following removal of the
SUMO tag (Fig. 1). The inhibitory effects of the purified frag-
ments were determined in assays containing either FVa or the
cofactor-like FV variant FV-810 (Fig. 2A4). In reconstituted pro-
thrombin activation reactions, the BR peptide effectively inhib-
ited prothrombinase containing FV-810 (Fig. 2B). The clotting
activity of FV-deficient plasma supplemented with FV-810 was
similarly inhibited in the presence of the BR peptide (Fig. 2C),
indicating that the BR peptide reconstituted a functional inhib-
itory PRR within FV-810. Importantly, these results recapitu-
late our previous observation that the cofactor-like activity of
FV-810 can be inhibited by expanding its B-domain to include
the BR (16). In contrast to FV-810, the BR peptide had no inhib-
itory effect on rFVain prothrombin activation assays or clotting
assays (Fig. 2, Band D). Furthermore, whereas a minimal B-do-
main almost exclusively composed of tandem BR and AR ele-
ments is sufficient to stabilize FV as a procofactor (17), rFVa
was not inhibited by the BR+AR peptide (Fig. 2D). Thus,
whereas the BR can act in trans to reconstitute the PRR, it
appears that the AR must be covalently attached to mediate
inhibition of procoagulant activity.

The complementary charge states of the BR and AR elements
suggest the electrostatic forces likely contribute to PRR func-
tion. Accordingly, the BR peptide that had been acetylated to
neutralize the positive charge no longer inhibited FV-810 (Fig.
2C). However, positive charge alone was insufficient to recon-
stitute a functional PRR, as neither low molecular weight poly-
L-lysine (average M, = 1000-5000) (Fig. 2C) nor the cationic
platelet factor 4 (data not shown) affected FV-810 activity.
Thus, inhibition of FV by the PRR is both charge- and
sequence-dependent.

Direct Binding of the BR Peptide to FV Variants—The ability
of the BR peptide to inhibit FV-810 suggests that the peptide
binds to FV-810 to reconstitute a functional PRR. To test this,
we measured direct binding of the BR peptide to FV-810 or
rFVa using multiple approaches. First, the BR peptide was fluo-
rescently labeled with Oregon Green 488 maleimide, and
changes in fluorescence anisotropy were monitored. Titration
of FV-810 into reactions containing fixed concentrations of
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FIGURE 2. Inhibition of FV variants by B-domain fragments. A, structures of FV, FV-810 and FVa, indicating the presence of the BR (blue) and AR (red). B, the
BR peptide (0-8 um) was titrated into reaction mixtures containing 1.4 um prothrombin, 3 um DAPA, 50 um PCPS, and 0.1 nm rFVa (O) or FV-810 (@) in assay
buffer at 25 °C. Reactions were initiated with 2 nm FXa, and prothrombin activation was measured as described under “Experimental Procedures.” C and D,
specific clotting activity was measured in FV-deficient plasma supplemented with 0.25 nm FV-810 (C) or rFVa (D) and the indicated peptides at 5 um. Ac-BR, the

acetylated BR peptide.

0OG488-BR produced saturable binding curves (Fig. 3) with cal-
culated equilibrium binding values of K, = 2.07 £ 0.2 nm and
n =1.27 £ 0.02 mol of FV-810/mol of OG488-BR. The binding
of OG488-BR to FV-810 was calcium-dependent, as no binding
was observed when 10 mm EDTA was added to the buffer.
Titrating the unlabeled BR peptide into reactions containing a
preformed complex of OG488-BR and FV-810 reduced the ani-
sotropy signal toward the base line (Fig. 3, inset). From these
displacement curves, the equilibrium binding values for the
unlabeled BR peptide were calculated to be K, = 2.1 = 0.2 nm
and # = 1.0 = 0.06 mol of BR/mol of FV-810, essentially iden-
tical to the labeled peptide. In contrast to FV-810, rFVa showed
no detectable binding to OG488-BR (Fig. 3).
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As a complementary approach, we also monitored binding
between the BR peptide and FV-810 by analytical ultracentri-
fugation. Sedimentation velocity experiments were performed
with 5 um QSY7-BR either alone (Fig. 4A4) or with 7 um FV-810
(Fig. 4B). In the absence of FV-810, the sedimentation coeffi-
cient (sJ,,,) of QSY7-BR was 0.98 s, identical to the previously
determined value for recombinant hirudin, which is similar in
size (34). In the presence of FV-810, the QSY7-BR sedimenta-
tion coefficient shifted to 9.8 s, somewhat larger than our pre-
viously determined value for FV-810 of 8.43 s (15). This
increase in the sedimentation coefficient is consistent with a 1:1
stoichiometry between QSY7-BR and FV-810, agreeing with
the calculated stoichiometry from fluorescence measurements.
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FIGURE 3. Direct binding of the BR peptide to FV-810. FV-810 was titrated
into reaction mixtures containing 20 nm (®) or 40 nm (O) OG488-BR peptide
and 50 um PCPS in assay buffer at 25 °C. Changes in fluorescence anisotropy
of OG488-BR were measured as described under “Experimental Procedures.”
Lines were drawn after analysis to independent, non-interacting sites with
the fitted constants K; = 2.07 = 0.2 nmand n = 1.27 = 0.02 mol of FV-810/mol
of OG488-BR at saturation. Control experiments were performed by titrating
FV-810 into buffer containing 10 mm EDTA (X) or by titrating rFVa (A). Inset,
the unlabeled BR peptide was titrated into reaction mixtures containing 30
nm OG488-BR, 20 nm FV-810, and 50 um PCPS. The fitted constants for the
unlabeled BR peptide were determined as K; = 2.1 £ 0.2nmand n = 1.0 =
0.06 mol of BR/mol of FV-810 assuming the constants determined above for
0G488-BR.

100

Molecular weight determination yielded M, = 7210 * 40 for
the QSY7-labeled peptide and M, = 199,000 = 3000 for QSY7-
BR-FV-810 complex, which are in reasonable agreement with
expected values. QSY7-BR sedimentation velocity was also per-
formed with rFVa or with FV-810 in buffer containing 10 mm
EDTA as controls. The data from these control experiments
indicated a weak interaction (K, = 1 uM) (data not shown),
consistent with our anisotropy data showing that no detectable
binding was observed using =100 nm FVa (Fig. 3).

PRR Sequence Specificity—To assess the sequence specificity
of the PRR, we generated BR fragments from several vertebrate
species and compared their effect on FV-810 with that of the
human BR. The bovine BR, which is highly conserved with the
human BR (Fig. 54), inhibited FV-810 weakly in both pro-
thrombin activation reactions and clotting assays compared
with the human BR, whereas the more divergent BR fragments
from lizard (A. carolinensis) and zebrafish (D. rerio) had no
effect on FV-810 activity (Fig. 5C and data not shown). In dis-
placement binding experiments, the bovine BR exhibited ~10-
fold weaker binding to FV-810 than did the human BR (K, =
28.3 £ 0.6 versus 2.2 = 0.2 nM, respectively) (Fig. 5D). These
data show that even minor changes within the BR sequence are
sufficient to dramatically reduce PRR assembly and function,
suggesting a high degree of sequence specificity.

Competition between the BR and FXa—A fundamental dif-
ference between procofactor-like and cofactor-like FV proteins
is the ability of the latter to bind to FXa with high affinity. We
previously demonstrated that a minimal B-domain consisting
almost exclusively of the PRR is sufficient to maintain the pro-
cofactor state (17). We hypothesized that the PRR occludes a
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FIGURE 4. Sedimentation velocity of the BR peptide. The sedimentation
velocity of 5 um QSY7-BR was measured as described under “Experimental
Procedures” either alone (A) or in the presence of 7 um FV-810 (B). The panels
show 14 scans taken at 8-min intervals.

high affinity FXa-binding site on FV; thus, inhibition of FV-810
procoagulant function by the BR peptide could reflect compet-
itive binding between the BR and FXa to FV(a). Consistent with
this, when catalytically inactive FXa®'*** was titrated into fluo-
rescence binding assays, it displaced OG488-BR from FV-810
(Fig. 6A). Using the previously determined binding constants
for OG488-BR, we calculated that FXa®'*** bound to FV-810
with K, = 1.8 nm and #» = 1.1 mol FXa/mol of FV-810, consis-
tent with previously reported equilibrium binding values for
FXa and FV-810 (15). As a control, titration of zymogen
EX5'94 at concentrations up to 1 um had little effect on
0G488-BR anisotropy (Fig. 64).

We also assessed competition between the BR peptide and
FXa by monitoring prethrombin-2 activation in reactions con-
taining variable concentrations of FXa and the BR peptide at a
fixed concentration of FV-810. Under these reaction condi-
tions, the BR and FXa followed a model of competitive binding
(Fig. 6B), with fitted equilibrium binding values K, = 2.0 * 0.2
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each) were resolved by reducing SDS-PAGE and stained with Coomassie Brilliant Blue. C, human (@), bovine (), lizard (A), and zebrafish (Hl) BR peptides were
titrated into reactions containing 1.4 um prothrombin, 3 um DAPA, 50 um PCPS, and 0.1 nm FV-810 in assay buffer at 25 °C. Prothrombin activation was
measured as described in the legend to Fig. 1A. D, human (@) and bovine () BR peptides were titrated into reactions containing 30 nm OG488-BR, 20 nm
FV-810, and 50 um PCPS at 25 °C. Fluorescence anisotropy was measured, and equilibrium binding constants were determined assuming a stoichiometry of 1

mol of FV-810/mol of BR peptide: the human BR, K, =

nM for FXa and K, = 34.2 = 3.6 nM for the BR. The calculated
K, for the BR from these reactions is somewhat higher than that
observed in direct binding measurements (Fig. 3). One likely
explanation for this discrepancy may be generation of FVa in
the reactions from feedback proteolysis of FV-810 by thrombin
(see below). Together with the fluorescence binding data, these
results support a model of competitive binding of the BR and
FXa to FV-810.

Role of Site-specific Proteolysis in PRR Stability and Inhibition—
The observation that rFVa activity is not inhibited by any of the
B-domain peptides suggests that proteolysis of the FV B-do-
main by thrombin irreversibly disrupts the PRR, thereby pro-
ducing the active cofactor FVa. We assessed the effect of pro-
teolysis at individual thrombin cleavage sites on PRR function
by comparing the ability of the BR peptide to inhibit FV-810
cleaved by thrombin at either Arg’®® or Arg'>*>. FV-810 vari-
ants containing the R709Q or R1545Q mutation were preincu-
bated with thrombin to generate cleavage products in which the
B-domain was still tethered to either the heavy and/or light chains
(Fig. 7, A and B). Prior to thrombin cleavage, all FV-810 variants
were potently inhibited by the basic peptide (Fig. 7C). However,
following incubation with thrombin, only FV-810%****Q and
FV-8102Q were still inhibited by the BR peptide (Fig. 7D). Fur-
thermore, when binding of the thrombin-cleaved FV-810 vari-
ants to OG488-BR was measured by fluorescence anisotropy,
only FV-810%'***Q and FV-8102° still bound OG488-BR,
whereas FV-810 and FV-810%7°°Q did not (Fig. 8). Thus, cleav-
age of FV at Arg'®* specifically disrupts the ability of the BR to
bind to FV-810 and establish a functional PRR. Interestingly,
cleavage at Arg’?° appears to partially destabilize the PRR, as

30156 JOURNAL OF BIOLOGICAL CHEMISTRY

2.2 = 0.2 nv; and the bovine BR, K, =

28.3 £ 0.6 nm.

FV-810%'°*5Q displayed a weakened binding affinity for
0OG488-BR after thrombin cleavage (K, = 30 versus 2 nm). This
observation suggests that proteolytic activation of FV progres-
sively disrupts the structural integrity of the PRR, thereby
reducing its inhibitory effect.

DISCUSSION

Despite decades of work attempting to draw correlations
between FV B-domain cleavage and generation of procoagulant
activity, the mechanism responsible for keeping FV inactive has
largely remained a mystery. In this study, we undertook a com-
pletely different approach using recombinant B-domain frag-
ments to reassemble functionally important regions of the FV
B-domain. Our results emphasize the modular nature of spe-
cific regions of the B-domain. We found that the BR functions
as a trans-acting regulator that binds with high affinity to an
obligate cis-acting AR element located immediately N-terminal
to the A3-domain. Importantly, these B-domain fragments
have proved invaluable in deciphering how B-domain proteol-
ysis destabilizes the PRR to produce a high affinity cofactor for
FXa. Previous studies correlating selective cleavage of the
Arg’®, Arg'®'®, or Arg'>*® peptide bond with FV activation
demonstrated that maximal activation occurs upon Arg'>*
cleavage (7, 14, 26, 35— 41). Our data now provide a mechanistic
explanation for these observations. Cleavage of the Arg'®*
peptide bond disrupts the PRR by releasing the obligate cis-
acting AR element from the A3-domain. We speculate that
cleavage of the Arg”®® and Arg'®'® peptide bonds facilitates FV
activation by progressively destabilizing the PRR, thereby
increasing the accessibility of the molecule for FXa to form
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FIGURE 6. Competitive binding of the BR peptide and FXa to FV-810. A,
FXa®'9°A (@) or zymogen FX*'9°A (A) was titrated into reaction mixtures con-
taining 30 nm OG488-BR, 20 nm FV-810, and 50 um PCPS in assay buffer at
25 °C. Changes in OG488-BR anisotropy were measured, and lines were
drawn as described with the fitted constants K; = 1.8 = 0.2 nmfor FXaand n =
1.1 = 0.07 mol of FXa/mol of FV-810 assuming the binding constants for
0G488-BR determined in Fig. 2A. B, reactions containing 1.4 um prethrom-
bin-2, 3 um DAPA, 50 um PCPS, 5 nm FV-810, and 0 nm (), 125 nm (@), 250 nm
(A),500nm (@), 0r 1 um (V) BR peptide were prepared in assay buffer at 25 °C.
Reactions were initiated by the addition of 1-50 nm FXa, and thrombin gen-
eration was monitored as described under “Experimental Procedures.” Exper-
imental data were fitted to a model for tight binding with calculated values of
K; = 2.0 = 0.2 nm for FXa and K; = 34.2 = 3.6 nm for the BR.

prothrombinase. Accordingly, cleavage of FV-810 at Arg’®’
noticeably reduced its binding affinity for OG488-BR (Fig. 8). In
endogenous FV, we would expect subsequent cleavage at
Arg'°'® to dramatically weaken PRR stability by releasing the
BR as part of the Ser”*°~Arg'°'® cleavage product.

The affinity (low nanomolar K,) with which the BR fragment
binds to FV-810 is unexpectedly high. Perhaps the most rele-
vant comparison is the interaction between thrombin and hiru-
gen, the anionic dodecapeptide derived from the C terminus of
hirudin. Whereas full-length hirudin binds thrombin with fem-
tomolar affinity, hirugen binds with micromolar affinity medi-
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ated by electrostatic interactions throughout exosite I (42, 43).
Given the complementary charges of the BR and AR, it would
be reasonable to assume that PRR assembly is predominantly
driven by electrostatic interactions. Accordingly, acetylating
the BR peptide ablated its ability to inhibit FV-810. We also
observed that elevated NaCl concentrations (=250 mm)
impaired OG488-BR binding to FV-810 (data not shown).
However, despite the highly conserved amino acid sequence
and net charge between the human and bovine BRs, the bovine
fragment demonstrated considerably weaker binding and inhi-
bition of FV-810. This striking effect from relatively minor
changes in the BR strongly suggests that the PRR has a defined
structure that depends on both electrostatic forces and addi-
tional sequence-dependent contributions. Unfortunately, the
only structural information about the FV B-domain is from
electron microscopy studies, in which the B-domain appears as
an appendage extending from a globular core of heavy and light
chains (44 —-49). Although an x-ray crystal structure has been
resolved for activated protein C-inactivated bovine FVa (50), it
provides no structural information about the B-domain. Pre-
liminary NMR studies from our group indicate that the free BR
appears largely unstructured in solution (data not shown); how-
ever, this does not preclude the possibility that a fully assembled
PRR is structured. In fact, this scenario has been demonstrated
by x-ray crystallography studies of hirugen, where free hirugen
is disordered but adopts a well defined structure when bound to
thrombin (51, 52).

Although we have generally discussed the PRR as an interac-
tion between the BR and AR, it is important to note that some of
our data actually suggest that the AR, although necessary, is not
sufficient to bind the BR. For example, thrombin-cleaved
FV-810%7°°Q did not show any detectable binding to OG488-
BR, despite the AR being present on the partially cleaved B-do-
main (Fig. 8B). This could potentially be explained by additional
sequences proximal to the AR contributing to a docking surface
for the BR. In fact, a scenario in which the BR docks to an
extended surface consisting of, for example, additional heavy or
light chain sequences could also explain the competitive nature
by which the BR and FXa bind to FV-810. Although we cannot
eliminate the possibility that the PRR inhibits FXa binding
allosterically, our working hypothesis is that the PRR directly
occludes a FXa-binding site. Studies using site-directed
mutagenesis and glycosylation have implicated the region sur-
rounding the activated protein C cleavage site at Arg®°® within
the A2-domain in FXa binding, with additional contributions
from residues in the A3-domain (53-56). Although the AR is
distant from Arg®°® in the primary structure of FV, sequences
proximal to Arg®®® in the tertiary structure could conceivably
allow the BR to occlude critical FXa-binding sites when docked.

The ability of the BR to function as a trans-acting inhibitor of
FV(a) activity offers a novel target for modulating FV(a) activity
in vivo. Specifically, ligands that mimic the BR could function as
anticoagulants by opposing or delaying full FV activation in the
early stages of coagulation. A physiological ligand that may
function this way is the Kunitz-type tissue factor pathway
inhibitor (TFPI). TEPI is best known for its ability to oppose the
initial stages of coagulation by forming a ternary complex with
FXa and tissue factor/FVIla, thereby attenuating the extrinsic
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FIGURE 7. Effect of the BR peptide on FV-810 thrombin cleavage site variants. A, schematic of the partial cleavage products generated by incubating
FV-810 containing the R709Q and/or R1545Q mutation with thrombin. B, reactions containing 600 nm FV-810, FV-81077°°2, FV-810%">4°2, FV-810°2, or rFVa
were incubated for 15 min at 37 °C with buffer or 10 nm thrombin and then quenched with 20 nm hirudin. Samples were resolved by 4-12% gradient SDS-PAGE
under reducing conditions and stained with Coomassie Brilliant Blue. C and D, specific clotting activities of FV-810 variants after incubation with buffer (C) or
thrombin (D). FV-deficient plasma was supplemented with the quenched reaction products at 0.25 nm, and specific activity was measured in the absence (white

bars) or presence (gray bars) of 5 um BR peptide.

pathway (57). Recent studies have also highlighted an intriguing
link between TFPI and FV. Mast and Broze (58) previously
observed that TFPI can inhibit thrombin generation in reac-
tions initiated with FV but not FVa, suggesting a role for the
B-domain in TFPI-mediated inhibition. More recently, Duck-
ers et al. (59, 60) demonstrated a physical association between
TFPI and FV in plasma that correlates with decreased TFPI
levels in FV-deficient patients. Interestingly, the C terminus of
the splice variant TFPIa shares substantial sequence homology
with the FV BR (57, 61) and was recently shown to mediate the
interaction of TFPI« with FV (62). Thus, by mimicking the FV
BR, TFPIa may be able to delay FVa generation by prolonging the
existence of a functional PRR. This could be particularly effective
in modulating thrombin generation at nascent thrombi, where a
distinct pool of partially activated FV is released from the a-gran-
ules of activated platelets (63). Platelets exclusively express
TFPIa but not other TFPIisoforms (64, 65), and although plate-
let-derived TFPIa does not co-localize with FV in a-granules,
their concomitant release from activated platelets could allow
TFPIa to modulate platelet FV-mediated thrombin generation.
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Conversely, molecules that disrupt the PRR could potentially
function as procoagulants by increasing FV cofactor activity
and/or accelerating FV activation. Experimental evidence from
Morrissey and co-workers (66 —68) has implicated platelet-de-
rived polyphosphate as an accelerator of FV activation by
thrombin; although the mechanism is not currently defined,
one possible explanation is that polyphosphate destabilizes the
PRR by weakening the interaction between the BR and AR ele-
ments, thereby accelerating cleavage at Arg'>*® to activate FV.

In summary, the data presented in this study provide new
mechanistic insight to explain how the B-domain stabilizes FV
as an inactive procofactor and how discrete proteolysis of FV
generates an active cofactor for FXa. The bipartite PRR, com-
posed of cis- and trans-acting acidic and basic elements, respec-
tively, suppresses cofactor activity by competitively inhibiting
FXa binding to FV. Discrete proteolysis of the B-domain by
thrombin destabilizes the PRR, with cleavage of the Arg'>*® pep-
tide bond causingirreversible dissolution of PRR integrity and fully
exposing a high affinity FXa-binding site. These observations offer
a mechanistic explanation for why maximal activation requires
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FIGURE 8. Direct binding of 0G488-BR to thrombin-cleaved FV-810 vari-
ants. FV-810 (@), FV-810%7°° (A), FV-810%'%4°? (@), and FV-810°2 (M) were
pretreated with buffer (A) or thrombin (B) as described in the legend to Fig. 7.
Quenched FV-810 species were titrated into reaction mixtures containing 30
nm OG488-BR and 50 um PCPS in assay buffer, and changes in the fluores-
cence anisotropy signal were measured. Binding constants were calculated
assuming a stoichiometrg of n = 1 of mol FV-810/mol of 0G488-BR: FV-810,
K;=2.1+0.3nm FV-810779°% K, = 7.1 + 1.6 nm; FV-810°"°*°2, K, = 2.0 + 0.4
nm; and FV-810°2, K, = 0.31 =+ 0.29 nwm. After incubation with thrombin, nei-
ther FV-810 nor FV-81077°°2 had detectable binding to 0G488-BR, whereas
FV-810°2bound with a calculated K, 0f 1.3 = 0.1 nm, and FV-810%">4°? bound
with a K, of 30.3 = 4.1 nm.

cleavage at Arg'>*® and suggest intriguing new strategies to regu-
late thrombin generation by modulating FV activation.
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