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Background: Factor V is an inactive procofactor. Removal of its B-domain drives activation through an undefined
mechanism.
Results: Basic and acidic regions within the B-domain impair factor Xa binding and cofactor function.
Conclusion: Autoinhibitory B-domain segments maintain the procofactor state and their disruption activates FV.
Significance:The study provides insights into how FV activation unfolds and defines an unexpected sequence-specific function
of the B-domain.

Activation of blood coagulation factor V (FV) is a key reaction
of hemostasis. FV circulates in plasma as an inactive procofac-
tor, and proteolytic removal of a large central B-domain con-
verts it to an active cofactor (FVa) for factor Xa (FXa). Here we
show that two short evolutionary conserved segments of the
B-domain, together termed the procofactor regulatory region,
serve an essential autoinhibitory function. This newly identified
motif consists of a basic (963–1008) and an acidic (1493–1537)
region anddefines theminimal sequence requirements tomain-
tain FV as a procofactor. Our data suggest that dismantling this
autoinhibitory region via deletion or proteolysis is the driving
force to unveil a high affinity binding site(s) for FXa. These find-
ings document an unexpected sequence-specific role for the
B-domain by negatively regulating FV function and preventing
activity of the procofactor. These new mechanistic insights
point to new ways in which the FV procofactor to cofactor tran-
sition could be modulated to alter hemostasis.

Complex reaction pathways, including blood clotting, often
rely on regulated protein activation to elicit a biologic response.
Coagulation factors generally circulate in blood as inactive pre-
cursors and transition to an active formafter limited proteolysis
subsequent to vascular damage. For serine protease zymogens
involved in clotting, this mechanism is well described (1).
Although precise cleavage sites are defined, the mechanism
underpinning the conversion of FV to its active form (FVa)3 has

remained elusive. FVplays a pivotal role in blood coagulation. It
is a large, heavily glycosylated, inactive procofactor protein that
is homologous to factor VIII (FVIII) and shares the same
domain organization (A1-A2-B-A3-C1-C2) (2, 3). FV cannot
participate to any significant degree in the macromolecular
enzyme complex prothrombinase. It is converted to the active
cofactor state after limited proteolysis within the B-domain.
FVa is a nonenzymatic cofactor within the prothrombinase
complex that greatly accelerates the ability of factor Xa (FXa) to
rapidly convert prothrombin to thrombin (4). FV activation has
been studied for more than three decades, yet how bond cleav-
age within the B-domain facilitates the conversion from an
inactive to active state is only starting to become known.
The FV B-domain spans amino acids 710–1545 and is not

necessary for procoagulant activity (Fig. 1) (5–8). Thrombin,
utilizing both exosites I and II, is considered a key physiologic
activator and cleaves three peptide bonds (Arg709, Arg1018, and
Arg1545) to generate FVa (5–7, 9–14). Prior studies of FV acti-
vation were largely based on correlating bond cleavage with the
development of procoagulant activity (for review, see Ref. 3).
Broadly, these studies found that variable amounts of cofactor
activity are observed depending on which region of the B-do-
main is cleaved and which assay is used to evaluate activity. A
clear consensus is that maximal activity correlates with cleav-
age at Arg1545 (7, 13, 15–22). Although these studies have
advanced the field, such correlative studies have not provided
mechanistic insight into how FV activation unfolds.
The human FV B-domain (836 residues) is generally not well

conserved among vertebrates, varies in size across species, and
has no homology to any other known protein, including the
FVIII B-domain (3, 9, 23). A longstanding assumption is that
the B-domain, due to its size/high carbohydrate content, non-
specifically prevents activity of the procofactor. Initial evidence
for this came from the Kane laboratory (17, 24), who generated
a FV derivative with a shortened B-domain (FVdes811–1491 or
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FV-810). Using a transient expression system, they found that
this FVderivative had partial but seemingly constitutive activity
(17). Our laboratory, using purified FV-810 and a thrombin
cleavage site variant, found that FV-810 functions in an identi-
cal way to FVa (25). These data imply that proteolysis within the
B-domain, although necessary, is incidental to the mechanism
by which cofactor function is realized. Instead, activation of FV
must eliminate steric and/or conformational constraints con-
tributed by the B-domain. Surprisingly, using a panel of B-do-
main-truncated variants, we found that specific B-domain
sequences appear to play a critical role in stabilizing FV in an
inactive procofactor state (26).One of these regions (963–1008)
is unusually basic and is one of just a few sections of the B-do-
main that is conserved across the vertebrate lineage (3). Disrup-
tion of these sequences (termed here the basic region (BR)) by
mutagenesis or deletion yielded derivatives with cofactor-like
properties in the absence of proteolysis (26).
Herewe expandon these findings and show that although the

BR is necessary, it is not sufficient to suppress cofactor function.
Rather, it appears to work in concert with sequences at the
C-terminal end of the B-domain (1493–1537, Fig. 1). This
region, termed here the acidic region (AR), is similar to the a3
region of FVIII and, like the BR, is conserved across species.
Overall the data support the novel idea that these discrete
sequences (BR�AR), together defined as the procofactor regu-
latory region (PRR), are the minimal, autoinhibitory elements
required to maintain FV as an inactive procofactor.

EXPERIMENTAL PROCEDURES

Materials—Thepeptidyl substrateH-D-phenylalanyl-L-pipe-
colyl-L-arginyl-p-nitroanalide (S2238) was from Diapharma
(West Chester, OH). Benzamidine, 4-amidinophenylmethane-
sulfonyl fluoride hydrochloride (APMSF), and bovine serum
albumin (BSA) were from Sigma. Dansylarginine-N-(3-ethyl-
1,5-pentanediyl)amide (DAPA) was from Hematologic Tech-
nologies (Essex Junction, VT), andOregonGreen488maleimide
(OG488) was from Invitrogen. All tissue culture reagents were
from Invitrogen, except insulin-transferrin-sodium selenite
Roche Applied Science). Small unilamellar phospholipid vesi-
cles (PCPS) composed of 75% (w/w) hen egg L-�-phosphatidyl-
choline and 25% (w/w) porcine brain L-�-phosphatidylserine
(Avanti Polar Lipids, Alabaster, AL) were prepared and charac-
terized as described (27).
Proteins—Human prothrombin, thrombin, FX, OG488-FXa,

and FVwere isolated fromplasma and/or prepared as described
previously (28–31). Recombinant FX (rFX), rFXa, rFVa, plas-
ma-derived FVa, and a partial B-domainless form of human FV
(FV-810) were prepared, purified, and characterized as
described (25, 32). Molecular weights and extinction coeffi-
cients (E0.1%, 280 nm) of the various proteins have been reported
previously (26). The molecular weights and extinction coeffi-
cients for newly derived rFV variants were: FV-B226, 226,000
and 1.47; FV-B208, 223,000 and 1.43; FV-B199, 222,000 and
1.49; FV-B152, 215,000 and 1.51; FV-B104, 210,000 and 1.57;
FV-B8-BR1, 247,000 and 1.51; FV-B8-BR2, 247,000 and 1.51;
FV-B8-BR3, 247,000 and 1.51. All functional assays were per-
formed at 25 °C in 20mMHepes, 0.15 MNaCl, 5mMCaCl2, 0.1%
polyethylene glycol 8000, pH 7.5 (assay buffer).

Construction of rFV Variants—Construction of FV-810 and
FV-1033 has previously been described (25, 26). Specific oligo-
nucleotides used to generate FV-B226 were as follows: forward
primer A, 5�-GAAGAGGTGGGAATACTTC-3�, encoding for
amino acid residues 320–325; reverse primer B, 5�-GTGGCC-
ACTCTGCTTTCCAGGATCCTCTATAGGGTCTTCAG-3�,
in which the first 21 bases correspond to full-length FV cDNA,
encoding for residues 964–970 and the last 19 bases to residues
805–810; forward primer C, 5�-CTGAAGACCCTATAGAG-
GATCCTGGAAAGCAGAGTGGCCAC-3�, in which the first
19 bases correspond to residues 805–810 and the last 21 bases
correspond to full-length FV cDNA residues 964–970; reverse
primer D, 5�-TCTGTCCATGATAAGAAATGG-3�, corre-
sponding to the full-length FV cDNA sequence encoding for
residues 1871–1877. The resulting DNA fragment was TOPO-
cloned (Invitrogen), digested with Bsu36I and SnaBI, gel-puri-
fied, and subcloned into pED-FV digested with the same
enzymes (25). To ensure the absence of polymerase-induced
errors, the entire modified cDNA was sequenced. The remain-
ing FV constructs outlined in the manuscript were prepared in
the same type ofway using appropriatelymodified primers. The
FV cDNA sequence ofGallus gallus (chicken) was derived from
the Ensembl genome data base (Version 35). The base pairs
encoding the chicken B-domain were synthesized (GenScript)
and flanked by HpaI and SnaBI restriction sites to facilitate
cloning.
Expression and Purification of rFV—Transfection of the plas-

mids encoding FV constructs into baby hamster kidney cells,
selection of stable clones, and expression/purification of rFV
derivatives were performed as described (25, 33). Protein purity
was assessed by SDS-PAGE using precast 4–12% gradient gels
(Invitrogen) under reducing conditions (50 mM dithiothreitol)
using the MOPS buffer system followed by staining with Coo-
massie Brilliant Blue R-250.
FV-specific Prothrombin Time (PT)-based Clotting Assay—

FV (600 nM) derivatives were prepared in assay buffer. For
experiments in which pretreatment with thrombin was
intended, FV derivatives were incubated at 37 °C for 15 min
with 10–60 nM thrombin. All thrombin-dependent activation
reactions were quenched by the addition of a 1.2-fold molar
excess of hirudin. Samples were diluted to less than 3 nM in
assay buffer with 0.1% BSA, and the specific clotting activity
using FV-deficient plasma (George King Biomedical, Overland
Park, KS) and TriniClot PT Excel (Tcoag, Wicklow, Ireland)
was assayed as described (21). The data are presented as the
mean values � S.D.
Prothrombin Activation—Steady state initial velocities of

prothrombin cleavage were determined discontinuously at
25 °C as described (32). Progress curves of prothrombin activa-
tion were performed using the following reaction conditions.
PCPS (50 �M), DAPA (3 �M), and prothrombin (1.4 �M) were
incubated with the various rFV(a) derivatives (0.1 nM) in assay
buffer, and the reaction was initiated with FXa (1.0 nM). At
various time points, aliquots of the reaction mixture were
quenched, and thrombin generation was determined using the
chromogenic substrate S2238 as described (32).
Fluorescence Measurements—Steady state fluorescence

intensity and/or anisotropy was measured at 25 °C in a PTI
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QuantaMaster fluorescence spectrophotometer (PhotonTech-
nology International) using �ex � 480 nm and �em � 520 nm
with long pass filters (KV500, CVIMellesGriot) in the emission
beam. Reactionmixtures (2.5 ml) in a 1� 1-cm2 quartz cuvette
contained 20 or 30 nM OG488-FXa and 50 �M PCPS in assay
buffer towhich increasing concentrations of FV/V(a) derivative
(0.5–100 nM) were added. Fluorescence anisotropy or inten-
sity measurements, including controls, were performed as
described (29, 34).
Data Analysis—Data were analyzed according to the indi-

cated equations by nonlinear least squares regression analysis
using the Marquardt Algorithm (35), and the quality of each fit
was assessed by the criteria described (36). Dissociation con-
stants (Kd), stoichiometries (n), and the maximum increase in
anisotropy at saturating rFV were obtained for the membrane-
dependent interaction between FXa and rFV from the depen-
dence of the anisotropy with increasing concentrations of
rFV(a), which was corrected for the overall change in fluores-
cence intensity (37, 38).

RESULTS

Role of the BR in Preserving the Procofactor State—We have
previously shown that removal of FV-B-domain residues 902–
1033 and more specifically 963–1008, termed here the basic
region or BR, drives the expression of FVa procoagulant func-
tion (26). The BR appears to stabilize the inactive FV procofac-
tor state through a mechanism that is not well understood. To

examine if the BR is sufficient to keep FV inactive, we produced
a new panel of recombinant FV variants. Using a constitutively
active FV derivative, FV-810 (residues 811–1491 deleted), as a
scaffold (25), different extensions of the BR were inserted after
residue 811, and the functional properties of the new variants
(FV-B226, FV-B208, and FV-B199) were evaluated. Because
these new FV variants are very similar, only FV-B199 is shown
in Fig. 1. These variants have residues 964–1033 (FV-B226),
964–1015 (FV-B208), and 964–1007 (FV-B199) added back to
FV-810. Each variant migrated on SDS-PAGE with the
expected mobility either before or after treatment with throm-
bin (Fig. 2).
Consistent with previous studies (25, 26), FV-810-like FVa

exhibits high specific activity before or after treatment with
thrombin in a one-stage PT-based clotting assay using FV-de-
ficient plasma (Fig. 3A and Table 1). In contrast, FV-B226,
FV-B208, or FV-B199 with variable BRs inserted reduced the
specific activity to a level comparable with PD-FV. Treatment
of these procofactor-like derivatives or PD-FV with thrombin
resulted in a substantial increase in specific activity, with levels
comparable with FV-810 (Fig. 3A and Table 1). Additionally,
progress curves of prothrombin conversion to thrombin using
FXa-FV(a) yielded results consistent with the clotting assay.
Unlike FV-810, the procofactor-like derivatives and PD-FV had
very little activity and displayed progress curves of thrombin
generation characterized by a substantial lag (Fig. 3B). Conver-

FIGURE 1. Recombinant FV derivatives. Top, the human FV B-domain (pale yellow) is defined by residues 710 –1545, which are removed after thrombin-
mediated proteolysis; cleavage sites are indicated below the B-domain. The blue box represents the BR (963–1008), and the red box represents the AR (1493–
1537). Their sequences are provided. Recombinant FV derivative with variable B-domains used in the study are shown schematically (FV-810, FV-B199, FV-B152,
and FV-B104). Because FV-B226, FV-B208, and FV-B199 are very similar, only FV-B199 is shown. B-domain residues deleted are provided on the right. The total
lengths of the B-domains are as follows: FV-810, 155 residues; FV-B199, 199 residues; FV-B152, 152 residues; FV-B104, 104 residues. The full-length B-domain
(710 –1545) has 25 potential N-linked carbohydrate sites with a distribution as follows: 709 – 810, 6 sites; 811–962, 2 sites; 963–1008 (BR), 0 sites; 1009 –1491, 16
sites; 1492–1545 (mostly AR), 1 site.
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sion of the FV variants to FVa by thrombin resulted inmaximal
cofactor activity and yielded rates of prothrombin activation
comparable with FV-810 and FVa (Fig. 3C).
Although activitymeasurements are informative, they can be

misleading, as feedback reactions during the assay could com-
promise data interpretation. To address this, we evaluated the
ability of each of the FV variants to bindmembrane-bound FXa
using fluorescence measurements. Consistent with previous
observations (25, 26), FVa and FV-810 bound with high affinity
to active site-blocked, membrane-bound FXa (Fig. 4, A and B,
Table 1). In contrast, the interaction of FV-B226, FV-B208,
FV-B199, or PD-FV with membrane bound-FXa was dramati-
cally reduced compared with FV-810 as no saturable binding
was observed (Fig. 4A, Table 1). Binding parameters for these
proteins could not accurately be assessed; however, a lower
limit estimate of the affinities indicates that they are at least
�50-fold reduced compared with FV-810. Treatment of
FV-B226, FV-B208, or FV-B199 with thrombin followed by
assessment of direct binding yielded dissociation constants
similar to thrombin-treated FV-810 and FVa (Fig. 4B), indicat-
ing that once activated each of the variants can assemble within
prothrombinase. The binding data and functional measure-
ments demonstrate that the BR is a necessary segment of the
B-domain and plays a crucial role in keeping FV in an inactive,
procofactor-like state. It appears to do so by obscuring FXa
binding either directly or allosterically despite �75% of the
B-domain being absent. Remarkably, the insertion of as little as
44 BR residues (e.g. FV-B199) had a major influence on FXa
binding, shifting the functional status from cofactor-like to
procofactor-like.
Contribution of Additional B-domain Sequences to Main-

taining FV as a Procofactor—The findings suggest that a small
B-domain harboring the BR (e.g. FV-B199) contains the neces-
sary structural features to maintain the FV procofactor state.
However, residual B-domain sequences apart from the BR
could also play an important stabilizing role. Using FV-B199 as
a scaffold, we removed sequences on either the C-terminal side
(residues 1492–1538; FV-B152) or N-terminal side (residues
716–810; FV-B104) of the B-domain (see Fig. 1). Residues
flanking Arg709 and Arg1545 were left intact to retain efficient

FIGURE 2. SDS-PAGE analysis. Purified proteins (5 �g/lane) before (left) and
after treatment with thrombin (right) were subjected to SDS-PAGE under
reducing conditions and visualized by staining with Coomassie Brilliant Blue
R-250. Lane 1, FV-810; lane 2, FV-B226; lane 3, FV-B208; lane 4, FV-B199; lane 5,
FV-B152; lane 6, FV-B104. The apparent molecular weights of the standards
are indicated.

FIGURE 3. Characterization of rFV�BR derivatives. Panel A, specific clotting
activities of recombinant FV/V(a) derivatives before (white bars) or after treat-
ment with thrombin (black bars) were determined by a FV-specific PT-based
clotting assay as described under “Experimental Procedures.” The data are
the mean � S.D. of at least three similar experiments. Panels B and C. Reaction
mixtures containing 50 �M PCPS, 3.0 �M DAPA, 1.4 �M prothrombin, and 0.1
nM FV/V(a) derivatives before (panel B) or after treatment with thrombin
(panel C) were incubated for 5 min at 25 °C. The reaction was initiated with 1.0
nM FXa, and thrombin generation was monitored as described under “Exper-
imental Procedures.” The symbols represent the following: Œ, FV-810; �,
FV-B226; �, FV-B208; E, FV-B199; ●, FV-B152; ‚, FV-B104; �, PD-FV; �, rFVa.
The lines represent a linear fit of the data, except for FV-B226, FV-B208,
FV-B199, FV-B104, and PD-FV in panel B, which result from a polynomial fit.
The data are the means � S.D. of 2– 4 similar experiments.
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processing by thrombin. FV-B152 or FV-B104 migrated on
SDS-PAGE as expected and were cleaved by thrombin to yield
FVa (Fig. 2).
Elimination of �100 residues (716–810) from FV-B199 on

the N-terminal side of the B-domain (FV-B104; see Fig. 1) was
without functional consequence as FV-B104 remained a proco-
factor as assessed by clotting, purified component assays, and
direct binding measurements to FXa (Fig. 3, A and B, supple-
mental Fig. S1 and Table 1). After treatment with thrombin,
FV-B104 exhibited functional properties similar to FV-810 (Fig.
3, A and C). In contrast, removing sequences C-terminal to the
BR (residues 1492–1538; FV-B152, see Fig. 1) converted an oth-
erwise inactive FV derivative (e.g. FV-B199) to an active cofac-
tor even in the presence of the BR. The overall activity of
FV-B152 was similar to FV-810, and it bound FXa with high
affinity (Fig. 3, A–C, supplemental Fig. S1 and Table 1). These
findings indicate that in addition to the BR, C-terminal B-do-
main sequences 1493–1537 also contribute to stabilizing FV in
an inactive procofactor state. Inspection of this region of the
B-domain reveals that 1493–1537 is highly acidic (termed
herein the acidic region), is generally conserved across the ver-
tebrate lineage (see supplemental Fig. S2), and is similar to the
a3 region of FVIII at the beginning of its light chain. Overall,
these data suggest that the BR works in concert with the AR to
suppress cofactor function. Thus the BR and AR, consisting of
�100 residues and together defined here as the procofactor
regulatory region, are the minimal, autoinhibitory elements
required to maintain FV as a procofactor. Elimination of either
theBR (e.g.FV-810) orAR (e.g.FV-B152) removes critical struc-
tural motifs that otherwise keep FV functionally inert. Further-
more, the juxtaposition in the primary sequence of the BR and
AR in FV-B199 and FV-B104 (see Fig. 1) suggest that these
segments act as independent motifs and do not appear to be
influenced in a major way by the rest of the B-domain.
Specificity of the BR and Fine Mapping—Considering the

functional importance of the PRR, it is not surprising thatmost,
if not all, of available FV sequences across the vertebrate lineage
have a conservedBR andAR, albeit withweaker conservation in

lower vertebrates (see supplemental Fig. S2). An exception to
this is FV derived from the venom of certain Australian snakes
(39–41). Venom FV from Pseudonaja textilis (ptex-FV) has a
B-domain of just 46 residues that lacks the BR but contains a
region similar to AR. Consistent with the importance of an
intact PRR in keeping FV inactive, we have shown that ptex-FV
is constitutively active and does not require processing/re-
moval of its B-domain (42, 43).
To test specificity and functionality, we examined whether

B-domains from select vertebrates, which have divergent PRRs,
preserve the human FV procofactor state. As expected,
exchanging only the human FV B-domain (836 residues) with
that of ptex-FV (46 residues, no BR; FV-B-Ptex) yielded a FV
derivative that was constitutively active, as determined by clot-
ting assay, and it exhibited high affinity binding to FXa (Table 1

TABLE 1
Characterization of B-domain FV derivatives
ND, not determined; NA, not able to determine an accurate value.

Cofactor
species

Specific
activitya

Specific activityb
(�thrombin) Kd

c

Units/nmol Units/nmol nM
FV-810 265 � 49 308 � 41 1.1 � 0.3
rFVa 264 � 30 ND 1.8 � 0.2
PD-FV 27 � 2 214 � 9 NA
FV-B226 29 � 2 382 � 29 NA
FV-B208 4 � 1 271 � 20 NA
FV-B199 9 � 1 339 � 74 NA
FV-B152 223 � 11 286 � 43 2.6 � 0.4
FV-B104 13 � 2 311 � 33 NA
FV-B-Ptex 212 � 49 308 � 41 1.5 � 0.2
FV-B-Fish 223 � 39 245 � 43 1.8 � 0.8
FV-B-Ch 192 � 31 327 � 62 1.9 � 0.3
FV-B-Ch�hBR 60 � 13 273 � 49 NA
FV-B8-BR1 260 � 16 293 � 18 ND
FV-B8-BR2 152 � 15 268 � 39 ND
FV-B8-BR3 76 � 13 232 � 11 ND

a The specific clotting activity was determined as described under “Experimental
Procedures.” The mean values � S.D. of at least three determinations are
presented.

b FV variants were incubated with thrombin before analysis.
c Data for binding studies can be found in Fig. 4 and supplemental Figs. S1 and S3.

FIGURE 4. Direct binding measurements. Reaction mixtures containing 20
nM OG488-FXa and 50 �M PCPS were titrated with increasing concentrations of
FV-810 (Œ), FV-B226 (�), FV-B208 (�), FV-B199 (E), PD-FV (�), and rFVa (�;
only shown in panel B) at 25 °C without prior treatment (panel A) or with
proteins treated with thrombin before the experiment (panel B). The change
in fluorescence anisotropy (�r) was measured and analyzed as described in
“Experimental Procedures.” The lines are drawn after analysis to indepen-
dent, non-interacting sites. The data are representative of 2– 4 similar exper-
iments. The dissociation constants (Kd) for FV-810 in panel A was 1.1 � 0.3 nM.
We were not able to accurately determine Kd values for FV-B226, FV-B208,
FV-B199, and PD-FV; they are estimated to be �50 nM. In panel B, the dissoci-
ation constants for the variants after thrombin treatment are as follows:
FV-810, 1.3 � 0.3 nM; FV-B226, 1.8 � 0.5 nM; FV-B208, 2.1 � 0.7 nM; FV-B199,
1.3 � 0.3 nM; plasma-derived FVa, 1.5 � 0.3 nM; rFVa, 1.8 � 0.2 nM.
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and supplemental Fig. S3). Surprisingly, however, B-domains
from lower vertebrates, which harbor a PRR, did not suppress
cofactor activity. For example, a human FV derivative harbor-
ing only the chicken B-domain (FV-B-Ch) or pufferfish B-do-
main (FV-B-Fish) displayed a high specific clotting activity and
high affinity FXa binding in the absence of thrombin activation
(Table 1 and supplemental Figs. S3 and S4). These data imply
that themechanism formaintaining the procofactor state of FV
in lower vertebrates is fundamentally different, or alternatively,
a high level of specificity mediates the autoinhibitory function
of the PRR. Lending some support to the latter, whenwe placed
only 44 residues of the human BRwithin the chicken B-domain
(FV-B-Ch�hBR), the procofactor state was reestablished (sup-
plemental Figs. S3 and S4). This procofactor-like species could
be fully processed and activated by thrombin to FVa (supple-
mental Fig. S4). These data suggest that either other factorsmay
serve to inhibit the function of FV in these lower vertebrates or
that the mode of inhibition of the PRR is highly specific and a
major contributor to this specificity is the BR.
We next mapped the human BR further to define the extent

to which specific portions stabilize FV. Using a previously
described procofactor-like variant (FV-1033, Fig. 5A) as a scaf-
fold (26), short segments of the BR were retained, and the
remaining sequence was replaced with unrelated FVIII B-do-
main sequence. Three variants were expressed and purified
(FV-B8-BR1, FV-B8-BR2, and FV-B8-BR3; Fig. 5B), and they
are schematically shown in Fig. 5A with the original FV BR
residues highlighted in blue and FVIII B-domain residues
shown in green. This approach allowed us to focus on the indi-
vidual role of stretches of 10–12 BR residues.
Previous analysis of a FV variant in which the entire basic

sequence was exchanged for FVIII B-domain residues (FV-B8–
46) demonstrated that this derivative has cofactor-like proper-
ties similar to FV-810 (26). Assessment of the specific clotting
activities of the newly generated FV-B8-BR variants revealed a
gradual decline in cofactor activity depending on which BR
sequence was preserved. Maintaining residues 971–980 (BR1),
while exchanging the rest of the BR for FVIII B-domain
sequence resulted in a cofactor-like FV variant (FV-B8-BR1;
Fig. 6A). However, preserving the second (BR2; residues 983–
994) or third (BR3; residues 997–1008) subset of the BR
reduced the specific activity, thereby generating an intermedi-
ate (FV-B8-BR2) or more procofactor-like FV variant (FV-B8-
BR3). These findingswere confirmed in a purified systemwhere

wemonitored the conversion of prothrombin to thrombin (Fig.
6B). Upon treatment with thrombin, the FV variants displayed
a high specific activity by clotting assay (Fig. 6A). Furthermore,
in the purified component assay, FV-B8-BR3 displayed a high
level of activity, whereas therewas only a verymodest change in
activity of FV-B8-BR2 after thrombin treatment (Fig. 6C).
Based on these observations, we conclude that the C-terminal
portion (residues 997–1008) of the BRhas themost influence in
suppressing cofactor function, thereby maintaining the proco-
factor state.

DISCUSSION

It has been recognized for more than 30 years that the large
central B-domain of FV is responsible for the lack of activity in
the precursor (3). Due to its size/high carbohydrate content, it
has been generally assumed that the B-domain nonspecifically
prevents activity of the procofactor. Here we show that the
B-domain harbors an autoinhibitory motif that is essential for
the regulation of FV function. Termed the procofactor regula-
tory region, the motif consists of two evolutionary conserved
segments of the B-domain, one which is highly basic (BR) and
one that has a concentration of ARs. These regions work
together to obscure a high affinity binding site for FXa. The
unraveling of the autoinhibitory PRR via B-domain proteolysis
is the central driving force converting the inactive procofactor
(FV) to the active cofactor state (FVa).
Keeping FV as an inactive procofactor undoubtedly plays a

critical regulatory role rooted in the tight regulation of throm-
bin generation. Having a potent regulatory motif such as the
PRR that provides “on-site” repression of cofactor activity is
thus of central importance for maintaining normal hemostasis.
Due to its significance, it is not surprising that the �100 amino
acids that make up the PRR are generally conserved across ver-
tebrate evolution (supplemental Fig. S2) even though there is
weak homology among B-domains from mammals (	50%
sequence identity) and lower vertebrates (	20%) (3, 44). Sur-
prisingly, even the length of the B-domain varies across the
vertebrate lineage, from 836 residues in humans to 471 in puff-
erfish. However, common threads of these B-domains include
high carbohydrate content, large size, and the presence of the
PRR. Results of the current study suggest that the large size of
the B-domain likely has little, if any, impact in keeping FV inac-
tive. For example, we found that �85% of the B-domain is dis-
pensable with respect to the inhibition of FV cofactor activity.

FIGURE 5. Schematic representation and SDS-PAGE analysis of FV-B8-BR variants. Panel A, FV-1033 is a procofactor-like FV derivative that harbors both a
BR (blue box; sequence shown) and AR (red box) and has B-domain residues 1034 –1491 deleted (26). With FV-1033 as a scaffold, portions of the BR were
retained, and the remaining sequence was replaced with non-homologous segments of FVIII B-domain (green). The BR region retained for the different variants
is as follows: 971–980 (FV-B8-BR1), 983–994 (FV-B8-BR2), and 997–1008 (FV-B8-BR3). Panel B, purified proteins (5 �g/lane) before (left) and after treatment with
thrombin (right) were subjected to SDS-PAGE under reducing conditions and visualized by staining with Coomassie Brilliant Blue R-250. Lane 1, FV-B8-BR1; lane
2, FV-B8-BR2; lane 3, FV-B8-BR3. The apparent molecular weights of the standards are indicated.
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Functional measurements revealed that FV-B104, consisting of
just 104 amino acids and essentially only harbors the PRR, is a
procofactor. Although further workwould need to be done, it is
possible that other factors apart from the PRR especially in
lower vertebrates may serve to inhibit the function of FV.
Within the PRR, both the BR and AR play critical roles in

keeping FV inactive as elimination of either shifts the functional
status to the cofactor-like state. The BR andAR are separated in
the primary sequence of humanFVby�480 amino acids. Inter-
estingly, approximately half of this region has 31 copies of 9-
amino acid tandem repeats (9, 45, 46). However, lower verte-
brates such as lizard, chicken, and pufferfish do not have any
repeat segments, and the length separating the BR and AR is
very short at 	55 residues in these species. In this study we
essentially recapitulated this type of orientationwith humanFV
as juxtaposition of the BR and AR (e.g. FV-B199 and FV-B104,
see Fig. 1) had no effect on PRR function. This suggests that the
BR and AR are likely specialized motifs that function together
independent of the vastmajority of theB-domain. Interestingly,
the region separating the BR and AR has increased in size dur-
ing the course of evolution; however, this part of the B-domain
has no known function. This region in mammals is heavily gly-
cosylated and could play a role in intracellular trafficking or
influence the circulating half-life of FV (47, 48).
We speculate that the PRR functions as an autoinhibitory

motif within the large B-domain and is a modular effector of
cofactor function. Throughout biology, a prevalent mechanism
employed for negatively regulating otherwise constitutively
active proteins is the incorporation of cis-acting inhibitory
sequences (49, 50). A hallmark of this autoinhibition mecha-
nism is the identification of the protein fragment(s) that inhib-
its or represses the mature, active protein. For FV, our data
support the idea that the PRR solely serves this function (see
Fig. 7). The autoinhibitory effect of the PRR could be mediated
by direct masking of a functional region or could occur by an
indirect/allosteric mechanism. In either scenario, the under-
pinnings of this inhibition likely derive from altering the inter-
action with FXa. Notably, FXa binding is significantly inhibited
or essentially undetectable in all FV derivatives that harbor an
intact PRR. The FXa binding site is thought to reside on the A2
domain with contributions from the A3. Largely driven by
mutagenesis studies, it appears that several key residues in the
A2 contribute in amajor way to the binding energy (51). This is
consistent with reports suggesting that a region surrounding
the activated protein C cleavage site at Arg506 is involved in FXa
binding (52–54). In principle, relief of the autoinhibitory inter-
action could occur by several mechanisms; however for FV,
proteolysis within the B-domain is the driving force. Cleavage
at Arg709, Arg1018, and Arg1545 ultimately dismantles the PRR
consequently exposing the FXa binding site (Fig. 7). At present,

FIGURE 6. Characterization of FV-B8-BR variants. Panel A, specific clotting
activities of FV/FV(a) derivatives before (white bars) or after treatment with
thrombin (black bars) were determined by a FV-specific PT-based clotting
assay as described under “Experimental Procedures.” The data are the

means � S.D. of at least three experiments. FV-810 and PD-FV are for refer-
ence and are from Fig. 3A. Panels B and C, reaction mixtures containing 50 �M

PCPS, 3.0 �M DAPA, 1.4 �M prothrombin, and 0.1 nM FV derivatives were
incubated for 5 min at 25 °C. The reaction was initiated with 1.0 nM FXa, and
thrombin generation was monitored as described under “Experimental pro-
cedures.” The symbols represent the following: FV-810 (Œ), FV-B8-BR1 (�),
FV-B8-BR2 (�), FVB8-BR3 (�), PD-FV (�). The lines represent a linear fit of the
data, except for FV-B8-BR3 and PD-FV in panel B, which results from a polyno-
mial fit. The data are the means � S.D. of 2– 4 similar experiments.
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it is not clear which of the individual cleavage sites has themost
impact on destabilizing the PRR. However, cleavage at Arg1545,
which is adjacent to the AR, must have a significant impact.
Support for this comes from the longstanding observation in
the field that cleavage of FV by a protease in Russell’s viper
venom at Arg1545 results in full activation (7, 13, 15–20).

Due to the nature of how the PRR inhibits cofactor function,
it is likely that there are multiple ways in which FV could be
activated. As long as the PRR is sufficiently disrupted or disen-
gaged from the core heavy/light region, the protein should bind
FXa and function in prothrombinase. Clear examples of this
from our work are FV-810 (lacks AR) and FV-B152 (lacks BR),
which have altered PRRs and are constitutively active. Further-
more, numerous proteases have been identified that process FV
to varying functional states in a manner different from throm-
bin (for review, see Ref. 3). The use of sequence-specific B-do-
main regions to suppress cofactor activity is in stark contrast to
the mechanism underlying FVIII activation. For example,
B-domainless FVIII remains a procofactor, and processing
between the A1 and A2 domain at Arg372 is absolutely required
for the development of FVIIIa activity (3, 23). Furthermore,
FVIII association with von Willebrand factor also contributes
to maintaining the procofactor state as it obscures functional
membrane binding sites (55). The clear differences in the
mechanism by which FVIII and FV are kept inactive are also
evident from naturally occurring mutations. For FVIII, mis-
sense mutations have been identified (e.g. Arg372 and Arg1689)
that alter the rate and/or extent of FVIII activation and cause
hemophilia A. Although FV deficiency is rarer, there are no
known missense mutations for FV that alter its activation (56).
We speculate that because there are multiple routes to disrupt
the PRR, a single amino acid change would unlikely be so unfa-
vorable as to substantially impact FV activation. The observa-
tion that FV and FVIII employ differential mechanisms to
maintain the procofactor state is surprising considering the
clear evolutionary link between the two proteins (57, 58). How-
ever, it is possible that there were different selective pressures
on FV and FVIII that necessitated a diverse and/or stringent
mechanism of control of cofactor activity development. The
observation that FVIII must be cleaved at very specific sites and
dissociate from von Willebrand factor (unlike FV) to express
activity suggests that this could be the case (59).

The ability of the PRR to regulate the FV procofactor to
cofactor transition through an autoinhibitory mechanism pro-
vides an unexpected twist to the problem of FV activation.
Structural information would provide much needed insight
into how the PRR maintains FV as an inactive procofactor.
However, apart from electron microscope images of FV that
show the B-domain as an appendage stemming from a globular
core, presumed to be the heavy/light chain (60–65), there is no
structural information. Although the structure of inactivated
bovine FVa lacking the A2 domain is available, little can be
gleaned in terms of FV activation (66). Due to its large size and
high carbohydrate content, detailed structural information of
the FV B-domain may not be possible. However, information
obtained in this study identifying the PRR as the core functional
unit of the B-domain possibly makes structural studies of this
region within grasp. High resolution structural information
may reveal whether the PRR is keeping FV inactive directly or
allosterically. This information may also shed light on where
FXa engages the heavy/light chain region, as the PRR appears to
obscure its binding. Furthermore, this information could also
be used to develop therapeutic probes that target the autoin-
hibitory PRR or evenmimic the PRR to suppress cofactor func-
tion. The identification of the sequence-specific function of the
PRR makes the development of these types of stabilizing or
destabilizing probes to modulate FV/FVa function possible.
In summary, work in this study unexpectedly shows that

there are well conserved, discrete segments of the FV B-do-
main, termed the procofactor regulatory region, that serves an
essential autoinhibitory function. The PRR is a cis-acting motif
that through a direct or allostericmechanism plays a key role in
keeping FV inactive. Mechanisms that counteract the autoin-
hibitory function of the PRR drive FV activation. The predom-
inant way this occurs after the initiation of coagulation is via
discrete proteolysis within the B-domain. Cleavage at these
sitesmust destabilize or facilitate the disengagement of the PRR
to enable FXa to bind to the heavy/light chain region and thus
allow for prothrombinase assembly. These insights are unique
and could not have been uncovered by correlating B-domain
cleavage with activity development. The findings detailed here
also provide the starting point for unraveling new mechanistic
details of FV activation and point to novel strategies for modu-
lation of FV/FVa function for therapeutic purposes.
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