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ABSTRACT. Factor Vlla, in complex with tissue factor (TF), is the serine protease responsible for initiating
the clotting cascade. This enzyme complex (TF/Vlla) has extremely restricted substrate specificity,
recognizing only three previously known macromolecular substrates (serine protease zymogens, factors
VII, IX, and X). In this study, we found that TF/VIla was able to cleave multiple peptide bonds in the

coagulation cofactor, factor V. SBFAGE analysis

and sequencing indicated the factor V was cleaved

at Argf7®, Arg’®, Argt®8 and Ard192 resulting in a molecule with a truncated heavy chain and an extended
light chain. This product (F¥wvia) had essentially unchanged activity in clotting assays when compared
to the starting material. TF reconstituted into phosphatidylcholine vesicles was ineffective as a cofactor
for the factor Vlla cleavage of factor V. However, incorporation of phosphatidylethanolamine in the vesicles
had little effect over the presence of 20% phosphatidylseringsf was as sensitive to inactivation by
activated protein C (APC) as thrombin activated factor V as measured in clotting assays or by the appearance
of the expected heavy chain cleavage products. The-/fh¥ could be further cleaved by thrombin to
release the normal light chain, albeit at a significantly slower rate than native factor V, to yield a fully
functional product. These studies thus reveal an additional substrate for the TF/VIla complex. They also
indicate a new potential regulatory pathway of the coagulation cascade, i.e., the production of a form of
factor V that can be destroyed by APC without the requirement for full activation of the cofactor precursor.

Factor V is a nonenzymatic protein cofactor (MW
330 000) whose proteolytic activation is required for efficient
thrombin production during hemostasis [reviewedlipgnd
(2)]. Like the homologous factor VIII molecule, factor V is
composed of multiple A and C domains and a single B
region. Native, single-chain factor V has little procoagulant
activity, and it is only after limited proteolysis that it
expresses full cofactor activity, playing an important role as
a phospholipid-bound cofactor for factor Xa in the activation
of prothrombin. Thrombin is considered the physiological
activator of factor V and is the most potent activator,
catalyzing the cleavage of three peptide bonds at’Arg
Argl®8 and Ardg®%. Factor Va, the resultant activated form,
is composed of the 105 kDa heavy chain (A1 and A2
domains) and the 71/74 kDa light chain (A3, C1, and C2
domains),which are derived from the N-terminal and C-
terminal domains, respectively, of factor V. The two chains
are held together by a tightly bound calcium ion. The B
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region is released as two activation fragments of 71 and 150
kDa. The light chain of factor Va binds the phospholipid
membrane, whereas the heavy chain interacts with prothrom-
bin. Once factor Va is bound to the membrane, both the
heavy and light chains contribute to the binding of factor
Xa. Factor Va lacking the heavy chain region £8p Arg”®®

is reported to have reduced factor Xa cofactor activity and
demonstrates impaired binding of factor Xa and prothrombin,
suggesting that the C-terminal part of the heavy chain is
required for optimal interaction with factor Xa and pro-
thrombin @).

Factor V is sensitive to several other proteases which lead
to molecules with different levels of cofactor activity. These
include factor Xa 4), calpain b), and cathepsin G6j. A
calcium-dependent proteinase from vascular endothelial cells
has also been described with factor V activating actividy (
Elastase&, 8) and plasming) have been shown to activate
and subsequently inactivate the cofactor. In addition to
enzymes of potential physiological significance, several snake
venom proteases have proven useful as reagents either for
the activation of factor VA0) or in structure/function studies
of the factor V molecule3, 11).

Factor Va can also be inactivated by limited proteolysis
catalyzed by activated protein C (APC§12). Loss of
cofactor activity is correlated with cleavage of the factor Va
heavy chain at Argf® and Arg®. Factor V can be inactivated
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by cleavage at ARJ® albeit at a significantly slower rate  Factor V deficient human plasma was prepared by the
than that of the activated cofactatd). The physiological method of Bloom et al.Z9).
importance of this reaction is illustrated by the severe Preparation of Phospholipid VesicleExtruded vesicles
thromboembolic complications that result from deficiencies (100 nm) were prepare@®) in 0.15 M NacCl, 0.02 M Tris-
of protein C or its cofactor, protein 38). A polymorphism HCI, pH 7.4, 0.02% sodium azide at 5 mg/mL phospholipid
in the factor V molecule in which the A is substituted using a Nucleopore membrane (Avestin) as descriBéy (
with a glutamine results in a molecule that is resistant to Phosphatidylserine (PS), phosphatidylcholine (PC) vesicles
cleavage by APC and is also a major risk factor for contained 20% PS, 80% PC, and phosphatidylethanolamine
thrombosis 14). (PE) vesicles contained 40% PE, 20% PS, and 40% PC.

Factor Vlla is the plasma serine protease responsible for Electrophoretic AnalysisSDS-PAGE was performed
initiating the blood clotting cascade in both normal hemo- with either 6% or 6-20% gradient acrylamide gels using
stasis and a variety of thrombotic disorders. The integral the Laemmli buffer system3(). Gels were silver-stained
transmembrane glycoprotein tissue factor (TF) is an essentialby the method of Morrissey3(). For Western blots, gels
cofactor for its activity 15). Although free factor Vlla has  were transferred to PVDF membranes (Millipore) using a
limited enzymatic activity, binding to TF causes a large, semi-dry transfer apparatus (Bio-Rad) at 10 V for 30 min.
reversible increase in its catalytic activity that can be detected After blocking the membranes with 2% BSA in TBS, 0.05%
with tripeptidyl-amide substrates as well as macromolecular Tween 20, the membranes were incubated with an affinity-
substrates. The only documented macromolecular substratepurified goat anti-bovine factor Va subunit (heavy or light
for the TF/VIla complex are the serine protease zymogens, chain) for 30 min at room temperature with gentle agitation.
factor I1X (16), factor X (17), and factor VIl itself in a process  Blots were washed 3 times (5 min each) with 0.1 M NacCl,
known as autoactivatiorig, 19). 0.02 M Tris-HCI, 0.05% Tween 20, pH 7.5. Alkaline

In this study, we identify factor V as an additional substrate phosphatase conjugated rabbit anti-goat 1gG ¢gyimL)
for the TF/VIla complex. Although limited proteolysis of (Pierce) was then added for 30 min, followed by washing
factor V by TF/Vlla does not appreciably increase the as above. The blots were developed with AttoPhos reagent
cofactor activity of the factor V molecule, it results in a form  (Vistra fluorescence Western kit; Amersham) and imaged
of factor V that is rendered resistant to full activation by on a Storm Phosphorimager (Molecular Devices).
thrombin and highly sensitive to complete inactivation by ~ Amino-Terminal Analysis of Factor V Cleage Products.
activated protein C (APC). Thus, proteolysis of factor V by Factor V (400 nM) was digested with relipidated TF/Vlla
TF/Vlla may represent an additional regulatory pathway of in PC/PS vesicles (1:20 enzyme to substrate molar ratio) for

the coagulation cascade. 3 h at 37°C to ensure total cleavage of factor V. This product
is referred to as F¥nia. After reduction, samples were
EXPERIMENTAL PROCEDURES electrophoresed on 6% SBPAGE and transferred to an

Immobilon-P membrane (Millipore Corp.). Following trans-
fer, the membrane was stained for 5 min with 0.1%
Coomassie Blue R-250 in 10% methanol, 5% acetic acid

Materials Human factor Vlla 20), human factor XaZ1),
human activated protein @2), and bovinex-thrombin @3)
were purified as described. Recombinant human TF was ; ) 4 X
expressed ifE. coli and purified as describe@4). TF was  and destained with 50% methanol, 5% acetic acid«(3
relipidated by the octy-b-glucopyranoside dialysis method ~Min)- Finally, the membrane was rinsed W't:‘ water{(H
(20). Human factor V was isolated from fresh frozen plasma Min), air-dried overnight, and stored &20 °C. Amino-
by a modification of the method of Kane and Majer@s,( terminal amino acid sequencing of cut bands was performed

26). Additional inhibitors added to the original plasma [N Dr- Kenneth Jackson's laboratory (Molecular Biology
includede-aminocaproic acid (Sigma) and soybean trypsin Research Faplllty, W. K. Warren Medical Research Institute,
inhibitor (Sigma). Human prothrombin was purified from ©Oklahoma City).

plasma 27) and further purified by immunoaffinity chro- Factor V Actiity Assay.Factor V coagulant activity was
matography as describedd). assayed in a one-stage clotting assay using factor V-deficient

Goat polyclonal antibody to bovine factor Va was affinity- "uman plasma. Clot formation was detected using a coagu-
purified over a 2-mL Affigel 15 bovine factor Va heavy or lometer (Diagnostica Stago Model ST4). Assays were

light chain column (3 mg of heavy or light chain/mL of performed at 37C. Factor V activity was determined based
resin). Antibody was eluted from the column with 0.1 M on reference to a standard curve constructed with normal

glycine, pH 2.1, and fractions were immediately neutralized Numan plasma, which was assigned a value of 100%.
with 1 M Tris-HCI, pH 8.0. CIeaugge of Human Factor V by _TF/VIIa, Factor Xa_, and

Phospholipids for TF relipidation were from Avanti. hrombin.Factor V (100 nM) was incubated at 3C with
Phospholipids for other uses were from bovine brain and "€liPidated human TF/Vllain PS/PC vesicles (5 nM TF, 50
purchased from Sigma. Bovine serum albumin (BSA), #9/mL phospholipid), human factor Xa (20 nM) in the
gelatin, MOPS, Tris-HClI, and salts were also from Sigma. Presence of 5ag/mL PS/PC vesicles, or bovirethrombin

(0.1 nM) in a reaction mixture containing 100 mM Nacl,

1 Abbreviations: TF, tissue factor; TF/Vlla, TF/factor Vlla complex; 20 mM HEPES, pH 7.5, 5 mM Cagland 0.2 mg/mL BSA.
APC, activated prbteinic; B, activatibn fragmént of factor V; HC, factc;r In ;ome experiments, TF/V”_a i.‘ellplda'.[ed in PE/PS/PC
Va heavy chain; LC, factor Va light chain; FMuia, factor V derivative vesicles was also used. At the indicated times, samples were

resulting from cleavage by the TF/Vila complex; %V factor V removed and diluted appropriately for assay into 100 mM

derivative resulting from cleavage by factor Xa; PS, phosphatidylserine; . i 0 ;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; BSA, bovine NaCl, 20 mM Tris-HCl, pH 7.5, containing 0.1% gelatln.

serum albumin; S223&-Phe-(pipecolyl)-Arg-pNA; PAGE, polyacryl-  Factor V coagulant activity was _immediately determined. A
amide gel electrophoresis. separate sample was also subjected to SBSGE. BSA
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Ficure 1: Cleavage of factor V by TF/VIla, factor Xa, and thrombin. Purified factor V (100 nM) was incubated with TF/VIla (5@)\) (

factor Xa (5 nM) in the presence of 5@/mL phospholipid 4), or a-thrombin (0.1 nM) @) as described under Experimental Procedures.

At the times indicated in minutes, samples were assayed for factor V activity (panel A) or subjected-t®86E on 6% polyacrylamide

gels. Gels were either stained with silver as described (panel B) or further subjected to Western blot analysis with anti-light chain (panel
C) or anti-heavy chain (panel D) antibody as described under Experimental Procedures. The position of the factor V (FV), activation
fragment (B), factor Va heavy chain (HC), and the light chain doublet (LC) are indicated, as are the positions of molecular mass markers.
Data are representative of five replicate experiments.

was omitted from the reaction buffer in experiments in which 1 2 3
silver staining of gels was required. [
Inactivation of Factor V and Factor V Deratives by FV— r—

Human APCFactor V (100 nM) was incubated for 60 min =
with TF/Vlla, factor Xa, or thrombin as described above, LC+Bg— i a=4
after which 0.1 nM APC was added to the mixtures. PS/PC BC: 'ﬁ- -
vesicles (5Q:g/mL) were also added to the thrombin-treated

samples. At the times indicated on the figures, samples were

removed, and factor V coagulant activity was measured by Hg; oo ™ -
the one-stage clotting assay. Additional samples were Y
subjected to SDSPAGE analysis.

: y ol |
RESULTS

FiIGURe 2: SDS-PAGE comparison of factor Va and FMyia.

Cleavage of Factor V by the TF/VIla Complekhe effect Purified factor V (100 nM) was incubated with TF/Vlla (5 nM) or
of TF/Vlla on the structure and function of factor V was g‘rrombi“r(o-l ”'\:1) flf" 3\;‘/ "J:t 37°§ astgdetsggg/ed U“deEf E;‘gesig?r?é‘éa'
mgnltored by functional assay (Flgur.e 1A.) , SBRAGE Wi%cgﬁ\llje?.s Liﬁe ?.,eli\(pemi;slgnjgcz, factor ({/a; lane 3, a mixture
(Figure 1B), and Western blot analysis (Figure 1C,D) and of Fv . and factor Va.
compared to the products of factor V incubated with factor
Xa or thrombin. Although there was no increase in factor V thrombin contamination in the factor V preparation. Ad-
activity, gel analysis indicated a time-dependent cleavage ditional experiments in which factor Vlla was omitted from
of factor V to four products of molecular weight 220 000, the reaction showed no cleavage of the factor V, indicating
170 000, 106 000 and 80 000 by TF/Vlla. The same pattern that the observed activity was not due to protease contamina-
was observed if the reaction was run in the presence of thetion of the recombinant tissue factor. At low factor Xa
factor Xa inhibitor, tick anticoagulant protein or hirudin, concentration, the cleavage products observed by Monkovic
indicating none of the cleavages are due to factor Xa or et al. were observedl), although higher concentrations of
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Table 1: Amino-Terminal Sequence of Factor V Fragments after TF/VIla Digéstion

LC + BC,
cycle no. 220 kDa a, 170 kDa f, 105 kDa y, ~ 80 kDa

1 T N A S/IK

2 F L Q F/IM

3 H S L R/H

4 ?P P R ?N/D

5 L A Q S/IR

fragment identification 10192196 1193-2196 1-679 679-1018(1192?)
709-1018(11927)

aHuman factor V (400 nM) was incubated with 20 nM TF/VIla at&7for 3 h and was subjected to SBBAGE and transferred to a membrane
as described under Experimental Procedures. The bands indicated in Figure 2 were excised and subjected to amino-terminal sequencing. LC, light
chain; BC, B chain.

TF.Vlla TF.Vlla TF.Vlia

(lla)/(Xa) (lla)/(Xa) (l1a)/(Xa)
R 3¢50 R ¢ R ots R192 R s+
HC B chain LC

NH,- | X

[ A2 R 23T c1 ] ca Jooo
R30saPc) Rsosiarc) R679(APC) K994(APC)

TF.Vila
Ficure 3: Schematic representation of the proteolytic cleavages of human factor V by TF/Vlla, factor Xa, and thrombin.

factor Xa or longer reaction time resulted in light chain PS/PC_ PS/PC/PE _ PC _ FVlia
release 32) (data not shown). The specific activity of the 0 10 30 60 10 3060 10 30 60 60
factor Xa activated factor V (F}) was approximately one-

third that of thrombin-activated factor V under the conditions

of cleavage and assay used here. FV = lr —_— - e
To identify the TF/VIla cleavage sites in factor V, the ""‘. -
bands corresponding to L& BC, a, 3, andy in Figure 2 - 4

were subjected to N-terminal sequence analysis. The results
are shown in Table 1. The fragment LLE BC is identical HC
to that obtained as an intermediate in thrombin digestions
(33). The N-terminal sequence and small size of fHeand

are compatible with it being a truncated form of the heavy
chain. It is apparent in lane 3 that tleband is not the

normal B chain produced by thrombin. Amino-terminal .

sequence, size, and blotting properties indicate it containSgg e 4: Effect of phospholipid composition on TF/VIla cleavage
part of the B chain attached to the light chain. Theand of factor V. TF/VIla complex was formed with TF incorporated in
resulted in two sequences, compatible with cleavage at 679phospholipid vesicles composed of PC, PC/PS, or PC/PS/PE. Factor
and 709 in the factor V. Based on S|ze, these fragmentsv (100 nM) was incubated with 5 nM TF/Vlla Comp|eX as described

; P under Experimental Procedures. At the time points indicated in
presumably result from these cleavages in addition to minutes, samples were subjected to 6% SIPAGE and transferred

cleavage at positions 1018 or 1092. No bands corresponding, pvpF membranes. Fragments were visualized with immunopu-

to the normal light chain resulting from cleavage at 1545 rified polyclonal anti-factor V heavy chain. Controls incubated with

could be identified. Figure 3 illustrates the location of the factor Vlla in the absence of TF but the presence of PC/PS vesicles

sites sensitive to cleavage by thrombin, factor Xa, and TF/ Were also included.

Vlila. inactive in this reaction, most likely because factor V does
The ability of TF/Vlla to activate factor X is sensitive to not bind efficiently to these vesicles35). Factor Vlla,

the phospholipid composition of the vesicles in which the without TF but in the presence of PS/PC vesicles, was also

TF is reconstituted24, 34). It was therefore of interest to  inactive.

determine if the phospholipid composition affected factor  Effect of Thrombin on F¥nia. To determine whether

V cleavage. TF was relipidated into vesicles composed of FVteyia could be further activated to fully functional factor

PC, 20% PS/80% PC, or 40% PE/20% PS/40% PC, com-Va, factor V was incubated with TF/VIla f& h at 37°C to

plexed with factor Vlla, and incubated with factor V. On ensure total cleavage of factor V to the final products

occasion, a slight enhancement of the cleavage rate wasndicated in Figure 2 and Table 1. Thrombin at 10 nM

observed when PE was present, as determined by the(Figure 5A) or 1 nM (Figure 5BD) was then added. As

production of heavy chain (Figure 4). However, this en- control, factor V was incubated if@ h in buffer before the

hancement was not reproducible. TF/Vlla in PC vesicles was addition of thrombin. F¥sni12 could be activated by thrombin

",
—ama|
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Ficure 5: Comparison of the ability of thrombin to activate factor V and FVTF/VIla. Panel A: Purified human factor V (100 nM) was
incubated with @) or without ©) TF/Vlla (10 nM) on PS/PC vesicles at 3T. After 3 h, thrombin (10 nM) was added. At the indicated

times after thrombin addition, factor Va activity was determined in factor V deficient plasma as described under Experimental Procedures.
Panels B-D: Purified human factor V (100 nM) was incubated wi®) (or without ©) TF/Vlla (10 nM) on PS/PC vesicles at 3T. After

3 h, thrombin (1 nM) was added. Aft& h of incubation, excess thrombin (12.5 units/mL) was added to fully activate any remaining
FVrevia (x). At the times after thrombin addition indicated, aliquots of the reaction mixture were assayed for factor Va activity (panel B)
or subjected to 6% SDSPAGE. Following transfer to PVDF membranes, the proteolytic fragments were visualized using the polyclonal
specific anti-heavy chain (panel C) or anti-light chain antibodies (panel D). Lane 1 contains the factor V starting material. Lane 8 is a
sample of the thrombin (1 nM)-activated factor V after 10 min of activation. Lane 7 corresponds tothea,FMlly activated by thrombin

denoted by thex in panel B. The positions of factor V (FV), factor Va heavy chain (HC), and factor Va light chain (LC) are indicated.

to a product whose activity was equivalent to factor Va upon the addition of excess thrombin at the end of the
(Figure 5A). This demonstrated the light chain could be experiment. Controls in which TF/VIla and thrombin were
released from F¥:na, which was confirmed by immuno-  added simultaneously showed activation rates equivalent to
blotting experiments (data not shown). The truncated heavythose observed when thrombin alone was used, indicating
chain did not affect activity in the clotting assay. Examination the presence of the TF/VIla complex itself was not respon-
of the early part of the curve, however, indicated that the siple for the slower cleavage rate of FMua. (data not
rate of activation of FVYevia might be impaired. To  shown).

investigate this possibility further, R¥via was incubated . L .
with 1 nM thrombin. An additional control included incuba- FVrevia Prothrombinase Actity in a Purified Systemro

tion with TF/VIla and thrombin simultaneously to be sure further characterize the activity of Fivia, the activity of

the presence of TF/Vlla did not itself inhibit thrombin FV1evia either before or after activation with thrombin was
activation of FMenvia. At the lower thrombin concentration, compared 1o th_at of factor V' and fagtor Vain pur|f|_e d
the difference in activation rate was much more pronounced SYStems employing factor Xa, prothrombin, and phospholipid.
(Figure 5B). This was reflected in a much slower release of "€ factor V activation profiles based on plasma factor V
the light chain from F¥ewia than from native factor v clotting assays (see Figure 5) suggested that factor V and
(Figure 5C,D). As can be seen in the figures, thrombin FVtevia might exhibit a lag in the prothrombin activation
released significantly less light chain from fMa in 120 time course. Indegd, the.tl_me course of prothrombin activa-
min (center lanes) than from untreated factor V in 10 min tion with FVrevia did exhibit a lag that was at least as great
(far right lane). A burst of activation was noted before a as that observed with factor V (Figure 6A). This same
continued slow rise. Other experiments are consistent with behavior, only slightly more exaggerated, was seen when
this being due to the activation of the common 220 000 kDa thrombin generation at a set time was measured as a function
degradation product present in the original factor V prepara- of increasing factor Xa concentration (Figure 6B). When the
tion. This intermediate is more readily cleaved by thrombin low factor Xa concentrations are examined (Figure 6C), the
than the 170 000 kDa intermediate formed by TF/Vlla. All differences are even larger between factor V anddw\a

of the F\reviia Was activatable as indicated by full activation and their corresponding thrombin-activated forms.
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Ficure 6: Comparison of the prothrombinase activities of factor Time (min)

V and factor V derivatives in a purified system. Factor W), Ficure 7: Comparison of the inactivation of human factor V and
FV1ienvia (@), FVrevia activated with thrombin@) and factor Va factor V derivatives by activated protein C. Purified human factor
(O) were used as the source of factor V activity in prothrombinase V (100 nM) was incubated with TF/Vlla (5 nM)), factor Xa
assays. Panel A: Prothrombin 4M) was mixed with the factor (20 nM, 50ug/mL phospholipid) &), thrombin (0.1 nM) W), or

V derivative (0.5 nM) and phospholipid (5@&/mL, 20% PS, 80% buffer (O) at 37 °C. After 1 h, APC (0.1 nM) was added.
PC) in 0.1 M NaCl, 0.05 M Tris-HCI, pH 7.5, 0.5% BSA, 2 mM  Phospholipid (5:g/mL) was also added to the thrombin- or buffer-
CaCl at room temperature and the reaction started by the addition incubated samples. Panel A: At the times indicated, factor V
of 0.5 nM factor Xa. At the times indicated, 20 samples were coagulant activity was determined as described under Experimental
removed to 8@L of buffer containing 10 mM EDTA, pH 8, instead  Procedures. Panel B: The data of panel A, normalizing the activity
of the CaC}. S2238 (2QL of 2 mM) was then added and the rate  present in each reaction at 60 min incubation to 100%. Time of
of hydrolysis measured in ax microplate reader (Molecular  incubation with APC is indicated on theaxis. Panel B, insert:
Devices). Thrombin concentration was determined by comparison Factor V (100 nM) was incubated with 0.1 ni@) or 1.0 nM ©)

to a standard curve of known thrombin concentrations. Panels B APC for the times indicated.

and C: Prothrombinase reactions were performed as in panel A ) ) )
except that the concentration of factor Xa was varied as indicated When factor Va or FY, was the starting material (Figure

on thex-axis. Reactions were carried out for 1 min before quenching 8). FVreniia Which was subsequently activated with thrombin
with EDTA. was inactivated by APC at a rate similar to the other factor
V derivatives (data not shown). Thus, precleavage af’Arg

Sensitiity of FVrrvia to Cleavage by Actvated Protein >\
does not facilitate further cleavage by APC.

C. Factor V (100 nM) was incubated with TF/Vlla (5 nM),
factor Xa (20 nM), thrombin (0.1 nM), or buffer for 1 h. At
that time, APC (0.1 nM) was added, and the time courses of
inactivation were determined (Figure 7A). The activity of Previously, the TF/VIlla complex was known to recognize
the FMirevia Was reduced by incubation with APC. As only three macromolecular substrates, all of which are serine
expected, the factor Xa and thrombin-treated factor V were protease zymogens (factors VII, IX, and X). However, factor
also readily inactivated while factor V was resistant. Interest- V, the protein cofactor for factor X, also circulates as an
ingly, when the factor V activity of each incubation was inert precursor, and it also requires limited proteolysis for
normalized to 100% after the preincubation stage, it becameactivation. Accordingly, in this study we investigated if the
apparent that the R¥via and factor Va were equivalently  TF/Vlla complex was able to recognize factor V as a
sensitive to inactivation by APC (Figure 7B). With higher substrate, possibly converting it to a form with factor Xa
concentrations of APC, factor V was inactivated nearly cofactor activity. We found that factor V was cleaved by
completely in a similar time frame (Figure 7B, insert). the TF/Vlla complex at multiple sites, resulting in a form
Immunoblot analysis indicated that the cleavage products of of factor V whose susceptibilty to inactivation by APC was
APC proteolysis of FYrvia Were the same as those obtained equal to that of thrombin-activated factor V. Interestingly,

DISCUSSION
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Viewa APC V., APC V, APC this pattern (i.e., Thr, and to a lesser extent, lle), while others

kDa 00 510300 5 1030 0 51030 are somewhat bulkier (GIn and Pro). Some insights into the

substrate specificity of this enzyme have been obtained by

g <-FV comparing the cleavage rates of small peptidyl-amide

221— <«HC substrates (although only a limited number of substitutions
133: n - e - - - - b & <506 at the B and R positions have been investigated to date).

F- L Notably, Pro, which occurs at the Bosition in one of the
56— - - <BEZERT ;;- <306 factor V cleavage sites identified in this study, is relatively

42— ‘,:‘.-‘I""i ' common at the Pposition in peptidyl substrates that are
e R : e preferred by TF/FVIla 7, 38). Amino acid preferences at
gg: ; __'- i - the R to s positions in TF/FVlla substrates are less clear,

_ as there is little obvious similarity in sequence of the naturally
FiGURe 8: Immunoblot analysis of the APC cleavage patterns of gccurring substrates at these positions. In addition, these

FVtevia, FVxa, and factor Va. Samples corresponding to the . ; ;
reaction time points of Figure 7 were analyzed 6r26% SDS- positions are usually either absent @hd R residues) or

PAGE gradient gels (approximately 120 ng of factor V per lane). 0ccupied byp-amino acids (Presidues) in synthetic peptidyl
Fragments were visualized following transfer to PVDF and staining Substrates. Notably, however, all four of the factor V cleavage
with the polyclonal anti-heavy chain specific antibody. Lane 1, sites identified in this study have hydrophobic residues at

factor V control; lane 2, factor V after inc_ubatipn with TF/Vllafor  the P, position, and most have amino acids with relatively
60 min; lanes 3-5, FVtrvia after incubation with APC for 5, 10, small side chains at the; Rosition.

or 30 min, respectively; lane 6, factor V after incubation with factor - . :
Xa plus phospholipid for 60 min; lanes-B, FVy, after incubation Little is known regarding the preference of TF/FVlla for
with APC for 5, 10, or 30 min, respectively; lane 10, factor V. amino acids in the 'Ppositions of its substrates. This is

incubation with thrombin plus phospholipid for 60 min; lanes-11  pecause the high degree of sequence conservatiori of P
13, factor Va after incubation with APC for 5, 10, or 30 min, yagiqyes in the natural substrates of TF/FVIla likely results

respectively. The positions of the molecular mass markers are .
indicated on the left. The positions of factor V (FV), heavy chain from the fact that these sequences fold back into the

(HC), and the APC heavy chain cleavage products at%A(§06) respective protease domains to stabilize the oxyanion hole,
or Arg3% (306) are indicated on the right. and so may be highly conserved solely for this reason.

Furthermore, Pamino acids are absent from peptidyl-amide
however, factor V cleaved by TF/Vila did not exhibit or peptidyl-ester substrates. Indeed, there is little obvious
increased procoagulant activity. This is in marked contrast similarity between the 'Residues in factors VI, IX, and X
to the cleavage of factor V by a variety of other proteases and the factor V cleavage sequences reported here. However,
(both physiological and nonphysiological), which either we note that all of the factor V cleavage sites have polar
directly convert factor V to a form with significant cofactor amino acids at the 'P and P; positions, and all have
activity or convert it to a form that can be rapidly activated hydrophobic amino acids at the,Position.
by thrombin @6). Direct comparison of the product of TF/VIla cleavage with

Considering the restricted specificity of TF/Vlla, it is those reported by other investigators using diverse enzymes
interesting to note the cleavages in factor V that the complex is difficult. As has been discussed previously by oth8& (
performs. Of the four sites observed, only one is unique to 39), the apparent activity observed is grossly affected by the
TF/VIla, Argt®2 Two (Arg’® and Arg®19 are shared with  assay conditions employed (factor Xa concentration, phos-
thrombin and factor Xa, and the third (A7) is shared with pholipid composition and concentration, etc). This is perhaps
APC. The sequences surrounding the cleavage sites in factomost strikingly illustrated by the recent report from Dahl-
V catalyzed by TF/VIla are given in Table 2, along with the bé&ck’s group in which factor V mutated to be totally
cleavage sites of the three previously known macromolecularthrombin-resistant gave a clotting activity similar to that of
substrates of TF/FVIlla (factors VII, IX, and X). The amino native factor V 40). When multiple cleavage sites are
acids at the Pposition of the cleavages sites in factors VII, available, the order and rate of cleavage can vary depending
IX, and X tend to have relatively small side chains (Gly, upon the exact conditions used for the proteolysis reactions.
Thr, and Ser), although Val, which occurs in bovine factor If an assay is used in which active thrombin can be generated,
X, is somewhat larger (Table 2). For the cleavage sites in this also can lead to variation in results, depending on the
FV, some of the amino acid side chains at ta@®sition fit rate of the thrombin generation and the sensitivity of the

Table 2: Cleavage Sites in Factor V and Other Known Macromolecular Substrates of TF/FVlla

sequence of cleavage site

prote it Ps Py Ps P, Py P P’ Py’ Py Ps' ref

1. Hum, Bov, Rab factor VII KIN P Q G R | \% G G K/H 48-50
2. Hum, Bov factor X N/S N/Q LV TV R | V G G Q/R 51,52
3. Hum, Bov, Rab factor IX SIK K L/I T R A E/T AIT VI F 53-55
4. Hum, Bov, Rab factor IX N/D D/E F TIS R V/I Vv G G E 53-55
5. Hum factor V (R™9) Y, M A T R K M H D R ¢l

6. Hum factor V (R%) A L G I R S F R N S c 1

7. Hum factor V (R°%9) P L S P R T F H P L ¢l

8. Hum factor V (R'%) E L | Q R N L S P A c

aHum, human; Bov, bovine; Rab, rabbitLine 3, cleavage at (or homologous to) At-Alal4® in human factor IX; line 4, cleavage at (or
homologous to) Argf°—Val'®! in human factor IX ¢ Cleavage site as determined in this study; factor V protein sequence fror).ref (




1836 Biochemistry, Vol. 38, No. 6, 1999 Safa et al.

factor V(a) species j[O further cleavage. In the case of ACKNOWLEDGMENT
FV1envia, the situation is even more complex since the factor ) )

Xa required for any functional assay can itself cleave the ~We thank Dr. Nathalie Satta for preparation of the
FVrewvia to release active light chair8?). Once the pro- rellpldated tissue factor and Mr. Jeff Box for the figure
thrombinase complex is formed, this results in essentially a Preparation.
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