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ABSTRACT. Activation of factor VIII by thrombin occurs via limited proteolysis at’B R74%, and R68°,

The resultant active factor Vllla molecule consists of three noncovalently associated subunits: Al-al,
A2-a2, and A3-C1-C2 (50, 45, and 73 kDa respectively). Further proteolysis of factor VIII&%&ami

R562 by activated protein C subsequently inactivates this cofactor. We now find that the facter Vlla
tissue factor complex (VIlaTF/PL), the trigger of blood coagulation with restricted substrate specificity,

can also catalyze limited proteolysis of factor VIl

. Proteolysis of factor VIII was observed at 10 sites,

producing 2 major fragments (47 and 45 kDa) recognized by an anti-factor VIII A2 domain antibody.
Time courses indicated the slow conversion of the large fragment to 45 kDa, followed by further degradation
into at least two smaller fragments. N-Terminal sequencing along with time courses of proteolysis indicated
that Vlla—TF/PL cleaved factor VIII first at R?, followed by concomitant cleavage af®Rand R72
Although cleavage of the light chain at%®°was observed, the majority remained uncleaved after 17 h.
Consistent with this, only a transient 2-fold increase in factor VIII clotting activity was observed. Thus,
heavy chain cleavage of factor VIII by VHalF/PL produces an inactive factor VIII cofactor no longer
capable of activation by thrombin. In addition, VHaF/PL was found to inactivate thrombin-activated
factor VIIl. We hypothesize that these proteolyses may constitute an alternative pathway to regulate
coagulation under certain conditions. In addition, the ability of WT&/PL to cleave factor VIII at 10

sites greatly expands the known protein substrate sequences recognized by this-arofgicter complex.

Factor VIl is a large plasma glycoproteill{~ 280 000)
that is required as a cofactor for the activation of factor X
by factor 1Xa. Factor VIII is secreted into the plasma in a
two-chain form (heavy chai, ~ 200 000; light chairV,
~ 80 000) held together largely though ionic interactions
involving divalent metal (i.e., Ga). The domainal structure
of factor VIII can be represented as Al-al-A2-a2-B-a3-A3-
C1-C2, where the heavy chain is comprised of the Al-al-
A2-a2-B domains, and the light chain is comprised of the
a3-A3-C1-C2 domainslj.

Full expression of factor VIII cofactor activity requires
its activation via limited proteolysis. In vivo, this activation
is thought to be mediated largely by thrombin, though factor
Xa can efficiently catalyze this reaction in a phospholipid-
dependent manner in vitr@(3). Factor VIII activation by
thrombin involves hydrolysis of three peptide bonds7?R
S8 and R*—S*1in the heavy chain (at the al/A2 and a2/B
junctions, respectively), and®°—S'6% in the light chain
(at the a3/A3 junction). It has been shown that hydrolysis
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American Heart Association (P.F.N.), and by grants from the Oklahoma

at both R? and R®%%is sufficient for generation of factor
Vllla activity (4), while hydrolysis at R*® may serve only

to release the bulky B domain from the activated molecule.
Thus, the final thrombin-activated factor VIII molecule
[factor Vlllam]* is a noncovalently associated heterotrimer
consisting of the Al-al subuniif ~ 50 000), the A2-a2
subunit M, ~ 45 000), and the A3-C1-C2 subuniti{ ~

73 000). Activation of factor VIII by factor Xa can also occur
(5) but involves cleavage at'®R!in the light chain rather
than at R®° The functional consequence of this alternate
light chain cleavage is unclear, but likely involves the
generation of factor Vllla activity k).

Once activated, factor Vllla can undergo further proteoly-
sis by either factor XaH), factor IXa @, 7), or activated
protein C 6, 8), resulting in its inactivation. All three of
these proteases cleave at®*®Rto separate the Al and al
domains. Additionally, activated protein C cleaves &#R
to bisect the A2 domain, which also results in loss of activity

).
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It is commonly accepted that the complex of factor Vlla
and tissue factor (VIlaTF/PL) is the primary initiator of

Warren et al.

lated factor Xa no longer supports clotting and lacks the
ability to feedback activate factor VIII10). Recombinant

blood coagulation under normal circumstances and in many human full-length factor VIII was a generous gift of Dr.

pathological conditions (for a review, see referefq@e The
formation of this activating complex on suitable phospholipid
surfaces triggers blood coagulation largely by activating
factor X through limited proteolysis (hydrolysis of théR-
lle% bond). While this reaction is generally considered the
major driving force for initiating coagulation, the VHar F/

PL complex is also known to proteolytically activate factor
IX (11, 19 (hydrolysis of the R*—Ala%6 and R8%—Val's!
bonds) and factor VII 13) (hydrolysis of the R?—Ilg!53
bond). Both of these reactions serve to greatly amplify the

Roger Lundblad of Baxter Healthcare Corp. (Duarte, CA).
Human vWf was purchased from Haematologic Technolo-
gies, Inc. (Essex Junction, VT), bovirethrombin was a
gift of Dr. Charles T. Esmon, and the factor Vlla inhibitor
XK1 (a factor X light chain-TFPI Kunitz domain 1 chimera)
was a gift of Dr. George Broze, Jr. (Washington University,
St. Louis, MO). The inhibitory anti-TF monoclonal antibody
5G9 @0) was purified from ascites fluid by protein A affinity
chromatography.

Factor VIII Clotting AssaysThese assays were modified

coagulant response; the former by generating a secondaryffrom a standard one-stage clotting assay to involve two stages
activator of factor X (IXa-Vllla), and the latter by increasing  essentially as described by Hultin and Jeg¥)( The first
levels of Vlla—TF/PL via a positive feedback loop. Aside stage involved a 37C timed incubation of 210 units/mL
from these three known natural substrates of WTd&/PL factor VIII in HBSA buffer (20 mM HepesNaOH, pH 7.5,
(four cleavage sites in total), no natural cleavage sites havel00 mM NaCl, 0.1% BSA) with the indicated concentrations
been reported for this highly specific enzymeofactor pair of thrombin or Vlla-TF/PL. Incubations using VIlaTF/
until recently. Safa et al1¢) were able to demonstrate that PL contained 5 mM Cag| a limiting amount of factor Vlla
Vlla—TF/PL can also catalyze proteolysis of factor V at four (typically 10 nM), plus a saturating amount of TF/PL (20
sites to produce a factor V molecule with altered properties. nM TF relipidated into 150uM phospholipid vesicles
We now demonstrate the ability of VHalF/PL also to composed of 10 mol % PS, 60 mol % PC, and 30 mol %
catalyze the proteolysis of factor VIII. We find that VHa PE). Timed aliquots were removed from this incubation and
TF/PL recognizes and cleaves factor VIII at 10 sites quickly diluted 500-fold into HBSA buffer containing either
throughout the factor VIII molecule, resulting in an inactive 1 unit/mL hirudin (for thrombin reactions) or 400 nM 5G9
factor VIII cofactor that is incapable of activation by (an anti-TF inhibitory antibody). One microliter of this

thrombin.

EXPERIMENTAL PROCEDURES

Materials Bovine serum albumin (BSA, fraction V and
fatty acid free), recombinant hirudin, and ocB¢e-glucopy-
ranoside were from Calbiochem. Purified phospholipids were
from Avanti Polar Lipids, Inc. (Alabaster, AL). All phos-
pholipids were stored at high concentrations (10 mg/mL) in
chloroform under Argon at-20 °C. The chromogenic
substrate S-2222Ntbenzoyl-I-E-G-Rp-nitroaniline) was
from Chromogenix AB (DiaPharma Group Inc., Franklin,
OH). Human factor VllI-deficient plasma was from George
King Bio-Medical (Overland Park, KS). The anti-factor VIII
A2 domain antibody (530p) was obtained from Accurate
Chemical & Scientific Corp. (Westbury, NY), and the sheep
anti-human factor VIl polyclonal antibody was from Ce-
darlane Labs Ltd. (Hornby, Ontario, Canada). All other
reagents were of the highest quality available from various
suppliers.

Protein PreparationsRecombinant human factor Vila and
TF (TFi—244, membrane-anchored TF lacking most of the
carboxyl-terminal cytoplasmic tail) were prepared as previ-
ously described 15, 1§. The TF was relipidated into
phospholipid membranes composed of 10% PS, 60% PC
and 30% PE by detergent dialysis using ogiyb-glucopy-
ranoside 17) as previously described for both full-length
TF (15) and Th-244 (16), but in the absence of any carrier
protein. Blank phospholipid vesicles were prepared in a
similar fashion by omitting the TF.

Human factor X was isolated from plasni8] and used
to prepare acetylated factor X as previously descrildéjl (
This modified factor X has the unique properties of still being
capable of activation by IXaVllla and retaining latent
amidolytic activity. More importantly, the generated acety-

diluted sample was then immediately added to a timed,
preincubated clotting assay (stage Il).

The clotting assay was done as follows. Factor VIII-
deficient plasma (5@L) was preincubated with 48L of
HBSA and 50uL of Sigma APTT reagent for 8 min before
the timed addition of the AL aliquot from stage I. Clotting
was subsequently initiated by the immediate addition of 50
uL of 25 mM CacC}. Clotting times were measured using
an ST4 Coagulometer (Diagnostica Stago) and converted into
milliunits per milliliter of factor Vllla activity by comparison
to a standard curve prepared using pooled normal human
plasma (assuming a plasma concentration of 1 unit/mL factor
VIII).

Amidolytic Assays of Factor Vllla Acity. Experiments
examining the ability of factor VI{lua—tr) to be activated
by thrombin were done in four stages. The first stage
involved the timed incubation of 50 nM factor VIII with 10
nM factor Vlla, 20 nM TF/PL (15«M phospholipid vesicles
composed of 10 mol % PS, 60 mol % PC, and 30 mol %
PE), and 5 mM CaGlat 37 °C in HBSA buffer. Timed
aliquots were removed directly into HBSA buffer containing
1 nM thrombin (factor VIII activation step, stage Il) and
allowed to incubate for 30 s before removing an aliquot of
this mixture directly into a preincubating stage Ill reaction

'tube. Stage Il reaction tubes each contained AiOblank

phospholipid vesicles (10% PS, 30% PE, and 60% PC), 5
mM CaClb, 1 unit/mL hirudin, 400 nM 5G9 anti-TF antibody,
and 50 pM factor 1Xa. The stage Il reaction was then
immediately started by the subsequent addition of acetylated
factor X to 100 nM final concentration. Generation of
acetylated factor Xa was followed by discontinuous assay
over 2 min, with the acetylated factor Xa activity in each
sample being measured in stage IV using S-2222 and
monitoring the absorbance at 405 nm using a Vmax
microplate reader (Molecular Devices, Menlo Park, CA)
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essentially as previously describe8).(The initial rate of A B

acetylated factor Xa generation (millioptical density units 2 3 4 3 12
:lH.i:. :lu.r.
AT A
AT L
—
Ll

1
per minute per minute) was then determined for each timed = 0% ==
aliquot from stage | and used as a monitor of factor VIII A -
—
= = &Y —

activation. All data have been normalized to the initial H
activity of factor VIII. "

SDS-PAGE and Western BlottindReactions for these
experiments were done for the indicated times afG7n
50 mM Tris-HCI, pH 7.5, 100 mM NaCl, with 5 mM Cagl A 2y
using 25 nM factor VIII,+ 10 nM factor Vlla and 20 nM
TF/PL (150uM phospholipid vesicles). Timed aliquots were
removed and stopped by the addition of an equal volume of FIGURE 1: Western blot of proteolysis of factor VIII by VItaTF/
reducing SDS sample buffer (62.5 mM Tris-HCI, pH 6.8 PL. Panel A: The factor VIII starting material is shown in lane 1.
206 SDS. 10% d L 50 mM a'th' threitol ,d 0 05'0/’ The arrows on the right indicate the factor VIII light chain (L.C.)

0 ' o glycerol, mivi-dithiothreitol, and U.U5%0 - 5n4 heterogeneous factor VIII heavy chain (H.C.). Following a 3
bromophenol blue final) and then boiled for 5 min. Samples h incubation of factor VIII with Vila-TF/PL, at least two major
were separated by SBFAGE (either 10% polyacrylamide  fragments are observed migrating at roughly 45 and 47 kDa (lane
or 4—20% gradlent polyacrylamlde gels) and transferred to 2) In contrasta 3 hincubation of factor VIII with factor Vlla

. . . alone (lane 3) or TF/PL alone (lane 4) does not result in proteolysis.
nitrocellulose or PVYDF membranes (Micron Separations Inc., Lane 5 is a negative blotting control (VHarE/PL with no factor

Westhorough, MA) using a wet-blot apparatus (CBS Scien- yjij). panel B: Factor VIII proteolysis by VilaTF/PL in the
tific Co., Del Mar, CA) at 18 V for 2 h. For Western blotting,  presence (lane 1) and absence (lane 2) of the-VIR/PL inhibitor
membranes were blocked with 5% nonfat dry milk in 50 XK1.Samples were separated on a 10% polyacrylam&@sS gel
mM Tris-HCI, pH 7.5, 100 mM NaCl, and then incubated (56 ng of factor VIII per lane) and Western blotted using a sheep

. . ' ! . ' anti-human factor VIII polyclonal antibody. Positions of molecular
with either a sheep anti-human factor VIII polyclonal

A - _ ) weight markers are indicated on the left.
antibody or an anti-A2 domain monoclonal antibody (530p)

5 —

for 2 h at 37°C with gentle agitation. Blots were washed 3 A E B =
times with 50 mM Tris-HCI, pH 7.5, 100 mM NacCl and 2 F 3 aE £
then developed using the appropriate VECTASTAIN ABC A g 5 & iFi6h 1§ & am6h
amplification system (Vector Labs, Burlingame, CA). "l-—i " - - i
Protein Sequencing\N-Terminal sequencing of the various o -t M= L
proteolytic fragments of factor VIIIl was done from Coo-  4r — Bl =Y o i e T
massie-stained, air-dried PVYDF membrane sections using an Tre e -8
Applied Biosystems (Procise Model 492) protein sequencer S
(in the laboratory of Dr. Kenneth Jackson, Molecular Biology e i :
Resource Facility, W. K. Warren Medical Research Institute, =
Oklahoma City). Regions chosen for sequencing were — 14 —_—

identified by Coomassie staining of the PVDF membrane ] )
and alignment with a corresponding silver-stained gel and Ficure 2: Comparison of factor VIII proteolysis by factor Xa,

. . thrombin, and Vlla-TF/PL. Western blot analysis of factor VIl
Western-blotted membranes (refer to Figure 4). Sequenc'ngproteolysis using a polyclonal antibody to factor VIII (panel A)

was done for either 5 or 8 cycles, and the data shown (referand ananti-A2 domain monoclonal antibody (panel B). The factor
to Table 1) are merged from three separate proteolysis/VIIl starting material is shown in lane 1. Incubation of factor VIII

sequencing reactions. In most cases, multiple amino acidWith either 5 nM factor Xa for 5 min (lang) or 0.1 nM thrombin

: - ; : for 5 min (lane 3) produces the expected activated heavy chain
sequences were identified for each sequencing reaction. A”fragments migrating at roughly 50 kDa (Al-al subunit) and 45

of the sequences identified were found to correspond 1o pa (A2-a2 subunit). In contrast, the two major fragments generated
sequences within factor VIII, and were readily decipherable from proteolysis of factor VIIl by 10 nM VIla=TF/PL for 15 min
from one another by comparison to the known factor VI %nd 1g_h ((jlar!esd4fand 5) dtiffeéin mlobility from the f«';lC(IjOF Xa- %0/
H H rompin-derived tragments. sampies were separated on a 0
\s/\(/a.quencg ZPZ) Esmgvthe. FlngPéTTEtRNSC progrtame polyacrylamide-SDS gel (112 ng of?aqtor VI perﬁane). Positions
isconsin Package Version 9.1 [Genetics Computer Group of high- and low-range molecular weight markers are indicated.
(GCG), Madison, WI].
TF/PL was required. Furthermore, preincubation of Wla
TF/PL with an inhibitor specific for the VIlaTF/PL
complex @3) effectively inhibited proteolysis of factor VIII
Proteolysis of Factor VIII by VIlaTF/PL. To investigate  (Figure 1B), thus demonstrating the absolute requirement for
whether factor Vlla could catalyze proteolysis of factor factor Vila and ruling out the possibility of a contaminating
VIII, factor VIII was incubated with either factor Vlla  protease.
alone, TF/PL alone, or VIFRTF/PL for 3 h at 37°C. The The two fragments observed by proteolysis of factor VIII
samples were then analyzed by SEFAGE and Western  with Vila—TF/PL were similar to the expected heavy chain
blotted using a polyclonal antibody to factor VIII (Figure fragments of the normal thrombin-activated factor VIl
1A). The appearance of at least two major factor VIII molecule. However, direct comparison of factor VIII cleav-
fragments (roughly 47 and 45 kDa) only in the presence of age by Vlla-TF/PL, factor Xa, and thrombin (Figure 2A)
both factor Vlla and TF/PL indicated that proteolysis of indicated that the factor VIII fragments derived from
factor VIl occurred and that a complex of factor Vlla with  proteolysis with Vlla-TF/PL differed in size from the

RESULTS
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Ficure 3: Effect of von Willebrand’'s factor on factor VIII .

proteolysis by Vlla-TF/PL. Factor VIII (25 nM) was incubated  pigure 4: Separation and identification of VHeTF/PL-derived

with 10 ug/mL vW (left panel) or HBSA buffer (right panel) for  oteolytic fragments of factor VIIl. Thrombin-activated factor VIl

30 min at 37°C in the presence of 5 mM €abefore addition of  (janes 1, shown for comparison) or a 16 h digest of 238 nM factor
Vila—TF/PL (10 nM complex).OSampI_es were removed at the v/ with 10 nM Vila—TF/PL (lanes 2) was separated on-a20%
indicated times, subjected to-20% gradient SDSPAGE (56 ng  gradient polyacrylamideSDS gel and visualized by silver staining

of factor VIIl per lane), and then Western blotted using an anti-A2 (hane| A) or monoclonal (anti-A2 domain) Western blot analysis
domain monoclonal antibody. Positions of molecular range markers (panel B). Lettered arrows point to bands that were cut out and
are indicated. sequenced from a corresponding PVDF membrane containing only

ted h hain f ts of factor VillaThe h the Vlla—TF/PL-treated material (refer to Table 1 for sequence
expected heavy chain fragments of factor i#larhe heavy — gata) | anes contained 500 ng of factor VIII for staining and

chain fragments of factor Vllig migrated at roughly 50  piotting, and 500 ng5 ug of factor VIII for sequencing.

kDa (Al-al subunit) and 45 kDa (A2-a2 subunit), as did

the fragments derived from factor Xa activation of factor known activation sites in the heavy chain atRand 72,
VIII. Consistent with this, an anti-A2 domain antibody only and in the light chain at R8% In addition, sequences were
recognized the lower of these two bands (Figure 2B). In obtained corresponding to cleavage &% k336 and R®in
contrast, the factor VIII fragments obtained by proteolysis the heavy chain, at®2in the light chain, and at K% R313
with VIla—TF/PL were both recognized by the anti-A2 and R%*in the B domain. Sequences corresponding to the
antibody. In addition, prolonged incubation resulted in the N-terminus of the heavy chain and the light chain of factor
conversion of these two bands to a doublet migrating at VIII were also identified.

roughly 45 and 43 kDa, of which only the 45 kDa fragment ~ Correlation of Proteolytic Fragments and Factor VIII

was recognized by the anti-A2 domain antibody. Activity. To further characterize the proteolysis of factor VIII
Since factor VIII in plasma is noncovalently associated by VIla—TF/PL, a time course of proteolysis was carried
with vVWf, we examined the ability of VllaTF/PL to out to (i) assess the order of cleavage at the various sites in

catalyze the proteolysis of factor VIII that had been the heavy chain, (ii) identify potential transient fragments,
reconstituted with plasma levels of vWf (@/mL). The and (iii) correlate proteolysis with the potential generation
factor VIII was allowed to preincubate with vWf for 30 min  of factor Vllla activity.
at 37°C in the presence of 5 mM €aprior to addition of By combining the known sites of cleavage (Table 1) with
VIla—TF/PL. Since the levels of factor VIl and vWf used the migration and time of appearance of the various heavy
in this experiment are more than 10-fold higher than their chain fragments on gels (Figure 5A), it was determined that
reportedKq for binding 24, 25, one would expect greater cleavage at R likely occurs first to generate an initial
than 90% of the factor VIII to be complexed with vWf under transient intermediate heavy chain fragment (90 kDa; Al-
these conditions. The results are shown in Figure 3 andal-A2-a2). This product is further hydrolyzed at*Rand
demonstrate that under the conditions used, proteolysis 0fR®"2 to generate the al-A2-a2( and A2-a2 fragments,
the factor VIII/VWFf complex by Vlla-TF/PL occurs rapidly ~ which migrate at 47 and 45 kDa, respectively. It should be
and is nearly indistinguishable from a parallel experiment noted that the A1l subunit (45 kDa), which is expected to
done in the absence of vWH. comigrate with the A2-a2 subunit (cf. Figure 4), is not
N-Terminal Sequencing and Fragment Identificatido. visualized in blots using the anti-A2 domain antibody (Figure
identify the sites of cleavage by VHarF/PL within factor 5A). Prolonged incubation of factor VIII with VIlaTF/PL
VIII, the various fragment bands obtained from factor VIII  resulted in full conversion of the. fragment to the A2-a2
proteolysis in the absence of vWf were isolated from PVDF domain fragment, followed by further proteolysis at*R
membranes and subjected to N-terminal sequencing. Ap-(minimally) to produce the low molecular weigfitandy
propriate bands were identified for sequencing by comparing fragments (ca. 2321 kDa). These fragments are expected
a silver-stained gel of the reaction mixture to Western blots to be similar in size and were neither efficiently separated
using the polyclonal and the anti-A2 domain antibodies on the gel nor recognized well by the anti-A2 domain
(Figure 4). The sequence data obtained for each membranentibody. Thus, it is unclear which of the identified small
section are summarized in Table 1. In all but two cases, fragments is visualized on the blots.
multiple N-terminal sequences were obtained. Upon analysis, The potential activity of factor VIl a—tr was examined
all of these sequences were readily decipherable from onein a parallel experiment and compared to factor \iHlan a
another, and all corresponded to sequences within factor VIII. modified two-stage factor VIl clotting assay (Figure 5B).
Sequences were obtained corresponding to cleavages at thAs expected, incubation of factor VIl with thrombin resulted
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Table 1: Amino-Terminal Sequence Data of Factor Vil-tr Proteolytic Fragments

PVDF  estimated molecular cycle no? cleavage  expected
section mass (kDa) 1 2 3 4 5 6 7 8 domain Sitef fragment
90 Ser Phe Ser GIn Asn Ser Arg  His A2/Bjunction  Hfg 741-1648

b 82 Thr  Thr Leu GIn Ser - - a3 domain Argf>2 1653-2332

Glu lle Thr ~ Arg Thr  Thr Leu GIn B/a3junction N-termc  1649-2332
Ser Phe Ser GIn Asn Ser Arg  His A2/Bjunction Aty 741-1548

c 80 Ser Phe GIn Lys Lys Thr Arg  His a3/A3junction  AfE 1690-2332
48 Met Lys Asn Asn Glu Glu Ala Glu Al/aljunction  AY§ 337-740 [o]
Met Leu Phe Leu Pro Glu Ser Ala B domain 1298 1099-1548
e 43 Ser Val Ala Lys Lys His Pro Lys al/A2junction  Arg 373-740
Ser Phe Pro Phe Asn Thr Ser Val Al domain ys 37-372

Ala  Thr Arg Arg Tyr Tyr Leu Gly Al domain N-termyc  1—336

f 23 ? val Ala Lys Lys -— - - al/A2junction  Arg" 373-562 [3]
Ala Leu Lys GIn Phe Arg Leu Pro B domain AFGe 1314-1548
Gly Asn GIn lle Met  Ser Asp  Lys A2 domain AP 563-740 [y]
Met Leu Phe Leu Pro Glu Ser? Ala? B domain 198 1099-1313
Val Ala Thr Glu Ser Ser Ala Lys B domain Afefe 1549-(?)

g 21 Gly Asn GIn lle Met — - - A2 domain Argt? 563—-740 [y]
Met Leu Phe Leu Pro Glu? Ser? Ala B domain 1978 1099-1313
Ala Leu Lys GIn Phe Arg? Leu Pro B domain AR 1314-1548

Ala  Thr Arg Arg Tyr Tyr Leu Gly Al domain N-termyc  1—(?)

a2 The data shown are combined from three separate blots and sequence determinations (done for either 5 or 8 cycles) from PVDF membranes.
Most membrane sections contained multiple amino acid sequences that were deciphered into those shown, and which match the indicated regions
and sites within factor VIII (see also Figures 4 and"Question marks indicate either no amino acid determined for that cycle or low levels of
the indicated amino acid.Indicated residues are immediately amino-terminal to the hydrolyzed bétetm,c andN-term ¢ refer to the mature
amino termini of the heavy chain and light chain, respectively, in the unactivated factor VIl starting métErpected fragments are deduced
from the corresponding sites of proteolysis and the migration of each fragment on gels. The indicated carboxy-terminal amino acid positions are
based on other sites of proteolysis by the factor tiasue factor complex and the full-length factor VIII molecule (2332 amino acids). Question
marks indicate no corresponding cleavage site was found that would result in the expected size fragment.

in an initial rapid increase in factor VIII clotting activity = DISCUSSION

(roughly 10-fold). In contrast, incubation of factor VIII with )

Vlla—TF/PL showed only a modest increase in activity (2- Proteolysis of Factor VIIl.The data presented above
fold) within the first 60 s followed by a steady decline in démonstrate cleavage of factor VIl by VHa'F/PL. Pro-
activity thereafter. This deficiency in activity was paralleled t€0lysis was found to occur at numerous sites throughout
in factor X activation assays in a purified system (not shown) the factor VIII molecule, with the following 10 sites being

and is consistent with the primary order of cleavage being POSitively identified by N-terminal sequencing: % R*%
R336 followed by R to ge%erateyan inactive factgr VI ° RE72 ROE2, R0, KIO, RIS, RIS R and RE (Figure
heavy chain. 7). Based on the time course of proteolysis, the appearance

. i i of heavy chain fragments, the sites of cleavage, and the decay
The lack of activity of factor Vlljvia—tr in both aclotting of tactor VIIl activity, we conclude that VilaTF/PL
assay and a factor X activation assay prompted us to examingnaiivates factor VIII primarily via cleavage aBRwithin
the potential ability of thrombin to activate factor llla—tr) the factor VIl heavy chain. This cleavage, along with that
based on the premise that the more efficient cleavage of they; R'“0 generates a transient factor Véllfragment (al-A2-
factor VIII light chain by thrombin may produce a more 52y that is slowly converted to the 45 kDa A2-a2 fragment
active cofactor. The results (Figure 6A) clearly show, g subsequent proteolysis at’® Prolonged incubation with
however, that Vlla-TF/PL proteolysis of factor VIIl pre-  v/jja—TF/PL produces smaller degradation products that have

vented its subsequent activation by thrombin in a time- g apparent further effect on factor VIII activity. Proteolysis
dependent manner. Greater than 50% of the factor VIIl was at these other identified sites within factor VIII are mostly

rendered resistant to thrombin activation within 10 min, with jimited to regions in the B domain (k% R'313 and R549),
an approximate initial rate (loss of activity) of roughly 5.6 resulting in additional low molecular weight fragments that
nM factor VIII min™* (nM Vlla—TF/PL)™* under these  comigrate with thes andy fragments. Proteolysis at®K
conditions. also seems to occur only with prolonged incubation times
In addition to the ability of VIla=TF/PL to prevent  (cf. Figure 4A) to produce an N-terminally truncated Al
thrombin activation of factor VIII, Vlla-TF/PL was also  subunit.
found to be capable of proteolytic inactivation of factor It is notable that at no time did we observe a factor VIl
Vlllam. When factor Vlligr) was incubated with 10 nM  fragment consistent with the A1-al subunit of factor Viiija
Vlla—TF/PL, proteolysis of the Al-al domain of factor (cf. Figure 2A). Thus, we find no direct physical evidence
Villar) was observed within the first minute to yield a for cleavage at R? before R3¢ under these conditions. It is
smaller band that comigrated with the A2-a2 domain (Figure therefore likely that R and R3¢ are the preferred Vika
6B). Based on the cleavage sites determined above, thisTF/PL cleavage sites with proteolysis at’Reither closely
smaller band is consistent with the A1 domain. following or occurring concomitant with cleavage at®R
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by thrombin. Incubation of 50 nM factor VIII with VIlaTF/PL
10 15 20 (10 nM) resulted in a time-dependent inactivation of factor VIII
with respect to activation by 1 nM thrombin. Greater than 50% of
Time, minutes the factor VIII was inactivated within 10 min, with an approximate
initial rate (loss of activity) of roughly 5.6 nM factor VIII mirt

. ; (nM Vlla—TF/PL)™% All data have been normalized to the initial
PL. Panel A: Factor VIl proteolysis by VIRTF/PL was followed activity of the factor VIII. Panel B: Proteolytic inactivation of factor

for the indicated times (0620 min and 17 h) by Western blot .

. : : : : Villaimy by Vila—TF/PL. Factor VIII was treated with 1 nM
analysis using an anti-A2 Idomalln af_“'bEOdy- Salmples[;lvlere separated b );or 5 min and then quenched with 1 unit/mL hirudin.
on a 4-20% gradient polyacrylamideSDS gel. Each lane con- Vila—TF/PL was then added (10 nM final), and timed samples

tained 56 ng of factor VIII. For comparison, factor VIigis shown ; ;
in lane 9 (Thr). Panel B: A parallel experiment examining the \S’;Le raemgl\/i?o?]g?:#t%%%teiéo dzsﬁgg %r;dFYVSféelrngrlgtgg? sis
clotting activity of factor VIII after incubation with 1 nM thrombin g a poly . Y 9 e y
(©), 0.2 nM thrombin @), or 10 nM Vlla—TF/PL (O) for the of the Al-al domain of factor Vllig was observed within the

D y first minute, and yielded a smaller band consistent with the Al

indicated times. Incubation of factor VIII with VIRATF/PL ; ;
: ; - ; s . domain only. No proteolysis of the A2-a2 band was observed over
produced only a modest increase in activity (2-fold) within the first this time course, and no proteolysis was observed when Vil

60 s followed by a steady decline in activity thereafter. This lack : . .
P ? ot : s PL was omitted from the reaction (not shown). Molecular weight
of activity was paralleled in factor X activation assays in a purified markers are indicated on the left.

system (not shown).

Factor Vllla Activity, mU/mi

Ficure 5: Time course of factor VIII proteolysis by VIaTF/

However, without invoking a required conformational change R***°(R*"**for factor Xa and R'*for factor IXa)—the light
in the factor VIIl molecule upon cleavage atRthere seems ~ chain cleavages by VIaTF/PL would not be expected to
no obvious reason a priori why proteolysis a@Rshould have much effect on factor Vllla activity in the absence of
necessarily precede proteolysis & RThus, it remains a  heavy chain cleavagdy,
distinct possibility that a small subpopulation of factor VIl Cleavage Sites of VIlaTF/PL. Given the well-docu-
molecules may exist transiently in an active state with mented high selectivity and specificity of VHaF/PL, it is
cleavages only at ® and R“. This would be consistent  quite surprising and unexpected that this enzywafactor
with the small (2-fold) transient increase in factor VIII complex can recognize and proteolyze factor VIII as well
clotting activity observed in Figure 5B. as was observed. Until recently, only 4 natural human
The cleavages at¥ and F¥62 in the factor VIII heavy substrate cleavage sites were known for WTa/PL. When
chain are the same as those previously reported to becombined with the 4 new sites identified in factor ¥4,
catalyzed by activated protein ©)( and the rates of factor ~ the 10 sites in factor VIII more than quadruple the previously
VIIl inactivation by Vila—TF/PL and activated protein C  known Vlla—TF/PL natural human recognition sites (Table
are comparable. However, unlike activated proteindf; ( 2). Of the 10 sites in factor VIII, only 3 (R° R™ and
Vila—TF/PL was found to prefer proteolysis at®Rto R%79) are attacked rapidly by VITF/PL (the associated
proteolysis at B2 In addition, also unlike activated protein ~ products appear within the first minute) while cleavage at
C, Vlla—TF/PL was found to cleave factor VIl at the known the other sites is observed only in prolonged incubations
activation sites in the heavy chain, and at two sites in the (=20 min). The data strongly suggest that cleavage’dt R
light chain (R®%2and R®9). The potential effect of the light ~ and R are the primary sites of attack by VHa F/PL, with
chain cleavages on the activity of the factor VIIl mixture is cleavage at R? occurring either immediately after or
unclear since inactivation of factor VIII via the heavy chain concomitant with cleavage afR
cleavages occurred on a much shorter time scale. However, Four unique sites of cleavage in factor VIII were identified
based on previous studies with both factor Bagnd factor for VIla—TF/PL: K36 K199 R1548 and R652 With regard
IXa (6, 7)—both of these enzymes cleave the factor VIl light to the K cleavage site in factor VIII, this cleavage generates
chain at sites different from the thrombin activation site of an N-terminally truncated A1 domain. Whether or not this
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FiGure 7: Schematic diagram of the VHalF/PL cleavage sites
within factor VIII. Proteolysis of factor VIII by Vlla-TF/PL was
found to occur at all three thrombin activation sites (indicated by
“T"; R372 R™0 and R®89) and both activated protein C sites
(indicated by “A”; Re3¢ and R%9. Additional sites of cleavage by
Vlla—TF/PL were found at R§, K1098 R1313 R1548 and R652 The
three primary sites of cleavage by VHE3F/PL are indicated by
boldface arrows (R, R%72 and R*9). Associated heavy and light
chain fragments of factor VIII that result from cleavage by thrombin
or Vlla-T/PL are indicated.

Table 2: Cleavage Sites of the Known Natural Human Substrates of
Vila—TF/PL

cleavage site sequence

protein substrate Ps Ps Ps P, PL P/ P’ Py P/ P ref
factor VII KP QGRI V G G K (30
factor X NNLTRI VG G Q @)
factorIX(R“) S KL T R A E T V F (32
factorIX(R®) N D F TRV V G G E (32
factor V(R V M A T R K M H D R (14
factor V (R'%9) ALGI RS F R N S
factor V(R®® P L S P R T F H P L {4
factor V(R E L I Q R N L S P A (19
factorVIII(K®®) P R V P K S F P F NDb
AfactorVII(R¥* E P Q L R M K N N E b
TfactorVIL(R¥»* F | QI R S V A K K b
AfactorVII(R®) S V D Q R G N Q I M b
TfactorVIL(R™* A I E P R S F S Q NDb
factor VIII(K¥?® M S F F KM L F L P b
factor VII(R®®Y Q R S KR A L K Q F b
factorVII(R*®®) v P F L RV A T E S b
factorVII(R®) R E | T R T T L Q S b
TfactorVII(R¥®) N Q S P R S F Q K Kb

a Asterisks designate the preferred VHaF/PL cleavage sites in
factor VIII. Sites in factor VIl cleaved by thrombin and activated
protein C are indicated with either a “T” or an “A”, respectively.
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previously shown to recognize a small tripeptidyl substrate
with K in the P, position, albeit with roughly 8-fold lower
activity than the R-containing analogu26{. Additionally,

two Kunitz-type inhibitors that react with VItaTF/PL (basic
pancreatic trypsin inhibitor and the first Kunitz domain of
tissue factor pathway inhibitor) each contain K in the P
position of the reactive site loop. Nonetheless, based on the
known extraordinary selectivity of VIlKaTF/PL toward
protein substrates, it seems unusual that ¥l&/PL would
exhibit proteolytic activity at these sites.

The ability of Vlla—TF/PL to cleave factor VIII at all the
required activation sites is curious, and seeds the speculation
that under certain circumstances (i.e., where cleavage at the
inactivation sites is protected) it may be possible for Wla
TF/PL to generate an active factor Vllla species. It has been
demonstrated that factor IXa can, in certain circumstances,
protect factor VII/VIlla from inactivation by activated
protein C @7, 28. However, when we examined potential
factor VIII activity in a purified system using acetylated
factor X as the substrate, proteolysis by \W&F/PL in the
presence of factor IXa (10 nM) showed no apparent increase
in activity compared to when factor IXa was absent (data
not shown). Nonetheless, it remains theoretically feasible that
under certain conditions, factor Vllla activity could be
generated by VIlaTF/PL. This is currently under investiga-
tion.

The significance of factor VIl inactivation by VIlaTF/

PL is currently unclear, but may be speculated to contribute
to an additional control mechanism for factor X activation
under certain conditions. When compared to the rapid
activation of factor VIII by thrombin, inactivation of factor
VIII by Vlla—TF/PL is relatively slow. Thus, this may
preclude Vlla-TF/PL inactivation of factor VIII from being

of import during normal hemostasis. However, it is interest-
ing to note that high factor VIl levels have been associated
with ischemic heart disease and myocardial infarcti2®).(

It is feasible, therefore, that VItaTF/PL may play an
important part in controlling and/or maintaining circulating
factor VIII levels, or controlling factor VIl activity in
nonhemostatic settings and under conditions where activated
protein C is not available.
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cleavage alone would inactivate factor VIl is unknown. The
cleavages at the'R®and R>*sites are within the B domain,
and likely have no effect on factor VIII activity. The fourth
unique site (R is in the a3 domain of the light chain,
and is only three residues away from the mature light chain
N-terminus. The potential role of this cleavage and its
potential effect on factor VIII activity are also unknown.
Perhaps the most striking of these VVH&F/PL cleavage
sites are the two sites containing K residues in thpdgition.
It is not unprecedented for trypsin-like serine proteases to
be able to hydrolyze peptides with K in this position. The
complex of factor Vlla with soluble tissue factor has been

Esmon for critical review of the manuscript.
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