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Factor VIIIa is inactivated by a combination of two mecha-
nisms. Activation of factor VIII by thrombin results in a hetero-
trimeric factor VIIla that spontaneously inactivates due to dis-
sociation of the A2 subunit. Additionally, factor VIIIa is cleaved
by the anticoagulant serine protease, activated protein C, at two
cleavage sites, Arg>*® in the Al subunit and Arg®®” in the A2
subunit. We previously characterized an engineered variant of
factor VIII which contains a disulfide bond between the A2 and
the A3 subunits that prevents the spontaneous dissociation of
the A2 subunit following thrombin activation. Thus, in the
absence of activated protein C, this variant has stable activity
following activation by thrombin. To isolate the effects of the
individual activated protein C cleavage sites on factor VIIIa, we
engineered mutations of the activated protein C cleavage sites
into the disulfide bond-cross-linked factor VIII variant. Arg>>®
cleavage is 6-fold faster than Arg®®> cleavage, and the Arg®3®
cleavage does not fully inactivate factor VIIIa when A2 subunit
dissociation is blocked. Protein S enhances both cleavage rates
but enhances Arg®®* cleavage more than Arg®>® cleavage. Factor
V also enhances both cleavage rates when protein S is present.
Factor V enhances Arg®®? cleavage more than Arg®3® cleavage as
well. As a result, in the presence of both activated protein C
cofactors, Arg®3® cleavage is only twice as fast as Arg®®” cleavage.
Therefore, both cleavages contribute significantly to factor
VIIIa inactivation.

Hemophilia A is an X-linked bleeding disorder, affecting 1 in
5000 males. It is caused by deficiency of blood coagulation fac-
tor (F) VIII and can cause severe bleeding after e.g. surgery and
trauma or chronic bleeding into muscles and joints (1). Upon
initial production of small amounts of thrombin, the intrinsic
coagulation pathway is initiated by a positive feedback loop (2)
in which thrombin activates factors V, VIII, and XI. Activated
FXI (FXIa) activates FIX to FIXa, which in turn activates FX to
FXa. FXa then converts prothrombin to thrombin, leading to
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fibrin clot formation. FVa and FVIIIa are cofactors for FXa and
FIXa, respectively, and enhance the proteolytic function of
these enzymes considerably, resulting in rapid production of
thrombin.

FVIII is a 2332-amino-acid protein with the domain struc-
ture A1-A2-B-A3-C1-C2 (3), which is cleaved within the B
domain during secretion and circulates in the blood as a het-
erodimer bound to von Willebrand factor. Thrombin converts
FVIII to its activated form (FVIIIa) by cleavages at positions
Arg®”?, Arg’*°, and Arg'®®® (4). Cleavage at Arg®’” and Arg'®®°
are both required for complete activation of FVIII (5, 6). The
cleavage at Arg”*® leads to dissociation of the B domain from
the rest of the molecule, but this cleavage is not required for
FVIIIa activation (5). After cleavage and dissociation of the B
domain, the remaining subunits form a non-covalently linked
heterotrimer, consisting of the A1 subunit (1-372), the A2 sub-
unit (373-740), and a light chain containing the A3, C1, and C2
domains (1690-2332) (8, 9).

In FVIIIa, the A2 subunit spontaneously dissociates, which
inactivates FVIIIa with a half-life of about 2 min (10-12).
FVIIIa can also be inactivated through proteolysis by activated
protein C (APC),> which cleaves FVIIIa at Arg®*® in the Al
domain and at Arg®®*in the A2 domain. The proteolytic activity
of APC is enhanced by its non-enzymatic cofactors protein S
(13) and factor V (FV) (14). Protein S enhances both FVa (15,
16) and FVIIIa (13, 15) inactivation by APC. FV enhances cleav-
age of FVIIIa by APC in the presence of protein S in purified
systems and prolongs clotting time in plasma-based clotting
assays measuring FVIIIa activity (14, 17). This APC cofactor
effect of FV was discovered as a result of the thrombosis risk
factor FV| gigen (18, 19). FV, .1, has Arg®®® mutated to Gln and
therefore cannot be cleaved by APC at this position (20, 21).
This cleavage is required for APC to fully inactivate FVa (22).
However, it is also required for the APC cofactor activity of FV
(23).

Cleavage of FVIIIa at Arg®*® has been correlated with the
inactivation of FVIIIa (9) and is kinetically favored over cleav-
age at Arg®®? in APC-mediated inactivation of FVIIIa (17, 24).
As cleavage at Arg®*° also induces A2 subunit dissociation,
which fully inactivates FVIIIa, this is considered the primary
inactivation site (24). The cofactors of APC likely influence the
cleavage rates of these individual sites differently. O’Brien et al.

2The abbreviations used are: APC, activated protein C; MOPS, 4-morpho-
linepropanesulfonic acid; Bis/Tris, 2-(bis(2-hydroxyethyl)amino)-2-(hy-
droxymethyl)propane-1,3-diol; APTT, activated partial thromboplastin
time.
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(25) monitored FVIIIa proteolysis by APC via Western blot
using antibodies specific for the A1 or A2 domains and deter-
mined that protein S enhanced both cleavages but had a greater
effect on cleavage at Arg®®?.

In this study, we characterize the individual cleavages in
FVIIIa by APC that led to the inactivation of FVIIIa and the
effect of the APC cofactors, protein S and factor V, on each
cleavage. Rapid inactivation of FVIIIa due to A2-subunit disso-
ciation makes proteolytic inactivation of FVIIIa hard to study.
This problem has been addressed in the past by either using
very high concentrations of FVIIIa (24) or studying proteolysis
of the procofactor FVIII rather than FVIIIa (4). To circumvent
this problem, we used a FVIII variant that has a disulfide bond
engineered between the A2 and A3 domains (M662C/D1828C
FVIII). This disulfide bond prevents dissociation of the A2
domain and stabilizes the molecule (26). This allowed us to
determine the effects of APC proteolysis on FVIIIa activity
independently of the effects of A2 subunit dissociation. A sim-
ilar disulfide bond introduced in FVa allowed for characteriza-
tion of individual APC cleavage sites in FVa, independent of A2
subunit dissociation (27).

After activation by thrombin, M662C/D1828C FVIIIa has
FIXa cofactor activity similar to that of wild type FVIIIa (26). As
has been reported (24), cleavage at Arg®3® was faster than cleav-
age at Arg®®%. However, we found that in the absence of A2
subunit dissociation, cleavage at Arg®>*® did not fully inactivate
FVIIIa, whereas cleavage at Arg®®? did. We also found that pro-
tein S stimulated both FVIIIa cleavages but stimulated Arg>®>
cleavage somewhat more. FV also enhanced cleavage at Arg
more than cleavage at Arg®*°. As a result, in the presence of
both protein S and FV, APC cleavage at Arg>*® was only 2-fold
faster than APC cleavage at Arg®®?.

562

MATERIALS AND METHODS

FVIII-deficient plasma was from George King Biomedical
Inc. (Overland Park, KS). Recombinant FVIII and the plasmid
p25D were from Bayer Corp. (Berkeley, CA). Refacto® B
domain-deleted FVIII was from Wyeth Corp. (Collegeville,
PA). Thrombin, protein S, and factor IXaf were purchased
from Enzyme Research Laboratories (South Bend, IN). Acti-
vated protein C and factor X were purchased from Hematologic
Technologies (Essex Junction, VT). Hirudin was purchased
from Calbiochem/EMD Biosciences. Bovine brain phosphati-
dyl serine and bovine brain phosphatidyl ethanolamine were
purchased from Sigma. Bovine liver phosphatidyl choline was
purchased from Avanti Polar Lipids (Alabaster, AL).

Characterization of FVIII Variants—M662C/D1828C FVIII
and other variants were produced essentially as described pre-
viously (26, 28). The new FVIII variants were also created in
plasmid p25D expressing B domain-deleted FVIII (with amino
acids 744 —1637 deleted) that already contained the M662C and
D1828C mutations (p25D-M662C/D1828C), using the
QuikChange mutagenesis kit from Stratagene (La Jolla, CA).
Arg®3® was mutated to Gln by changing codon CGA to CAG.
Arg®®> was mutated to Gln by changing codon AGA to CAG.
Sequence was verified after subcloning the mutated FVIII
sequence into p25D plasmid that did not go through mutagen-
esis. Plasmids were transfected into HEK293 cells and selected
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for stable expression with Geneticin, and the FVIII gene was
purified from the selected HEK293 clones and sequenced to
confirm mutant sequence in the clones expressing FVIIL
After purification as described (28), proteins were stored in
HEPES-buffered saline (50 mm HEPES, 150 mMm NaCl, 4 mm
CaCl,, pH 7.4).

FVIII antigen concentration (mg/ml) was determined using
the Asserachrom factor VIIIC:Ag enzyme-linked immunosor-
bent assay kit from Diagnostica Stago (Parsippany, NJ) and the
Immubind FVIII enzyme-linked immunosorbent assay kit from
American Diagnostica (Greenwich, CT) using the standard
protocols with Refacto® FVIII as the standard. FVIII activity
concentration (units/ml) was determined using the Chromoge-
nix Coamatic VIII kit (Diapharma Group, Inc., West Chester,
OH) with Refacto® FVIII as the standard (13,350 units/mg).
Phospholipid vesicles (40% phosphatidyl choline, 20% phos-
phatidyl serine, 40% phosphatidyl ethanolamine) were pre-
pared as described (29).

FVIII purity and proteolysis by thrombin and APC were
monitored with silver-stained gels. For purity analysis, about 25
ng FVIII was loaded per lane. Samples were either reduced with
dithiothreitol followed by treatment with iodoacetamide to
prevent reoxidation or just treated with iodoacetamide to block
all free cysteines and prevent reduction and disulfide shuffling.
For proteolysis, FVIII at 5 nm with 25 um phospholipid vesicles
was incubated with 1.6 units/ml Ila for 1 min followed by the
addition of 4.8 units/ml hirudin to inactivate the thrombin
before adding 25 nm APC/50 nM protein S for a 1-h incubation
at room temperature. The buffers used were the same as for the
FXase assays (see below) except that no bovine serum albumin
was added. Samples were electrophoresed on a 4—12% Bis/Tris
gel with MOPS-SDS buffer (Invitrogen), and gels were stained
with the SilverXpress kit (Invitrogen).

Functional Assays of FVIlla Inactivation and Kinetic
Properties—The functional properties of FVIIIa were moni-
tored in assays of the FIXa-FVIIla complex (FXase). We first
determined the functional concentration of FVIIIa binding
sites for FIXa in FXase assays as described (26). Using the FVIIIa
concentrations for each FVIIIa variant determined in this man-
ner, FIXa titrations were performed as described with the
exception that FVIII was activated with 0.8 units/ml thrombin
for 1 min (four times as much as used previously) followed by
4.8 units/ml hirudin to ensure complete inactivation of the
thrombin. Data were fit to a hyperbolic curve to derive K, val-
ues for formation of the FVIIIa-FIXa complex (26). FX titra-
tions were performed as described and fit to the Michaelis-
Menten equation to derive k_,, and K, (26). The actual FXase
complex concentration value used was the concentration of the
limiting component (3-5 pm FVIIIa) times the fraction of this
component that should be bound, based on the apparent K,
(Kys) of the interaction of that respective FVIIIa variant with
FIXa at that concentration (4.9 nm).

Assays of FVIIIa inactivation by APC/protein S/FV were per-
formed as follows. FVIII at 5 nm was incubated in FXase buffer
(150 mm NaCl, 50 mm HEPES, 5 mm CaCl,, 0.1 mm MnCl,, 5
mg/ml bovine serum albumin, pH 7.4) with 25 um phospholipid
vesicles. Thrombin was added to this mix at 0.8 units/ml (5 nm)
toactivate the FVIIIL, and then at 1 min, 4.8 units/ml hirudin was
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added to inactivate the thrombin. An aliquot was removed for
assay in the FXase assay. Then APC and/or protein S and/or FV
were added immediately (time O in graph). Aliquots were
removed over time and added to FIXa and 25 uMm phospholipid
vesicles. Then FX was added to initiate the FXase reaction as
described (26). Final concentrations in the FXase reaction were
150 pm FVIIIa, 2 nm FIXa, and 0.5 um FX. The reaction was
stopped with EDTA, and FXa was measured with substrate
$2765 (Chromogenix, Lexington, MA).

The variant M662C/D1828C FVIIIa has two APC cleavage
sites, and we assume that FVIIIa inactivation can proceed via
two pathways

k336 k562

FVilla —> FVilla,, — FVIlli

REACTION 1

and

’
k 562

FVIlla —— FVIlli

REACTION 2

In the first pathway, FVIIIa is cleaved at Arg**, resulting in a
reaction intermediate with partial activity (FVIIIa,,,); this
cleavage is followed by cleavage at Arg®®?, which results in inac-
tive FVIIIa (FVIILi). In the second, alternate pathway, FVIIIa is
cleaved first at Arg>®? and this cleavage fully inactivates FVIIIa.

These data for M662C/D1828C-FVIIlainactivation can be fit
to a double exponential decay (22, 30). However, we deter-
mined that we could not achieve first order conditions in this
assay setup; thus, the rate of inactivating cleavages was depend-
ent upon substrate concentration. Therefore, we did not deter-
mine cleavage rates from curve fits to M662C/D1828C-FVIIla
inactivation.

M662C/D1828C/R336Q FVIII and M662C/D1828C/R562Q
FVIII inactivation are both the result of a single cleavage; thus,
inactivation profiles should fit an exponential decay. However,
to account for the lack of first order conditions, only the initial
rate of activity loss was determined. Thus, for M662C/D1828C/
R336Q FVIII and M662C/D1828C/R562Q FVIII, the initial
time points that appeared linear on a log scale were fit to a single
exponential decay using non-linear least squares regression
analysis with the following equation

A=AgeH (Eq.1)

where A is activity of FVIIIa (in percentage), A, is the initial
activity of FVIIIa, k is the rate constant in min ™', and ¢ is time
in minutes (24). The data for M662C/D1828C/R562Q
(cleavage at Arg336) were fit to an exponential decay to a
plateau of 25%, and we then assumed that 25% was equiva-
lent to complete cleavage at Arg*®. Data in Table 1 are pre-
sented as rate constants of FVIIIa cleavage assuming that
loss of activity is proportional to cleavage rate. Initial con-
centration of FVIIIa was 5 nM, and APC concentration varied
as indicated in the figures.

JUNE 13, 2008+ VOLUME 283 -NUMBER 24

Mechanisms of Factor Vllla Inactivation

TABLE 1

Inactivation cleavage rates for cleavages at Arg>3® and Arg®®? in
FVilia

Rates are derived from data that were averaged together to generate Figs. 3-5
according to curve fits described in the methods. Standard errors are shown, and the
number of experiments used to determine mean and S.E. is indicated are parenthe-
ses. In some cases, values were determined at two APC concentrations. For example,
second order rate constants derived from Fig. 4B with 2.5 nm APC, 100 nm PS and
from Fig. 54 with 1 nm APC, 100 nm PS were averaged together to determine values
in the APC/PS row. ND = not determined.

CC662-562Q FVIlla
Arg?® cleavage

CC662-336Q FVIIla
Arg®®? cleavage

nmol FVIIa/min/nmol APC nmol FVIlla/min/nmol APC

ADPC 0.10 =+ 0.03 (5) 0.019 =+ 0.004 (5)
APC/EV 0.10 =+ 0.04 (2) 0.030 * 0.007 (2)
APC/PS 0.61 + 0.30 (6) 0.13 = 0.03 (6)
APC/PS/FV 2.6 + 0.6 (3) 1.1+02(3)

FVIIlainactivation by APC and protein S was also monitored
with an APTT assay essentially as described previously, except
that FVIII was activated with 0.8 units/ml Ila for 1 min followed
by 3.2 units/ml hirudin (28). Time courses were started with the
addition of APC and protein S to final concentrations of 1 and
100 nwm, respectively. Clotting time was converted to units FVIII
activity with a standard curve of Refacto® FVIII corrected for
the hirudin in the FVIII sample.

RESULTS

Preparation and Characterization of FVII Variants—
M662C/D1828C FVIIL, which contains an engineered disulfide
bond between residues 662 and 1828, has been characterized
and described (26). This variant was made in the background of
B domain-deleted FVIII. Within the construct containing
M662C/D1828C FVIII, we introduced individual mutations of
the APC cleavage sites. Both sites were mutated from Arg to
Gln, generating the constructs, p25D-M662C/D1828C-R336Q
and p25D-M662C-D1828C-R562Q. The constructs were
expressed in HEK293 cells, and all three proteins were purified
as described (26, 28). FVIII concentration and activity were
measured as described under “Materials and Methods,” and
M662C/D1828C FVIII had specific activity of 7640 units/mg of
FVIII, M662C/D1828C/R336Q FVIII had specific activity of
9510 units/mg of FVIII, and M662C/D1828C/R562Q FVIII had
specific activity of 14,500 units/mg of FVIIL

To evaluate the purity of these preparations and to confirm
the presence of the disulfide bond, we ran silver-stained gels of
M662C/D1828C FVIII, M662C/D1828C/R336QQ FVIII, and
M662C/D1828C/R562Q FVIII (Fig. 1A). Each protein was elec-
trophoresed in non-reduced (lanes I, 3, and 5) and reduced
form (lanes 2, 4, and 6). Some free heavy chain and light chain
were present in the non-reduced lanes. However, a majority of
the FVIII was present as a cross-linked heavy chain and light
chain band at about 170 kDa at least for M662C/D1828C FVIII
and M662C/D1828C/R562Q FVIII. M662C/D1828C/R336Q
FVIII was less pure (see below), so we could not estimate the
degree of cross-linking of M662C/D1828C/R336Q FVIIL.
When the proteins were reduced, most of the protein density
shifted from cross-linked heavy chain/light chain to separate
heavy chain and light chain.

M662C/D1828C FVIII and M662C/D1828C/R562Q FVIII
were reasonably pure according to silver stain. However,
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FIGURE 1. Gel analysis of disulfide bond formation and proteolysis of
FVIII variants. A, purified FVIII variants were analyzed by SDS-PAGE with or
without reduction by dithiothreitol. Non-reduced lanes (NR) were treated
with iodoacetamide before the addition of SDS to prevent disulfide shuffling.
Reduced lanes (R) were treated with dithiothreitol while boiling in SDS sam-
ple buffer and then with iodoacetamide to prevent reformation of disulfide
bonds. Lanes 1 and 2, M662C/D1828C FVIII, lanes 3 and 4, M662C/D1828C/
R562Q FVIII, lanes 5 and 6, M662C/D1828C/R336Q FVIII. B, gel analysis of
thrombin proteolysis of FVIII variants and APC proteolysis of thrombin-acti-
vated FVllla. Lanes 1-3, M662C/D1828C, lanes 4-6, M662C/D1828C/R562Q,
lanes 7-9, M662C/D1828C/R336Q, lane 10, thrombin alone, and lane 11,
thrombin, APC, and protein S. Each variant is shown with no proteolysis (lanes
1,4, and 7), proteolysis by 1.6 units/ml thrombin (13.5 nm) for 10 min at room
temperature (lanes 2, 5, and 8), and proteolysis first by thrombin and then
followed by 25 nm APC/50 nm protein S (APC/PS) for 60 min at room temper-
ature (lanes 3, 6, and 9). In panel B, samples were all reduced with dithiothre-
itol, and all gels were silver-stained. In both panels, molecular weight markers
are indicated on the right, and FVIIl fragments are indicated on the left. HC-LC,
heavy chain cross-linked to light chain; HC, heavy chain; LC, light chain; LCa,
activated light chain; A7, A1 subunit; ATn, APC cleaved A1 (residues 1-336);
A2, A2 subunit.

M662C/D1828C/R336Q FVIII did have significant contami-
nants present. In particular, in the reduced lane (lane 6), there
was a band below 31 kDa, and the apparent light chain band was
much more intense than the heavy chain band. This was unlike the
other two proteins, which suggested that there may be a contam-
inating protein in M662C/D1828C/R336Q FVIII that ran at about
the same mobility as the light chain in the reduced sample. This
was possibly because M662C/D1828C/R336QQ FVIII was
expressed at significantly lower levels in the stably expressing cell
line, so purification was less effective. We were not able to improve
this purity in two attempts at producing this variant.

To confirm that mutations at Arg®>*® and Arg®®* prevented
cleavage by APC, we electrophoresed FVIIla variants in a
reducing gel after proteolysis first by thrombin to activate to
FVIIIa and then by APC with protein S (Fig. 1B). Thrombin
alone was in lane 10, and thrombin with APC and protein S
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TABLE 2

Kinetic constants of the FXase complex containing variant FVllla
before and after digest with APC

Rates derived from hyperbolic curve fits to titrations of FIXa or FX into the FXase
complex as described in the methods, 4 —8 experiments averaged together. ND =

not detectable.

Factor IXa FX activation
affinity (Ki,) K, Koo
nm nm st
CC662 0.62 £0.16 7.8 1.3 6.1 £22
CC662 + APC ND ND ND
CC662-336Q 0.86 £ 0.28 4.5=* 1.0 6427
CC662-336Q + APC ND ND ND
CC662-562Q 0.55 £0.15 50=*=09 44 *09
CC662-562Q + APC 2.10 £0.93 26+ 4 25+12

were in lane 11 to identify bands derived from thrombin, APC,
and protein S in the FVIII lanes. M662C/D1828C FVIIla (lane
3) was cleaved at both Arg**® and Arg®**> by APC. Both the A1l
subunit was lost (due to Arg®*® cleavage) and the A2 subunit
was lost (due to Arg®®? cleavage). The A1 subunit (see lane 2, 48
kDa, residues 1-372) was replaced by the A1 N-terminal frag-
ment directly above the A2 subunit (43 kDa, residues 1-336).
The A2 subunit (41 kDa, residues 373-740) was a sharp band
(see lane 2) that was lost completely. The resulting fragments
would be around 20 kDa and were not visualized in this gel.

Thrombin-activated M662C/D1828C/R562Q FVIlla (lane
5) had the typical Al and A2 subunit bands. Following APC
cleavage, the Al band was gone and was replaced by the Al
N-terminal fragment (lane 6), but the A2 band seen in lane 5
remained in lane 6. Thus, there was no cleavage at GIn>®>,

M662C/D1828C/R336Q FVIII was not as pure as the others,
so the gel was not as clear. In lane 7, in the absence of thrombin
or APC proteolysis, the heavy chain and light chain bands were
not clearly separated, as was seen in lanes I and 4. As stated, this
may have been due to a contaminating protein. This hypothesis
was supported by the fact that the major band intensity did not
decrease upon thrombin or APC reaction in lanes 8 and 9.
Additionally, other contaminating bands were seen, and the
FVIIIa bands were not as intense as the other FVIIIa variants.
However, the kinetic properties of all three variants were simi-
lar (Table 2), suggesting that this contaminant did not affect the
functional properties of this FVIII preparation.

Nevertheless, the A1l and A2 subunit bands could clearly be
seen in lane 8 at 48 and 41 kDa. After proteolysis by APC (lane
9), the Al subunit band at 48 kDa was still present. A band
visible at 43 kDa was equivalent to the Al subunit cleaved at
Arg®*°. However, this was probably a protein present in the mix
of thrombin, APC, and protein S (see lane 11). In contrast, the
A2 subunit band at 41 kDa was completely gone, indicating
complete cleavage at Arg>®?,

Note that the thrombin, which was visible in this gel at about
35 kDa apparent molecular mass (lanes 2, 5, 8, and 10),
decreased in intensity in the lanes containing APC and protein
S, although these samples also contain thrombin (lanes 3, 6, 9,
and 11). This result was seen consistently in many gels (not
shown) and suggests a possible cleavage of thrombin in these
reactions. However, we do not have a definite explanation for
this phenomenon.

Inactivation of FVIlla Variants by APC and Protein S—We
first tested the inactivation of the FVIII variants in a time course
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using the APTT clotting assay to monitor FVIIIa activity (Fig.
2). FVIII variants were activated with thrombin. In the absence
of APC and protein S, all three variants were fairly stable.
M662C/D1828C FVIIla and M662C/D1828C/R336Q FVIIla
lost about 25% activity, and M662C/D1828C/R562Q lost only
5% activity. This stability was presumably due to the disulfide
bond, which prevents A2 subunit dissociation in FVIIIa, as was
previously confirmed with M662C/D1828C FVIIIa (26). How-
ever, in this experiment, M662C/D1828C FVIIla was more sta-
ble than previously observed (26). We now use more thrombin
to activate FVIII than used previously (0.8 units/ml versus 0.2

(-2
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FIGURE 2. M662C/D1828C FVIllla variants containing APC cleavage site
mutants are partially resistant to APC inactivation. FVIll variants were first
activated by reaction with 5.4 nm thrombin followed by excess hirudin, and
then at time O, either 1 nm APC and 100 nm protein S or an equivalent volume
of buffer was added. At time points, aliquots were removed and assayed for
FVllla activity in an APTT coagulation assay with FVIIl-deficient plasma. A, A,
M662C/D1828C; O, ®, M662C/D1828C/R336Q; [, M, M662C/D1828C/R562Q;
open symbols, without APC/protein S, closed symbols, with APC/protein S.
Four experiments were averaged together, and standard errors are shown as
error bars.
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units/ml) and also use a greater excess of hirudin to assure full
inactivation of Ila. Control experiments confirmed that this
explains the difference in these current results (see also Fig. 3A4).
We believe that the FVIII is more fully activated with 0.8
units/ml thrombin.

When APC and protein S were added to the thrombin-acti-
vated FVIIla variants, M662C/D1828C FVIIIa was readily inac-
tivated even in the absence of A2 subunit dissociation (less than
0.001% activity at 60 min). Both APC cleavage site variants were
inactivated more slowly but to similar extents.

Rates of Inactivation by APC Alone—To clarify the profiles of
inactivation of M662C/D1828C/R336Q FVIIla and M662C/
D1828C/R562Q FVIIIa, we monitored inactivation of throm-
bin-activated FVIIIa variants using a FXase assay with purified
components. In this assay, all three FVIIIa variants lost only
about 10% activity after 45 min in the absence of APC (Fig. 34).
However, in the presence of 20 nm APC without any cofactor,
they were all inactivated (Fig. 3B). M662C/D1828C FVIIla was
fully inactivated in the time course. M662C/D1828C/R336Q
FVIIIa was inactivated much more slowly, but activity contin-
ued to decrease throughout the time course. In contrast to this,
M662C/D1828C/R562Q FVIIla quickly lost about 75% of its
activity, but then the activity leveled off.

The inactivation profile of M662C/D1828C-FVIIla was fit to
a double exponential decay (Fig. 3B). However, first order rate
conditions did not apply in these experiments. Specifically, the
apparent rate of inactivation was dependent upon substrate
concentration (data not shown). Therefore, we did not calcu-
late rate constants from the double exponential decay. Further-
more, inactivation profiles of M662C/D1828C/R336Q and
M662C/D1828C/R562Q were fit to single exponential decay
equations using only the initial time points that appeared linear
on a log scale. These curve fits for the two cleavage site variants
were used to derive initial cleavage rates for the Arg®*® cleavage
alone and the Arg®®* cleavage alone (Table 1). In M662C/
D1828C/R562Q FVIIIa, APC cleaved Arg3 36 at a rate of 0.1
nmol FVIIIa/min per nmol of APC. APC cleaved Arg®** in
M662C/D1828C/R336Q FVIIIa at a rate of 0.019 nmol FVIIIa/
min per nmol of APC.

Effect of APC Cofactors on Inacti-
vation Rates—Protein S and FV are
both cofactors for APC in the prote-

olysis of FVIIIa (14, 15). APC alone
at a concentration of 2.5 nm did not
fully inactivate the FVIIIa variants
during a 45-min time course (Fig.
4A). However, protein S signifi-
cantly enhanced the rate of inactiva-
tion of all three FVIIIa variants by

e
:
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. APC (Fig. 4B). Protein S increased

the rate of Arg®*® cleavage about

A. No APC
100
=y [ z
£ 100 - g 8
@ 4 - i :
m
= 80 J = 60
T ot c
= E 40
S a0t S
& o .
20 e
q . . . . 5 .
0 10 20 30 40 50 0o 10
Time (min)

FIGURE 3. Time courses of inactivation of M662C/D1828C FVIlla variants by APC. Thrombin-activated
FVllla activity was monitored over time by FXase assay, a purified system containing FIXa, FX, and phospholipid
vesicles. A, FVllla alone. B, FVIlla with 20 nm APC. A, M662C/D1828C; ®, M662C/D1828C/R336Q; M, M662C/
D1828C/R562Q. Two to three experiments were averaged together. M662C/D1828C inactivation was fit to a
double exponential decay. M662C/D1828C/R336Q and M662C/D1828C/R562Q were fit to single exponential

decay curves. Standard deviations are shown as error bars.
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Time (min)

5-fold in M662C/D1828C/R562Q
FVIIIa. Furthermore, protein S
increased the rate of Arg>® cleavage
7-fold in M662C/D1828C/R336Q
FVIIIa (Table 1). FV had very little
APC cofactor effect in the absence
of protein S (Fig. 4B, inset). A slight
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B. 2.5 nMAPC, 100 nM PS

nificantly different; thus, the values
presented in Table 1 were averaged

2.5 nMAPC, 12 nM FV

together over both experiments
where possible.

Effect of APC Proteolysis on
Kinetic Parameters of FVIIla Cofac-
tor Activity—We determined a
functional dissociation constant
(Kys) for binding of FVIIIa to FIXa
with a titration of FIXa into the
FXase complex assay with limiting
FVIIIa and excess substrate (FX).
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FIGURE 4. Time courses of inactivation of M662C/D1828C FVllla variants by APC and protein S (PS) or FV.
Activity of thrombin-activated FVIlla variants was monitored over time by FXase assay. A, FVIlla with 2.5 nm APC.
B, FVIlla with 2.5 nm APC and 100 nm protein S. Inset, FVIlla with 2.5 nm APCand 12 nMm FV. A, A, M662C/D1828C;
O, @, M662C/D1828C/R336Q; [], M, M662C/D1828C/R562Q. Two to three experiments were averaged
together. M662C/D1828C inactivation was fit to a double exponential decay. M662C/D1828C/R336Q and
M662C/D1828C/R562Q were fit to single exponential decay curves. Standard deviations are shown as error

bars.

A. 1 nMAPC, 100 nM PS

B. 1 nMAPC, 100 nM PS, 12 nM FV

We determined K, and k_,, for the
FXase complex with a titration of
the substrate, FX, into the FXase
complex. M662C/D1828C FVIlla
had a K, for FIXa of 0.62 nMm, K, for
FX of 7.8 nM, and k_,, of 5.5 s™*
(Table 2). After complete cleavage
by APC, no FVIIIa cofactor activity
was detectable. M662C/D1828C/

R336Q FVIIIa had similar kinetic

Time (min)

constants with a K,0f 0.86 nm, K, of

> 190 o 100 4.5 nm, and k_,, of 5.4 s~ ', This var-
% 80 % 80 iant also had no detectable activity
3 p- in the FXase complex after cleavage
> ag > 0 by APC (Table 2). In all these inac-
£ 40 40 tivation time courses, M662C/
e £ . " @ D1828C/R562Q FVIIla maintained
. 0 e a plateau of about 25% activity after
0 ; . . : 0 L —— apparent complete cleavage at

0 10 20 30 40 50 20 30 40 50 Arg®3®. APC proteolysis at Arg?3®

Time (min) Time (min) increased the K, for FIXa from 0.55

FIGURE 5. Time courses of inactivation of M662C/D1828C FVllla variants by APC, protein S and FV.
Thrombin-activated FVllla variants were monitored over time by FXase assay. A, FVllla with 1 nm APC and 100
nm protein S. B, FVllla with 1 nm APC, 100 nm protein S, and 12 nm FV. A, A, M662C/D1828C; O, ®, M662C/
D1828C/R336Q; [, M, M662C/D1828C/R562Q. Two to three experiments were averaged together. M662C/
D1828C inactivation was fit to a double exponential decay. M662C/D1828C/R336Q and M662C/D1828C/
R562Q were fit to single exponential decay curves. Standard deviations are shown as error bars.

increase in cleavage at Arg”®* may or may not be significant.
This was consistent with published results (14, 17).

However, in the presence of protein S, FV was a potent cofac-
tor for APC proteolysis of FVIIIa (Fig. 5). With APC concentra-
tion further decreased to 1 nm and with 100 nm protein S, 12 nm
FV increased the cleavage rate of Arg>*® in M662C/D1828C/
R562Q FVIila by 4-fold over the APC/protein S rate, and it
increased the cleavage rate of Arg®? in M662C/D1828C/
R336Q FVIlIa by 9-fold over the APC/protein S rate (Table 1).
Arg®®® was cleaved at a rate of 2.6 nmol FVIIIa/min per nmol of
APC, and Arg®®* was cleaved at a rate of 1.1 nmol FVIIIa/min
per nmol of APC. So although protein S and FV enhanced both
cleavage rates, together they served to increase the Arg®®?
cleavage rate about 60-fold and to increase the Arg®*® cleavage
rate about 24-fold such that the Arg>®> cleavage rate was close
to 50% of the Arg?3® cleavage rate in the presence of both cofac-
tors. Cleavage rates could be determined at two different APC
concentrations for APC alone (Figs. 3B and 4A) and for APC
plus protein S (Figs. 4B and 5A). These numbers were not sig-

16360 JOURNAL OF BIOLOGICAL CHEMISTRY

to 2.1 nM and increased the K, for
FX activation from 5.0 to 26 nM,
whereas decreasing the k_, from 3.9
to 1.8 s~ L. Therefore, cleavage at
Arg®? (in the variant M662C/
D1828C/R336Q) fully inactivated
FVIIla, whereas cleavage at Arg®>*® (in the variant M662C/
D1828C/R562Q) only partially inactivated FVIIIa in the

absence of dissociation of the A2 subunit.

DISCUSSION

We previously demonstrated that M662C/D1828C FVIII
formed a disulfide bond between Cys®®? in the A2 domain and
Cys'®?® in the A3 domain (28). We further determined that
M662C/D1828C FVIII had normal functional properties in the
FXase complex but was not inactivated via the normal mecha-
nism of spontaneous dissociation of the A2 subunit following
activation by thrombin (26). This established that although the
disulfide bond prevented A2 subunit dissociation as expected, it
did not otherwise distort the FVIIIa protein in any way that
impacted the extensive interactions that are involved in the
normal cofactor function of FVIIIa in the FXase complex. Addi-
tionally, the fact that the addition of this disulfide bond does not
change the functional properties of FVIIIa confirms that inac-
tivation mechanisms due to A2 subunit dissociation versus
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inactivation mechanisms due to proteolysis could be isolated
(26).

These kinetic constants were significantly different from our
previously published results for M662C/D1828C FVIIla (26).
This was due to a variety of factors. Most notably, we activated
FVIII with more thrombin in these experiments than previ-
ously (see “Materials and Methods”). We also had to change our
sources for phospholipids and factor X, both of which are crit-
ical for this assay. We believe that these numbers more accu-
rately reflect the functional properties of the FXase complex.
However, this does not negate any earlier conclusions since our
previously published data were all internally consistent.

We used a similar disulfide-cross-linked FVa variant to iso-
late the inactivating effects of APC proteolysis from A2 subunit
dissociation that follows APC proteolysis in wild type FVa (27).
Therefore, this disulfide bond-stabilized FVIIIa was a valid tool
for isolating the effects of the individual APC cleavages on
FVIIIa function. Furthermore, because A2 subunit dissociation
does not occur, it allows accurate determination of the effects of
the APC cofactors, protein S, and factor V at near physiological
concentrations.

We confirmed that APC alone cleaves Arg>>® faster than it
cleaves Arg®®%, However, the difference in rates that we saw
(Arg®®® cleavage was 6-fold faster than Arg®®* cleavage) was less
than that seen in a study of APC cleavage site mutants without
a stabilizing disulfide bond. Varfaj et al. (24) determined that
Arg®®® cleavage by APC took place around 25-fold faster than
Arg®®* cleavage. This difference may be due to different assay
conditions, in particular the extremely high concentration of
FVIIIa that was used in previous studies. In general, however,
our results confirm these previous results.

In the absence of A2 subunit dissociation, the Arg®®* cleavage
within the A2 subunit still fully inactivates FVIIIa. This has
been suggested in other work and likely happens because
Arg®®? is located in a FIXa interactive site within residues 558 —
565 (24, 31). Arg®*® cleavage within the A1 subunit does not
fully inactivate FVIIIa. The partial loss of activity is attributable
to a 4-fold increase in K, for FIXa as well as a 5-fold increase in
K, for FX and a minor decrease in k_,, for FX (Table 2). This
partial loss of activity due to cleavage at Arg**® was also meas-
ured in experiments where cleaved or uncleaved FVIIla sub-
units were reconstituted at very high concentrations to recover
activity (32). The effect of cleavage at Arg®*® on K, is expected
because this cleavage releases peptides 337—-372, which bind to
FX (33), and cleavages by FXa at both Lys®® and Arg®*° together
result in a 5-fold increase in K, (32). However, this is the first
instance where the complete functional effects (K, K,,, and k,,)
of cleavage at Arg®*® were measured in isolation from other
cleavages or from subunit dissociation.

Despite the high level of homology between FVIII and FV,
there are significant differences in the mechanisms of inactiva-
tion of FVIIIa and FVa as a result of APC cleavages. As was
previously established, Arg **® cleavage is faster than Arg>®”
cleavage (24). This is in contrast to FVa inactivation, where
APC cleavage at Arg®® (homologous to Arg®?) is faster than
cleavage at Arg®°® (homologous to Arg®*°).

The APC cofactor protein S (and FV in the case of FVIIIa
inactivation) enhances the cleavage rate of the slower APC
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cleavage more than the faster APC cleavage. Thus, protein S
primarily enhances Arg®°® cleavage in FVa (7), whereas protein
S and FV together preferentially enhance Arg®®* cleavage in
FVIIIa, although in FVIIIa, both cleavage rates are enhanced.
The effect for protein S alone that we observed was similar to
previous measurements of protein S effect (25). Therefore, as is
the case for FVa, in the presence of both endogenous cofactors
for APC, the APC cleavages take place at similar rates.

There are similarities in the inactivation of FVa and FVIIIa.
In both FVa and FVIIIa, the homologous cleavages in the Al
domain (Arg®°® and Arg®*®) result in dissociation (in the case of
FVa) or enhanced dissociation (in the case of FVIIIa) of the A2
subunit, which fully inactivates the cofactor. However, when
A2 subunit dissociation is prevented, both cofactors retain
significant activity. In both FVa and FVIIIa, the homologous
cleavages in the A2 domain (Arg®®® or Arg®®?) result in a
greater loss of activity than does the Al subunit cleavage
when A2 subunit dissociation is prevented. In FVa, Arg>°®
cleavage results in a 40-fold decrease in FXa affinity, whereas
Arg®°® cleavage only results in a 7-fold decrease in FXa affin-
ity (22, 27). In FVIIIa, Arg®®* cleavage fully inactivates FVIIIa
independent of subunit dissociation, whereas Arg®*® cleav-
age only partially inactivates FVIIIa independent of subunit
dissociation (Table 2).

In summary, these FVIIIa variants have allowed us to isolate
and therefore precisely characterize the functional effects of
each APC cleavage on FVIIla independent of FVIIIa inherent
instability. In addition, this has allowed a new level of detail in
characterization of the role of the APC cofactors, protein S and
FV, in these reactions. In the presence of the APC cofactors,
which is the normal state in vivo, both cleavages should play a
significant role in FVIIIa inactivation.
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