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Role of Human Factor VIII in Factor X Activation

MAEB. HULTIN, Division of Hematology, Department of Medicine, State
University of New York, Stony Brook, New York 11794, and Veterans
Administration Medical Center, Northport, New York 11768

A B S T R A C T The cof actor function of human Factor
VIII in Factor X activation was investigated by an
initial-rate assay of 3H-Factor X activation in the pres-
ence of human factor IXa, Ca2", and either phospho-
lipid or fresh washed human platelets. Purified Factor
VIII that has not been activated by thrombin or Factor
Xa supports Factor X activation after a lag of several
minutes. A specific inhibitor of Factor Xa, which had
no inhibitory activity against Factor IXa, markedly
prolonged this lag, whereas specific thrombin inhibi-
tors did not prolong the lag. These data support the
conclusion that unactivated Factor VIII has no ability
to support Factor X activation in a purified system
until it is activated by Factor Xa feedback during the
lag period. When Factor VIII was optimally preacti-
vated by thrombin, the lag was completely abolished,
regardless of the order of addition of the other reac-
tants or the phospholipid source. These data indicate
that there is no slow, time-dependent ordering of the
reactants at the phospholipid or activated platelet sur-
face if Factor VIII has been preactivated. Unactivated
platelets did not support Factor X activation by Fac-
tors IXa and VIII. The effect of activated Factor VIII
on the kinetics of bovine Factor X activation was pri-
marily to increase the Vmax (54-fold), whereas with
human Factor X, Factor VIII both increased the Vmax
56-fold and decreased the Kmsixfold to 0.14 AM, sim-
ilar to the plasma concentration of Factor X. There-
fore, a change in the plasma factor X concentration
would be expected to have a major effect on the rate
of Factor X activation in vivo.

INTRODUCTION

Factor VIII is a plasma glycoprotein that acts as a
cofactor to the enzyme Factor IXa in the activation
of Factor X by the intrinsic pathway of blood coag-
ulation (1-4). Previous studies have suggested that
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native Factor VIII has little or no cofactor activity
until modified in some fashion by thrombin (4, 5). In
vitro, thrombin activates Factor VIII 10-fold to 100-
fold; Factor Xa has also been shown to activate Factor
VIII (6). We(4) showed that thrombin-activated Fac-
tor VIII supported Factor X activation with a slight
lag of 15-30 s, whereas unactivated Factor VIII sup-
ported Factor X activation weakly only after a 2- to
3-min lag. The lag with unactivated Factor VIII was
lengthened by the inhibitor benzamidine, suggesting
that the ability of unactivated Factor VIII to support
Factor X activation was dependent on activation of
Factor VIII by Factor Xa or thrombin during the lag.
Wealso hypothesized that the short lag seen with ac-
tivated Factor VIII reflected a time-dependent order-
ing of the reactants in the lipid matrix.

I have now performed further studies to test these
hypotheses. These studies show that unactivated Fac-
tor VIII does not support Factor X activation and that
the lag can be completely abolished when Factor VIII
has been previously activated. I also studied the effect
of activated Factor VIII on the kinetic parameters of
bovine and human Factor X activation. For bovine
Factor X, the effect was primarily on the maximum
velocity (Vmax), with little effect on the Michaelis con-
stant (Km); with human Factor X, there was an effect
on the Vmax and also on the Km. I also investigated the
role of platelets in Factor X activation by Factors IXa
and activated VIII. I found that thrombin-activated
platelets, but not unactivated platelets, supported Fac-
tor X activation as well or better than various phos-
pholipid suspensions. The implications of these find-
ings for the mechanism of Factor VIII cof actor activity
are discussed.

METHODS
Coagulation assays. The assays of Factors VIII, IX, and

IXa were performed as previously reported (4). HumanFac-
tor VIII-deficient plasma (<0.01 U/ml), Factor IX-deficient
plasma, and pooled normal human plasma were purchased
from George King Biomedical, Overland Park, KA.

Protein purification. Human Factor VIII concentrate
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(Hemofil) for Factor VIII purification was kindly supplied
by Dr. William Thomas, Hyland Diagnostics Div., Travenol
Laboratories, Inc., Costa Mesa, CA. Factor VIII was purified
as previously reported (4), with the modification that apro-
tinin, 100 U/ml, was added to Factor VIII before chroma-
tography on Biogel A15m (Bio-Rad Laboratories, Richmond,
CA) and that the eluting buffer contained aprotinin, 5 U/
ml. This resulted in a better yield, with 40% of the applied
Factor VIII units eluting in the void volume with a specific
activity of 25 U/mg. The VO peak was pooled and analyzed
by 5% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE)' (7); unreduced, the protein did not
enter the 5% gel, but after reduction with 2% ,8-mercapto-
ethanol, a 200,000-mol wt band was seen. This purified factor
VIII could be activated more than 20-fold by thrombin and
was stable for at least 8 h at 4°C in 0.10 M NaCl, 0.05 M
Tris, pH 7.4 (Tris-buffered saline, TBS), 1.0% bovine serum
albumin. It was stored in small aliquots at -70°C in plastic
tubes. No contaminating proteases could be detected in the
Factor VIII preparation in TBS-bovine serum albumin by
assay for amidase activity on S-2238 at 0.1 mM(<0.01 nM
thrombin), S-2251 at 0.6 mM(<0.01 Committee on Throm-
bolytic Agents U/ml plasmin), S-2222 at 0.5 mM
(< 0.03 nM Factor Xa), and S-2160 at 0.4 mM(<0.2 nM
activated protein C [8]) (Ortho Diagnostics, Raritan, NJ) (9).
Purified human a-thrombin (2,914 National Institutes of
Health U/mg) was a gift of Dr. John Fenton, Albany, NY.

Bovine Factor X was purified and tritiated as previously
reported (10) to a specific activity of 26,400 cpm/,ug. Bovine
Factor Xa was the gift of Dr. Jolyon Jesty, Stony Brook, NY.
Human Factors IX and X were purified from Factor IX
concentrate (kindly supplied by Cutter Laboratories, Inc.,
Berkeley, CA) by barium citrate absorption and elution, hep-
arin agarose chromatography, benzamidine-agarose chro-
matography, and hydroxyapatite chromatography. Analysis
of the purification and activation on 10% SDS-PAGE gels
by a modification of the method of Laemmli (11) showed
a single band of 56,000 mol wt for Factor IX; this single-
chain protein was converted to a 46,000-mol wt two-chain
protein upon activation. Human Factor IXa was prepared
by activation of purified human Factor IX with human Fac-
tor XIa (a gift of Dr. Allen Kaplan, Stony Brook, NY) at a
65:1 (mol/mol) substrate/enzyme ratio, at 37°C in TBS, 8
mMCa2 , for 2 h (12). The protein concentration of the
Factor IXa preparation was determined by ODat 280 nm,
assuming an A2so'0 of 13.3. Factor XIa was not routinely
removed from the Factor IXa preparation, since control ex-
periments showed that the trace of Factor XIa present (e.g.,
0.03 nM at 2 nM Factor IXa) had no measurable effect on
the activation of Factor X by Factors IXa and VIII. The
molar concentration of Factor IXa in this preparation was
determined by titration against purified bovine antithrombin
III (the gift of Dr. Jolyon Jesty, Stony Brook, NY) in heparin,
0.05 U/ml. By these assays, the total protein concentration
was 330 ug/ml with a factor IXa content of 250 Mg/ml, or
75% of the protein, in agreement with the SDS-PAGEanal-
ysis; the remainder of the protein was presumed to be un-

'Abbreviations used in this paper: BZA, benzamidine;
DAPA, dansyl arginine N-(3-ethyl-1,5pentanediyl)amide;
IGGA-CK, Ile-Glu-GLy-Arg-CH2Cl-2HCl; iPr2PF, diisopro-
pylfluorophosphate; PC, phosphatidylcholine; PMSF, phen-
ylmethylsulfonyl fluoride; PS, phosphatidylserine; SDS-
PAGE, sodium dodecyl sulfate polyacrylamide gel electro-
phoresis; STI, soybean trypsin inhibitor; TBS, Tris-buffered
saline.

activated Factor IX on the basis of the SDS-PAGEanalysis.
These results were also supported by comparison of this Fac-
tor IXa preparation with a reference human Factor IXa,
kindly supplied by Dr. David Aronson, Bethesda, MD. Pu-
rified human Factor X showed a single band of 57,000 ap-
parent mol wt when unreduced, and two bands when re-
duced on Laemmli gels. Tritiation of human Factor X was
performed similarly to that for bovine Factor X, except that
the time of oxidation was reduced to 10 min to retain biologic
activity (at least 75%), with a sp act of 47,900 cpm/ug. Hu-
man Factor X was activated by incubation with purified
coagulant protein from Russell's viper venom (the gift of Dr.
J. Jesty).

Factor IXa inhibition studies. The effects of inhibitors
on human Factor IXa were studied in the Factor IXa assay,
which measured the initial rate of Factor X activation using
tritiated Factor X (4); the assay was modified by making
Factor IXa the final addition, so that possible effects of each
inhibitor on thrombin activation of Factor VIII did not con-
fuse interpretation of the assay. This was accomplished by
incubating Factor VIII (1-5 U/ml, inosithin (60 Mg/ml), 3H-
Factor X (0.26 ,uM), thrombin (0.012 U/ml), and Ca21 (9
mM) at 37°C for 3 min and then adding Factor IXa (2-7
nM) that had been incubated separately with inhibitor or
TBS. The initial rate of Factor X activation, as judged by
the slope of the linear plot of tritiated peptide release during
the first minute of activation, was determined for the Factor
IXa control in TBS vs. Factor IXa in inhibitor. Because this
Factor IXa assay has a coefficient of variation of 5%, an
inhibitor was considered to lack effect on Factor IXa if the
assay of Factor IXa in the inhibitor was within 5% of the
control assay in duplicate experiments. Dansyl arginine N-
(3-ethyl-1,5-pentanediyl) amide (DAPA) was the gift of Dr.
Michael Nesheim and Dr. Kenneth Mann, Mayo Clinic,
Rochester, MN. The oligopeptide chloromethyl ketone in-
hibitor Ile-Glu-Gly-Arg-CH2Cl-2HCl (IGGA-CK) was gen-
erously provided by Dr. Charles Kettner, Brookhaven Lab-
oratories, Brookhaven, NY. Diisopropylfluorophosphate
(iPr2PF), phenylmethyl-sulfonyl fluoride (PMSF), soybean
trypsin inhibitor (STI), hirudin, and Trizma base were pur-
chased from Sigma Chemical Co., St. Louis, MO. Benzam-
idine hydrochloride was purchased from Aldrich Chemical
Co., Inc., Milwaukee, WI, and inosithin from Associated
Concentrates, Woodside, NY. For competitive reversible in-
hibitors (benzamidine, DAPA), the inhibitor concentration
in the final assay mixture, not in the incubation with Factor
IXa, was considered the effective concentration, as listed in
Table I. For inhibitors that are irreversible, and in some
cases time dependent, under the experimental conditions
(iPr2PF, PMSF, STI, hirudin), the inhibitor was incubated
at 37°C for different periods of time with Factor IXa, as
detailed in Table I, and the effective inhibitor concentration
was considered to be that in the incubation mixture with
Factor IXa. In addition, to study the effect of iPr2PF, Factor
IXa was dialyzed overnight against 0.4 M Tris-Cl, pH 8.0.
The dialyzed Factor IXa was then incubated at 37°C with
and without 5 mMiPr2PF for 24 h. Under these conditions,
the pH remains >7.7 over the 24-h period.

Thrombin and Factor Xa inhibition studies. The inhib-
itory effect of STI (20 ,ug/ml), IGGA-CK (1.0 ,M), hirudin
(50 U/ml), or DAPA(2.0 MM) on human thrombin (0.1 nM)
or Factor Xa (0.4 nM) was measured by chromogenic sub-
strate assays with S-2238 (0.05 mM) or S-2222 (0.9 mM),
respectively (9). Thrombin or Factor Xa was incubated with
each inhibitor or phosphate buffer (50 mMphosphate, 0.2%
ovalbumin, pH 7.5) for 5 min at 37°C and then residual
enzyme assayed by the initial rate method in an Acta CIII
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recording spectrophotometer (Beckman Instruments, Inc.,
Fullerton, CA). A reference curve of human thrombin (0.01-
0.18 nM) in phosphate buffer was assayed and used to cal-
culate residual thrombin activity with a lower limit of sen-
sitivity <0.006 nM. Residual Factor Xa activity was calcu-
lated by calibration against a reference curve of purified
bovine Factor Xa (0.1-1.6 nM) in phosphate buffer, with a
lower limit of sensitivity <0.025 nM). Lack of inhibition was
defined as >90% residual activity compared to buffer con-
trol.

Studies on unactivated Factor VIII. Purified human
Factor VIII (the pooled V. peak from Biogel A-15m chro-
matography), which was at least 20-fold activatable by
thrombin at 10-20 mU/ml, was used as the source of un-
activated Factor VIII, although it is not possible to be certain
that it is entirely unactivated. When incubated with Factor
IXa, 3H-Factor X, inosithin, and Ca2 , there consistently was
a lag of at least 2-4 min before Factor X activation was
measurable. Factor X activation in the presence of this un-
activated factor VIII was measured and compared to the
Factor X activation in the presence of an inhibitor of throm-
bin or Factor Xa that did not inhibit Factor IXa (DAPA,
hirudin, STI, or IGGA-CK); the control (without inhibitor)
and inhibitor experiments were performed consecutively on
the same day with the same reagents and were repeated two
to three times on other occasions, with the order of the ex-
perimental parts varied, so as to control for any possible
time-dependent change in the reagents over the 30-60 min
necessary to perform the experiment. Control experiments
were also performed in which subsamples were removed for
S-2222, S-2238, and 3H-Factor-X activation assays before,
and at 8 min after, the final addition of Ca2 , in the presence
and absence of hirudin (50 U/ml) or STI (20 ,ug/ml).

The ability of thrombin to activate Factor VIII in the
presence of STI was tested by adding thrombin (0.04 U/ml)
at 2 min after the final addition of Ca2+ to the mixture of
unactivated Factor VIII, Factor IXa,3H-Factor X, inosithin,
and STI (20 Mg/ml), with and without DAPA, 2.0 AM, and
hirudin, 100 U/ml. The ability of Factor Xa to activate Fac-
tor VIII and shorten the lag in Factor X activation was tested
by incubating bovine Factor Xa 30 ng/ml, with Factor VIII,
3H-Factor X, Ca2+, and inosithin for 2 min before the final
addition of Factor IXa and measuring the subsequent acti-
vation of Factor X. Control experiments were performed
identically, except for either the omission of Factor VIII or
Factor Xa, or the addition of STI, 20 ug/ml.

Studies on the lag in Factor X activation. These studies
were aimed at determining whether the apparent lag in
Factor X activation could be abolished by changing some
variable in the activation and whether the lag was dependent
on the order of addition of the reactants in the mixture. For
the first goal, Factor X activation was studied in the presence
of Factor VIII that was preactivated with increasingly higher
concentrations of thrombin, in an attempt to ensure that the
Factor VIII was fully activated before the final addition of
Ca2+ to the activation mixture. For the second goal, the order
of addition of the reactants was varied so that each of the
five (Ca2 , inosithin or activated platelets, activated Factor
VIII, Factor IXa, and Factor X) was absent from the incu-
bation mixture; after a subsample for scintillation counting
was taken for the "zero time point," representing no acti-
vation, the final reactant was added to the reaction, and
timed subsamples were taken for scintillation counting every
15 s for 1.0-1.5 min. Only the linear portion of the plot of
counts per minute vs. time was used (generally the 15-,
30-, 45-, and 60- s subsamples), and the slope and y intercept
of this linear plot and their standard deviations were cal-

culated using a weighted least-squares program, excluding
the zero time point, on a Minc II minicomputer (Digital
Equipment Corp., Maynard, MA). The counts per minute
at zero time was in all cases <3% of the total counts per
minute in the experiment, which is the usual "base line"
trichloroacetic acid-soluble fraction by this technique (10).
If the counts per minute measured at zero time was within
the 2-SD range of the predicted y intercept, this was con-
sidered evidence that no measurable lag was present (Tables
II and III). Given these 2-SD limits, a lag of 1-2 s or less
might not be detected by these experiments. A zero time
point could not be determined experimentally when tritiated
Factor X was the final addition, because the zero time point
requires the presence of the tritium label in the mixture.
Therefore, the predicted y intercept for this part was com-
pared to the mean of the four zero time points of the other
parts performed on the same day with identical reagents.
When Factor VIII or platelets was the final addition, each
was activated separately with thrombin and added last, so
that the final concentrations of platelets, Factor VIII, and
thrombin, and the duration of activation with thrombin,
were the same in all five experimental parts.

Preparation of fresh washed platelets. Platelets for these
experiments were prepared on the same day from 5-10 ml
of fresh human blood obtained by venipuncture and anti-
coagulated with 1/100 vol of 40% sodium citrate. Platelet-
rich plasma was prepared by centrifugation at 1,800 rpm
for 3.5 min at 22°C. The platelets were pelleted by cen-
trifugation and resuspended and washed three times with
10 ml of TBS, 0.1 mMNa4EDTA. The final platelet pellet
was resuspended in the same buffer, and the volume adjusted
to give a platelet count of 1 X 106/mm3. This platelet sus-
pension showed minimal platelet shape change and clump-
ing by phase microscopy; lower concentrations of Na4EDTA
in the wash buffer did not prevent platelet clumping suf-
ficiently. These unactivated platelets did not support Factor
X activation when substituted for inosithin. However, throm-
bin-activated platelets did support Factor X activation; max-
imal factor X activation was obtained when platelets (at least
0.4 X 106/mm3) were activated with 0.5 U/ml of thrombin,
or higher, for 2-3 min at 370C; the observed initial rates
were equal to or greater than those with inosithin or ceph-
alin. Platelets washed in higher concentrations of Na4EDTA
(1 mM) supported Factor X activation poorly under these
conditions. Platelets washed in TBS in prostaglandin El
(10 MM) (Sigma Chemical Co.) in place of Na4EDTAdid not
clump but also did not support 3H-Factor X activation by
Factors IXa and VIII. These platelets showed >90% inhi-
bition of the release reaction in the presence of thrombin
(0.5 U/ml) as measured by [14C]serotonin release (13).

Kinetic studies of Factor X activation. The initial ve-
locity (v) of Factor X activation was measured at various
Factor X concentrations, both in the presence and absence
of activated Factor VIII, with either activated platelets or
inosithin and with constant Factor IXa and Ca2" concentra-
tions. The 3H-Factor X activation assays were performed by
the following protocol: fresh washed platelets (0.4-0.5 X 106/
mm3) or inosithin (60 Mg/ml), was incubated with human
thrombin (0.5 U/ml) and bovine 3H-Factor X (0.05-0.5 ,uM)
at 370C for a total of 3 min; at 2 min of incubation, human
Factor VIII (4 U/ml), human Factor IXa (2.0 nM), and
IGGA-CK (0.2 MM) were added, a zero-time subsample was
removed, and the final addition of Ca21 (8 mM) was made
at 3 min, followed by timed serial subsampling for scintil-
lation counting of the activation peptides. In experiments
with human 3H-Factor X, purified phosphatidylserine-phos-
phatidylcholine (PS-PC) vesicles (60 Mg/ml) were substituted
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for inosithin, because PS-PC was found to support faster
initial rates of Factor X activation than inosithin. Synthetic
PS (100% dioleoyl) and bovine PC (32% dioleoyl, 9% stearyl,
7% palmitoleoyl, and 44% palmityl) were purchased from
Supelco, Inc., Bellefonte, PA. In the presence of activated
Factor VIII, initial rates were determined by subsampling
every 15 s in the first minute after Ca2' addition. In the
absence of Factor VIII, initial rates were extremely slow,
and subsampling over 20-40 min was necessary to determine
initial rates accurately. Because activated platelets were not
stable over such long time-courses, it was not possible to
study the kinetics of Factor X activation with activated
platelets in the absence of Factor VIII. The kinetic param-
eters Kmand Vmax were determined by linear regression anal-

ysis of Lineweaver-Burk plots, (- vs. I) and Eadie plots, (v
v [s]

v
vs. -). Linear regression calculations were performed on a[s]
TI-59 programmable calculator (Texas Instruments, Inc.,
Dallas, TX).

RESULTS

One explanation for the ability of unactivated Factor
VIII to support Factor X activation after a lag is the
hypothesis that the unactivated Factor VIII becomes
activated by thrombin or Factor Xa during the lag. I
chose to test this hypothesis by studying whether the
ability of unactivated Factor VIII to support Factor
X activation could be blocked by specific inhibition
of Factor Xa or thrombin. To do these studies, I needed
a potent specific inhibitor of thrombin, and another
of Factor Xa, that did not inhibit Factor IXa. A series
of inhibitors was tested against purified human Factor
IXa in the 3H-Factor X activation assay (Table I) and

TABLE I
Effect of Inhibitors on Hunan Factor IXa

Inhibitor Degree of Inhibition t

BZA, 2 mM§ 80%
DAPA, 2.0 IMM None
Hirudin, 450 U/ml None
IGAA-CK, 1.0 AM None
iPr2PF, 5 mM 20% after 1.5 h

100% after 24 h
PMSF, 4 mM 100% after 1 h
STI, 20 Ag/ml None

Each inhibitor, at the concentration indicated, was incubated with
human Factor IXa at 37°C for 5 min, unless otherwise indicated,
and then a subsample was assayed for Factor IXa activity in the
3H-Factor X activation assay.
t Expressed as a percentage of the control assay of Factor IXa
incubated with TBS buffer rather than inhibitor.
§ The inhibitor concentrations listed for (BZA) and DAPAare the
concentrations in the final 3H-Factor X activation assay rather than
the initial incubation with Factor IXa, since rapid reversibility of
inhibitor effect upon dilution into the final assay may be expected.

against thrombin and Factor Xa in the S-2238 and S-
2222 assays. Factor IXa was not inhibited by DAPA
or hirudin at concentrations that gave 90% or greater
inhibition of thrombin and no inhibition of Factor Xa.
STI, a rapid and irreversible inhibitor, had no effect
on human Factor IXa or thrombin at 20 ,g/ml but did
inhibit Factor Xa; STI also inhibited Factor IXa at
much higher concentrations (>200 jig/ml). IGGA-CK,
an irreversible inhibitor, did not inhibit Factor IXa at
1.0 jAM, a concentration which markedly inhibited
Factor Xa (tl/2 < 20 s) and slightly inhibited thrombin
(30% inhibition at 5 min). BZA, iPr2PF, and PMSFall
inhibited Factor IXa.

The lag in Factor X activation with unactivated
Factor VIII was then studied in the presence and ab-
sence of DAPA, hirudin, STI, or IGGA-CK. As ex-
pected, a lag of 2-4 min occurred before Factor X
activation was observed in the presence of unactivated
Factor VIII and Factor IXa (Fig. IA). When DAPA
(0.5 ;iM) or hirudin (50 U/ml) was included in the
assay, partial inhibition in the rate of Factor X acti-
vation was observed but without a major change in the
lag (Fig. 1B and C). With the inclusion of IGGA-CK,
1.0 ,uM, the lag was prolonged, and with STI, 20 ,ug/

1200 r

8001

a.)

400 -

0

0 4 8 12

TIME, minutes
FIGURE 1 Effect of inhibitors on the lag in Factor X acti-
vation with unactivated Factor VIII. The activation of bo-
vine 3H-Factor X, 0.2 MM, was measured as tritiated acti-
vation peptide released (average counts per minute of
duplicate aliquots, minus base-line counts per minute at zero
time) over time in the presence of Factor IXa, 17nM, in-
osithin, 60 Ag/ml, Ca2+, 8 mM, and (A) unactivated Factor
VIII, 4 U/mi (0) and with the added presence of (B) DAPA,
0.5 MM(X), (C) hirudin, 50 U/ml (0), (D) IGGA, 1.0 AM
(A), or (E) STI, 20 Ag/ml (U).
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ml, no Factor X activation was observed (Fig. 1D and
E). The specificity of these inhibitors was also sup-
ported by the observations that STI did not block Fac-
tor X activation when exogenous thrombin was added
during the lag, whereas DAPAand hirudin did (Fig.
2). In addition, preincubation of Factor VIII with Fac-
tor Xa shortened the lag, and this effect was blocked
by STI. It is conceivable that the proposed effect of
Factor Xa during the lag (as in Fig. 1A) is not acti-
vation of Factor VIII, but rather activation of contam-
inating prothrombin to thrombin, which then activates
Factor VIII. If this were the case, one would expect
inhibition of thrombin to prevent subsequent Factor
X activation as well as inhibition of Factor Xa,
whereas, in fact, thrombin inhibitors did not prevent
Factor X activation, while STI, a Factor Xa inhibitor,
did. When thrombin was measured by subsampling
into S-2238 at 0 and 8 min, some thrombin activity
(0.01 U/ml) was detectable by 8 min in the absence
of inhibitors but not in the presence of DAPAor hi-
rudin (as in Fig. lB and C). Thus, in the absence of
any inhibitors, Factor VIII may be activated by both
Factor Xa and thrombin, and this explains why inhi-
bition of thrombin decreases the rate of Factor X ac-
tivation observed. The important point is that only
inhibitors of Factor Xa markedly prolonged the lag.
This suggests a critical role for Factor Xa feedback in
activating Factor VIII.

Inasmuch as the lag in Factor X activation appeared
to be related to the degree of activation of Factor VIII,
I investigated whether the lag could be abolished by
optimal activation of Factor VIII. Experiments with
various thrombin concentration and incubation times
with Factor VIII showed that there was no apparent
lag if Factor VIII was incubated with thrombin, 0.5
U/ml, for 1 min before the final reactant was added
and Factor X activation measured, regardless which
reactant was added last (Fig. 3). The absence of a lag
was then measured more precisely by modifying the
assay technique so that the zero time point measured
experimentally could be compared statistically to the
zero time point predicted by extrapolation of the initial
rate of Factor X activation to the y axis (see Methods).
The experimentally measured zero time point fell
within the 2-SD range of the predicted y axis intercept,
i.e., no lag was measurable, whether Ca2 , inosithin,
activated Factor VIII, Factor IXa, or Factor X was
added last (Table II). This also was true when throm-
bin-activated platelets were substituted for inosithin
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FIGURE 2 Effect of added thrombin or Factor Xa on the lag
in Factor X activation with unactivated Factor VIII. The
activation of human 3H-Factor X, 0.12 MM, was measured
as tritiated activation peptide released over time (average
counts per minute of duplicate aliquots minus average counts
per minute at zero time), in the presence of (A) unactivated
Factor VIII, 4 U/ml, Ca2+, 8 mM, inosithin, 60 Mg/ml, and
Factor IXa, 4.6 nM (X); (B) with added Factor Xa, 0.7 nM
(incubated with Factor VIII, Ca2+, and inosithin for 2 min
before the addition of Factors X and IXa) (0); (C) with
added Factor Xa (as in B) plus STI, 20 Mg/ml (-); (D) with
STI, 20 ,ug/ml, and thrombin, 0.04 U/ml (added at the 2-
min time point during the lag) (A); and (E) with STI, 20
Mg/ml, DAPA, 1.0 MM, hirudin, 100 U/ml, and thrombin,
0.04 U/ml (added as in D) (-).

TIME, seconds

FIGURE 3 Absence of a lag in Factor X activation with ac-
tivated Factor VIII. The activation of bovine 3H-Factor X
was measured (as in Fig. 1) in the presence of thrombin-
activated Factor VIII, with a different reactant added last
in each part: Factor IXa, 1.6 nM (0), Ca2", 8 mM(A), 3H-
Factor X, 0.18 gM (X), Factor VIII, 4 U/ml, preactivated
with thrombin, 0.5 U/ml (0), or inosithin, 60 Mg/ml (O).
Because the plots superimpose, they were plotted in two
separate groups for clarity. The counts per minute measured
at zero time represent the baseline trichloroacetic acid-sol-
uble tritium label present in the 3H-Factor X before acti-
vation (<3.0% of total counts per minute). The increase in
counts per minute over time is linear from zero time (the
addition of the final reactant) to 45-60 s, and the slopes of
all plots are identical.
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TABLE II
Effect of the Order of Addition of Reactants on the Lag

in Factor X Activation

Reactant Predicted Observed
added last y intercept y intercept Initial rate

cpm±l SD CPn CPm/s±1
SD

Inosithin 355±28 350 8.5±1.0
Factor IXa 424±61 404 9.7±2.1
Ca2+ 375±15 373 7.7±1.0
Factor VIII 335±14 321 8.4±0.6
Factor X 366±19 362 9.2±0.9

o The measured counts per minute at zero time (just before addition
of the final reactant), which represents the trichloroacetic acid-
soluble tritium label in the 3H-Factor X before activation.

(Table III). These data make it unlikely that there is
an ordered time-dependent addition of reactants at the
platelet or phospholipid surface, unless the time de-
pendence is <1-2 s, the detection limit for a lag by
these methods. The ability of platelets to support Fac-
tor X activation without a lag requires that the platelets
be optimally activated by thrombin just before they
are to be used in the Factor X activation system (see
Methods).

Another approach to assessing the role of Factor VIII
in Factor X activation is the determination of the ef-
fect on kinetic parameters, such as the Vmax and KM,
of the presence or absence of Factor VIII. The avail-
ability of an initial rate assay of Factor X activation
made it possible to determine these parameters by
varying Factor X concentration with constant concen-
trations of Factor IXa, activated Factor VIII, calcium
ions, and phospholipid (or activated platelets). The
optimal levels of Ca2' and phospholipid suspension
were determined by titration, and the maximum Fac-
tor VIII concentration possible was used, since this was
found to approach saturation, that is, nonrate-limiting

TABLE III
Effect of the Order of Addition of Reactants on the Lag

in Factor X Activation

Reactant Predicted Observed
added last y intercept y intercept Initial rate

cpm±1 SD cpMn cpmn/s±1 SD

Platelets 371±8 361 11.3±1.4
Factor IXa 353±17 380 17.4+0.9
Ca2+ 314±18 327 17.3±0.8
Factor VIII 360±26 325 12.2±0.8
Factor X 382±20 348 17.1±0.9

conditions. I first studied the species-heterologous sys-
tem of human Factors IXa and VIII with bovine Factor
X in the presence of Ca2' and inosithin or thrombin-
activated platelets (Fig. 4). The Km and Vmax were
determined by Lineweaver-Burk plots of the recip-
rocals of initial rate vs. Factor X concentration. An
apparent substrate inhibition occurred at concentra-
tions of Factor X >0.26 MM. Therefore, only the linear
portion of the plots (four data points) could be used
for the linear regression calculation of the slope and
y-axis intercept, and the kinetic parameters obtained
should be considered estimates. The presence of ac-
tivated Factor VIII increased the Vmax from 1.1 to 58.8
pmol/ml per min, a 54-fold increase, while the Km
decreased 2.5-fold from 0.91 to 0.36 AM. When acti-
vated platelets were substituted for inosithin in the
presence of Factor VIII, the Vmax was essentially iden-
tical and the Kmwas very similar at 0.28 MM. A com-
parison with the absence of Factor VIII is not possible
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FIGURE 4 Effect of activated Factor VIII on the kinetics of
bovine Factor X activation. Lineweaver-Burk plots of the
reciprocals of the initial rate of Factor X activation with
various Factor X concentrations in the presence of Factor
IXa, 2.0 nM, Ca2", 8 mM, and inosithin, 60 gg/ml (0);
inosithin and activated Factor VIII, 4 U/ml before activation
(0); thrombin-activated platelets, 0.5 X 106/mm', and ac-

tivated Factor VIII (A). Each point is the average of dupli-
cate experiments, and the plots were drawn from the slope
and y-axis intercept calculated by a linear regression pro-
gram.
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when platelets are employed, because activated plate-
lets are not stable over the long time courses necessary
to measure the slow rates of Factor X activation.

I later repeated these studies with human rather
than bovine Factor X. The Lineweaver-Burk plots
showed that the presence of activated Factor VIII in-
creased the Vm.x 56-fold, from 0.9 to 50.0 pmol/ml per
min and that the Kmwas decreased 6-fold, from 0.81
to 0.14 ,uM (Fig. 5). The latter effect was greater than
that seen when bovine Factor X was used and de-
creased the Km to the range of the plasma concentra-
tion of Factor X. Because Lineweaver-Burk plots are
inordinately influenced by the lower substrate con-
centrations, which tend to be the least accurate, I also
calculated the Km and Vmax from Eadie plots, which
are not subject to this problem. The Kmand Vmax were
0.12 MMand 47.3 pmol/ml per min, respectively, in
the presence of Factor VIII and 0.76 MMand 0.82
pmol/ml per min in its absence. In contrast to the
results with bovine Factor X, no substrate inhibition
was observed at high concentrations of human Factor
X in the presence of Factor VIII. Studies using acti-
vated platelets, instead of PS-PC vesicles, showed that,
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FIGURE 5 Effect of activated Factor VIII on the kinetics of
human Factor X activation. Lineweaver-Burk plots of the
reciprocals of the initial rate of Factor X activation with
various Factor X concentrations in the presence of Factor
IXa, 2.0 nM, Ca2", 8 mM, and PS-PC vesicles, 60 Ag/ml
(0); and activated Factor VIII, 4 U/ml, before activation
(0). See legend, Fig. 3, for further details.

at platelet concentrations of 0.4 X 106/mm3, platelets
supported initial rates of Factor X activation that usu-
ally were less than those with PS-PC. Increasing the
platelet concentration to 1.2-2.6 X 106/mm3 supported
initial rates 25-40% higher than PS-PC or lower con-
centrations of platelets. When Factor X concentration
was varied from 0.07 to 0.46 AMwith platelets at 0.4
X 106/mm3, linear Lineweaver-Burk plots were ob-
tained with a Vmax of 15.0 pmol/ml per min and an
apparent Km of 0.36 ,tM (results not shown; experi-
ments performed as with PS-PC, Fig. 5). With a higher
concentration of platelets (1.2 X 106/mm3), both the
apparent Kmand Vmax were higher at 1.49 ,uM and 212
pmol/ml per min (or 106 mol Factor Xa/min per mol
Factor IXa). Using this Vmax, one obtains an estimated
turnover number of 1.6/s for Factor IXa, whereas an
estimate of 0.4/s is obtained with the Vmax (50 pmol/
ml per min) determined in the presence of PS-PC ves-
icles.

DISCUSSION

Previous studies have supported the concept that Fac-
tor VIII exists in a precursor form that must be acti-
vated to act as a cofactor in Factor X activation (4,
14). The evidence includes the observations that
thrombin inhibitors such as hirudin (5) or DAPA (15)
block the expression of plasma Factor VIII activity,
suggesting that feedback activation of Factor VIII by
thrombin is a necessary prerequisite in plasma, at least
in vitro. However, Factor Xa also activates Factor VIII
in vitro (6, 16) and might be as likely a candidate for
this role in vivo as thrombin, especially at the platelet
surface, which has receptors for both Factors Xa and
thrombin (17, 18). The interpretation of previous stud-
ies must be cautious because of the relative nonspec-
ificity of clotting assays (5, 13), the controversy as to
whether hirudin inhibits Factor IXa as well as throm-
bin (5, 19-21) and the difficulty in proving whether
a zymogenlike form of Factor VIII has no activity vs.
a small degree of activity (4, 14). Studies using an
initial-rate assay of 3H-Factor X activation (4, 15) have
an advantage over clotting assays or chromogenic as-
says in that the effect of Factor VIII or Factor IXa on
the isolated, forward rate of Factor X activation can
be studied without the potential confusion of feedback
reactions if potent inhibitors of thrombin and/or Fac-
tor Xa are included. With this method, I have shown
that hirudin does not inhibit Factor IXa. It is possible
that other investigators (19, 20) interpreted inhibition
of thrombin activation of Factor VIII by hirudin as
inhibition of Factor IXa. I also found that Factor IXa
is inhibited slowly by iPr2PF (5 mM). Other investi-
gators found no inhibition of Factor IXa after a 1-h
incubation with 5 mMiPr2PF under somewhat dif-
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ferent conditions (12). This may not represent a major
disagreement with my data, which would predict a
10-15% inhibition at 1 h; such a small difference may
be difficult to demonstrate, depending on the accuracy
of the assay.

The lag in Factor X activation in the presence of
unactivated Factor VIII was studied in the presence
of specific inhibitors of Factor Xa or thrombin that did
not inhibit human Factor IXa. Thrombin inhibition
by DAPA (22) or hirudin had some effect on the rate
of Factor X activation but did not prolong the lag; the
effect on the rate was probably due to inhibition of
a trace of contaminating thrombin or thrombin-acti-
vated Factor VIII. In contrast, inhibition of Factor Xa
markedly prolonged the lag. These studies support the
conclusion that unactivated Factor VIII has no cofac-
tor activity and that activation of Factor VIII by Fac-
tor Xa is an important reaction. WhenFactor VIII was
optimally preactivated by thrombin, no lag occurred,
whether inosithin or activated platelets were used. This
data weighs against the hypothesis that a time-depen-
dent ordering of reactants is obligatory at the platelet
or phospholipid surface. However, in vivo some lag
might occur while activation of both Factor VIII and
platelets proceeds at a site of vessel injury.

I was unable to demonstrate any significant ability
of unactivated platelets to support Factor X activation.
Thrombin-treated platelets did support Factor X ac-
tivation, an effect which was blocked by prostaglandin
El, although prostaglandin El has no effect on Fac-
tor VIII activation by thrombin. Kane et al. (23) found
that unactivated platelets, in the presence of DAPA
and preactivated Factor Va, bind as much Factor Xa
as activated platelets. The same laboratory had pre-
viously shown that the rate of thrombin formation was
directly proportional to the platelet concentration
when the Factor Xa binding sites were saturated (17).
It is therefore possible that unactivated platelets sup-
port prothrombin activation but not Factor X activa-
tion. I was unable to perform experiments with un-
activated platelets in DAPAsimilar to those of Kane
et al., because DAPA causes an immediate, marked
decrease in preactivated Factor VIII (16) and thus is
not useful to separate the effects of thrombin on plate-
lets vs. Factor VIII. The fact that thrombin-treated
platelets served as an effective substitute for phospho-
lipid cofactor in Factor X activation in vitro supports
the likelihood that Factor X activation occurs at the
stimulated platelet surface in vivo.

I also investigated a kinetic approach to evaluating
the mechanism of cofactor activity of Factor VIII. The
apparent Kmand Vmax were determined in the presence
and absence of activated Factor VIII, with various
Factor X concentrations. When bovine Factor X was
employed, linear Lineweaver-Burk plots were ob-

tained, except at high concentrations of Factor X, in
the presence of Factor VIII (Fig. 4). This apparent
substrate inhibition has been reported by Brown et al.
(24), but they did not evaluate Factor X activation in
the absence of Factor VIII. In my studies this nonlin-
earity did not occur in the absence of Factor VIII,
making it unlikely that a contaminating Factor IXa
inhibitor or second enzyme was present in the Factor
X preparation. A contaminant in the Factor VIII prep-
aration is also unlikely, because no substrate inhibition
occurred with human Factor X in the presence of the
same human Factor VIII preparation (Fig. 5). For bo-
vine Factor X, the presence of activated Factor VIII
had a major effect on the Vmax, increasing it 54-fold,
and a lesser effect on the Km, decreasing it 2.5-fold.
The Km in the presence of Factor VIII (0.36 AM) was
similar to that measured in dilute bovine plasma, 0.39
AM (25). A major effect on the Vmax for bovine Factor
X in the presence of bovine Factor VIII has also been
reported by van Dieijen et al. (26), who used a chro-
mogenic substrate assay for Factor Xa generation.
They also showed that the Kmis highly dependent on
the phospholipid concentration, and thus this value
should be considered an apparent Km. In contrast to
bovine Factor X, the presence of activated Factor VIII
had a major effect on the Km for human Factor X,
decreasing it sixfold to 0.14 MM, and a similar large
effect on the Vmax, increasing it 56-fold. The decrease
in Km to the plasma concentration of Factor X (-0.14
MM) suggests that this effect of activated Factor VIII
may be of physiologic significance, since changes in
plasma Factor X concentration would be expected to
have a major effect on the rate of Factor X activation.
All of the kinetic data may be affected by the presence
of large amounts of von Willebrand factor in the hu-
man Factor VIII preparation, purified by the presently
available techniques. Recent data for bovine Factor
VIII demonstrate that separation of the von Wille-
brand factor can be achieved, with marked increase
in purity of the Factor VIII (6). If this method is suc-
cessfully applied to human Factor VIII, it will be in-
teresting to study the kinetic effect of Factor VIII in
the absence of von Willebrand factor.

An isolated effect of decreasing the Km, as with phos-
pholipid (26, 27), suggests that the cof actor mechanism
involves localization of substrate in proximity to the
enzyme. The effect of activated Factor VIII on both
the Km and Vmax may be explained by a number of
mechanisms. For example, Factor VIII could increase
the proteolytic efficiency of Factor IXa by changing
the conformation or effective concentration of Factor
IXa at the platelet surface, or by improving the sub-
strate conformation. These studies suggest a hypothesis
of Factor VIII function in which Factor VIII, activated
at the surface of stimulated platelets, then potentiates
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Factor X activation by binding Factor IXa or Factor
X at the platelet surface in a fashion that promotes a
catalytically efficient interaction between the two.
Such a mechanism is also suggested by the demon-
stration that activated Factor V acts as a receptor for
Factor Xa on platelets and promotes prothrombin ac-
tivation (17, 23) and that activated bovine Factor V
has a major effect on the Vmax of prothrombin acti-
vation (28). Whether a similar mechanism for Factor
VIII function can be demonstrated conclusively re-
mains to be seen; current studies in this laboratory are
directed to this goal.
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