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We have recently reported that plasmin likely associates with
the factor VIII light chain to proteolyze at Lys®® within the Al
domain. In this study, we determined that the rate of plasmin-
catalyzed inactivation on the forms of factor Villa containing
A1-(1-336) and '"?2A3C1C2, reflecting Lys36 cleavage, was
reduced by ~60%, compared with those containing '**°A3C1C2
and %PA3C1C2. SDS-PAGE analysis revealed that Lys*® cleav-
age of factor VIIla with '7?2A3C1C2 was markedly slower than
those with 1**®A3C1C2 and ***°A3C1C2. Surface plasmon res-
onance-based assays, using active site-modified anhydro-plas-
min (Ah-plasmin) showed that '7?2A3C1C2 bound to Ah-plas-
min with an ~3-fold lower affinity than '®?A3C1C2 or
16904 3C1C2 (K, 176, 68.2, and 60.3 nwm, respectively). Recombi-
nant A3 boundto Ah-plasmin (K, 44.2 nm), whereas C2 failed to
bind, confirming the presence of a plasmin-binding site within
N terminus of A3. Furthermore, the Glu-Gly-Arg active site-
modified factor IXa also blocked '"?2A3C1C2 binding to Ah-
plasmin by ~95%, supporting the presence of another plasmin-
binding site overlapping the factor [Xa-binding site in A3. In
keeping with a major contribution of the lysine-binding sites in
plasmin for interaction with the factor VIII light chain, analysis
of the A3 sequence revealed two regions involving clustered
lysine residues in 1690 -1705 and 1804-1818. Two peptides
based on these regions blocked '**?A3C1C2 binding to Ah-plas-
min by ~60% and plasmin-catalyzed Lys?® cleavage of factor
VIila with A1-(1-336) by ~80%. Our findings indicate that an
extended surface, centered on residues 1690-1705 and 1804
1818 within the A3 domain, contributes to a unique plasmin-
interactive site that promotes plasmin docking during cofactor
inactivation by cleavage at Lys>®,

Factor VIII circulates as a complex with von Willebrand fac-
tor and functions as an essential cofactor in the tenase complex
responsible for anionic phospholipid surface-dependent con-
version of factor X to Xa by factor IXa (1). Molecular defects in
factor VIII result in the congenital bleeding disorder, hemo-
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philia A. Factor VIII is composed of 2,332 amino acid residues
with a molecular mass of ~300 kDa and contains three types of
structural domain, arranged in the order of A1-A2-B-A3-
C1-C2 (2, 3). Mature factor VIILis processed to a series of metal
ion-dependent heterodimers by cleavage at the B-A3 junction,
generating a heavy chain consisting of the A1 and A2 domains,
together with heterogeneous fragments of a partially proteo-
lyzed B domain, linked to a light chain consisting of the A3, C1,
and C2 domains (2-4).

Factor VIII is converted into an active form, factor VIlla, by
limited proteolysis catalyzed by either thrombin or factor Xa
(5). Cleavages at Arg®”? and Arg’* in the heavy chain produce
50-kDa Al and 40-kDa A2 subunits. Cleavage of the 80-kDa
light chain (***?A3C1C2) at Arg**®® produces a 70-kDa
A3C1C2 subunit (***°A3C1C2). Additional cleavage by factor
Xa at Arg'”' produces a 67-kDa A3C1C2 subunit
(*"22A3C1C2). Proteolysis at Arg®”* and Arg'®® is essential for
generating factor VIIIa cofactor activity (6). Cleavage at the
former site exposes a functional factor IXa-interactive site
within the A2 domain that is cryptic in the unactivated mole-
cule (7). Cleavage at the latter site liberates the cofactor from its
carrier protein, von Willebrand factor (8), and contributes to
the overall specific activity of the cofactor (9, 10).

APC? (5), factor Xa (5), and factor 1Xa (11) are serine pro-
teases that inactivate factor VI1I(a) by cleavage at Arg®3¢ within
the A1 subunit. This inactivation appears to be associated with
an altered interaction between the A2 subunit and truncated
Al and is coupled with an increase in the K, value for the
substrate, factor X (12, 13), reflecting loss of a factor X-interac-
tive site within residues 337-372 (14). In addition, a second
specific cleavage site for factor Xa, Lys‘%, was identified within
the A1 subunit (13). Attack at this site also results in factor VIII
inactivation mediated by an altered conformation of the Al
subunit limiting productive interaction with the A2 subunit
(13).

Plasmin is a potent fibrinolytic protease and is composed of a
heavy chain consisting of five kringle domains and a light chain
containing the catalytic domain. The protease associates with
numerous proteins via the LBS on the exposed surface (15).
Several reports have shown that plasmin proteolytically inacti-

2The abbreviations used are: APC, activated protein C; LBS, lysine-binding
site; EGR-factor 1Xa, Glu-Gly-Arg active site-modified factor IXa; mAb,
monoclonal antibody; rA3, recombinant A3; rC2, recombinant C2; Ah-plas-
min, anhydro-plasmin; CAPS, 3-{cyclohexylamino)-1-propanesulifonic acid;
SPR-based assay, surface plasmon resonance-based assay; ELISA, enzyme-
tinked immunosorbent assay.
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vates several coagulation proteins, including factors Va (16, 17),
VIII (18), IXa (19), and X (20). In detail, we have demonstrated
that plasmin rapidly inactivates factor VIII by cleavage at Arg®>¢
(18). Direct binding assays using Ah-plasmin, a catalytically
inactive derivative of plasmin, revealed that plasmin interacts
with the factor VIl heavy chain, predominantly the A2 domain,
with high aftinity (K, ~6 and ~20 nm, respectively), in a mech-
anism largely independent of LBS (21). Our findings demon-
strated, in particular, that Arg*? in the A2 domain significantly
contributes to a unique plasmin-interactive site within the
heavy chain that promotes plasmin docking during cleavage of
the heavy chain (21).

In contrast, plasmin interacts with the factor VIII light chain
with moderate affinity (K, ~70 nm), predominantly through
LBS-dependent mechanisms (21). Our previous data suggested
that plasmin cleavage at Lys® within the A1 domain appears to
be selectively regulated by the light chain (18). In this study, we
have expanded our studies using truncated light chain, recom-
binant factor VIII subunits, and synthetic peptides, and identi-
fied plasmin-interactive sites within the light chain responsible
tor cleavage at Lys®®. Our results indicate that an extended sur-
face centered on lysine residues involving the 1690 -1705 and
18041818 regions in the A3 domain contributes to a unique
plasmin-interactive site that promotes plasmin docking during
cofactor inactivation by cleavage of the heavy chain at Lys®¢.

MATERIALS AND METHODS

Reagents—Purified recombinant factor VIII preparations
and the monoclonal antibody (mAb58.12) recognizing the N
terminus of the A1 domain (22) were generous gifts from the
Bayer Corp. (Osaka, Japan). The mAb NMC-VIII/5 recognizing
the C2 domain was puritied as described previously (23). Puri-
fied human plasmin (Lys-plasmin) devoid of factor Xa or APC
was purchased from Sigma, Ah-plasmin, a catalytically inactive
derivative of plasmin in which the active site serine is replaced
by dehydroalanine, was prepared as described previously (21).
The modified product demonstrated <<1% plasmin activity, and
its molecular weight was similar to that of native plasmin. Fac-
tor IXa, Glu-Gly-Arg active site-modified factor IXa (EGR-fac-
tor 1Xa), factor Xa, and thrombin were obtained from Hemato-
logic Technologies Inc. (Essex Junction, VT). Pefabloc and
horseradish peroxidase-labeled streptavidin were purchased
from Roche Applied Science and Chemicon (Melbourne, Aus-
tralia), respectively. Phospholipid vesicles containing 10%
phosphatidylserine, 60% phosphatidylcholine, and 30% phos-
phatidylethanolamine (Sigma) were prepared using N-octyl
glucoside (24). The mAb IgG preparations were biotinylated
using N-hydroxysuccinimido-biotin reagent (Pierce). Synthetic
peptides corresponding to factor VIII A3 residues 1690-1705
and 1804 —1818 were prepared by BioSynthesis, Inc. (Lewisville,
).

Isolation of Factor Villa Subunits—The intact light chain
(***?A3C1C2) and heavy chain were isolated from factor VIII
following the SP- and Q-Sepharose chromatography (Amer-
sham Biosciences) (7). The %°°A3C1C2 and "*2A3C1C2 sub-
units were purified from thrombin- and factor Xa-cleaved
169A3C1C2 subunit, respectively, following SP-Sepharose
chromatography (10, 25). The A1-(1-372) subunit was purified
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from thrombin-cleaved heavy chain using Mono Q columns
(12). The A1-(1-336) and A1-(37~336) subunits were purified
from APC- and factor Xa-cleaved Al subunits, following SP-
and chelate-Sepharose, respectively (13). Factor VIlla was iso-
lated from thrombin-cleaved factor VIII by CM-Sepharose
chromatography (Amersham Biosciences) (27). SDS-PAGE
and staining of the isolated subunits with GelCode Blue Stain
Regent (Pierce) showed >95% purity. Protein concentrations
were determined by the method of Bradford (28).

Expression and Purification of Recombinant A3 (rA3) and C2
(rC2) Domains—The rA3 domain of factor VIII (residues
1690 -2019) was expressed in Escherichia coli using the pET
expression system (Novagen, Madison, WI). The pMT2/factor
VIII plasmid containing the B domain-deleted factor VIII gene
(29) was obtained from Dr. Pipe (University of Michigan, Ann
Arbor, MI). DNA fragments encoding the A3 domain were gen-
erated by PCR using pMT2/factor VII as a template and a pair
of corresponding primers. The amplified fragments were
ligated with pET-20b(+) expression vectors. Plasmid DNA was
purified, and the sequence was confirmed by direct sequencing
in both directions using Applied Biosystems technology (Foster
City, CA). The plasmid was used for transformation of
Origami(DE3)pLysS E. coli cells (Novagen), the host strain for
the protein expression. The protein was expressed and subse-
quently purified using a His-Select atfinity cartridge (Sigma).
Proper folding of the rA3 fragment was confirmed by determi-
nation of the affinities for conformationally sensitive anti-A3
mAb CLB-CAgA (30). The cDNA coding the C2 domain
sequence of human factor VIII was constructed, transtormed
into Pichia pastoris cells, and expressed in a yeast secretion
system as described previously (31). The rC2 protein was puri-
tied by ammonium sulfate fractionation and CM-Sepharose
chromatography (Amersham Biosciences) as described previ-
ously (31).

Reconstitution of Factor Villa Form—The A1/A3C1C2
dimer was reconstituted by mixing 500 nm of A1 form (A1-(1-
372), A1-(1-336), and A1-(37-336)) and an equimolar amount
of A3C1C2 form (*$*°A3C1C2, 1*°A3C1C2, and ??A3C1C2)
overnight at 4°C in 20 mm HEPES, pH 7.2, 0.3 M NaCl, 25 mm
CaCl,, and 0.01% Tween 20 (13). Furthermore, the reconsti-
tuted A1/A3C1C2 dimer forms (100 nm) were reacted with the
excess amounts (300 nm) of A2 subunit for > 15 min at 22 °C to
minimize the A2 subunit dissociation from factor V1IIa. Reac-
tion for >15 min generated the maximal factor VIIIa activity.

Factor Xa Generation Assay—The rate of conversion of fac-
tor X to factor Xa was monitored in a purified system (13).
Plasmin-catalyzed inactivation of factor Viila was performed in
HBS buffer (20 mm HEPES, pH 7.2, 0.1 M NaCl, 5 mm CaCl,,
0.01% Tween 20) containing 0.1% bovine serum albumin and
phospholipid vesicles (10 um). Samples were removed from the
mixtures at the indicated times, and plasmin reaction was
immediately quenched by the addition of 0.2 mM Pefabloc and
dilution. All reactions were performed at 37 °C. Factor Xa gen-
eration was initiated by the addition of factor IXa (20 nm) and
factor X (400 nm) in the presence of phospholipid (10 um). The
reaction was quenched by addition of EDTA (100 mu). Rates of
factor Xa generation were determined at 405 nm using a micro-
titer plate reader after the addition of chromogenic substrate,
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$-2222 (0.46 muM final concentration). A control experiment
showed that the presence of plasmin and Pefabloc in the diluted
samples did not affect this assay (data not shown). Factor Villa
activity was determined as the amount (in nanomoles) of factor
Xa generated per min and converted into the amount (in nano-
moles) of factor Vllla.

Experiments assessing the stability of factor VIlla were per-

formed in the absence of plasmin to determine the rates of

factor VIla activity loss resulting from the A2 dissociation. At
the concentrations employed, ~5% loss of the initial activity
was observed over a 20-min time course. Thus, for each time
point in this experiment, including plasmin, the observed resid-
ual activity was corrected for the contribution of activity loss
from the plasmin-independent mechanism.

Cleavage of Factor Vilia Forms by Plasmin—Human plasmin
(4 nM) was added to the reconstituted factor Vila forms (100
nm) at 37 °C in HBS buffer containing phospholipid vesicles (10
uM). Samples were obtained at the indicated times, and the
reactions were immediately terminated and prepared for PAGE
by adding SDS and 2-mercaptoethanol and boiling for 3 min.

Electrophoresis and Western Blotting—SDS-PAGE was per-
formed using 8% gels by the procedure of Laemmli (32). Elec-
trophoresis was carried out at 150 V for 1 h. For Western blot-
ting, the proteins were transferred to a polyvinylidene
difluoride membrane at 50 V for 2 h in buffer containing 10 mm
CAPS, pH 11, and 10% (v/v) methanol. Proteins were probed
using anti-A1 mAb58.12, followed by goat anti-mouse peroxi-
dase-linked secondary antibody (MP Biomedicals, Aurora,
OH). The signals were detected using the enhanced chemilu-
minescence system (PerkinElmer Life Sciences).

Kinetics Measurements Using Real Time Biomolecular Inter-
action Analysis—The kinetics of factor VIII light chain and
plasmin interaction were determined by SPR-based assays
using a BlAcore X instrument (BIAcore AB, Uppsala, Sweden)
as reported previously (21). Ah-plasmin was covalently coupled
(~7 ng/mm?) to a CM5 sensor chip surface. Association of the
ligand was monitored at a flow rate of 20 ul/min for 4 min. The
dissociation of bound ligand was recorded over a 4-min period
by replacing the ligand-containing buffer with buffer alone. The
level of nonspecific binding corresponding to ligand binding to
the uncoated chip was subtracted from the signal. The reac-
tions were run at 37 °C. The rate constants for association (k)
and dissociation (k,) were determined by nonlinear regression
analysis using the evaluation software provided by BIAcore AB.
Equilibrium dissociation constants (K} were calculated as
k ik,

ELISA Binding Assays Using Immobilized Ah-plasmin—
These assays were performed as reported previously (21).
Briefly, Ah-plasmin (200 nMm) was coated onto microtiter wells
overnight at 4 °C. The wells were blocked with 5% bovine serum
albumin for 2 h at 37°C, and various concentrations of the
A3C1C2 subunits were added and incubated for 2 h at 37 °C.
Biotinylated anti-C2 NMC-VIIl/5 mAb IgG (1 pg) was added to
each well, and bound IgG was detected by addition of horserad-
ish peroxidase-labeled streptavidin. The absorbance was meas-
ured at 492 nm with a Labsystems Multiskan Multisoft micro-
plate reader (Labsystems, Helsinki, Finland). The amount of
nonspecific binding of biotinylated IgG, observed in the
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absence of A3C1C2, was <5% of the total signal, and the
amount of specific binding was obtained by subtracting the
amount of nonspecific binding of biotinylated IgG.

Data Analysis—All experiments were performed at least
three separate times. The parameters and their standard errors
are shown. Nonlinear least squares or linear regression analysis
was performed by KaleidaGraph (Synergy Reading, PA). The
rates of the slope of first several points (within 5 min) in the
time course of the plasmin-catalyzed inactivation of factor
Villa form were fitted to a straight line from linear regression,
and the obtained values were expressed as the inactivation rate.
All correlation values (r) were >0.99.

Analyses of the interactions between the different forms of
A3C1C2 and Ah-plasmin in ELISA were performed by a single-
site binding model using Equation 1,

Amax* [S]

= Eq.
K, + 5] €al)

where [S} is the concentration of A3C1C2 form in the solid-
phase binding assay; K, is the dissociation constant; and A,
represents maximum absorbance signal when the site is satu-
rated by the A3C1C2 form.

Data from studies assessing the EGR-factor IXa or A3 syn-
thetic peptide-dependent inhibition of plasmin interaction
with A3C1C2 form were fitted by nonlinear least squares
regression by using Equation 2,

B...x ' [A3C1C2 form]

L
Ky (l + %1) + [A3C1C2 form]

% binding =

+C

€q. 2}

where L represents the concentration of EGR-factor 1Xa or A3
peptide; B, . represents maximum binding; K, is the dissocia-
tion constant for the interaction between the A3C1C2form and
Ah-plasmin; K;, is the apparent inhibition constant for L; and C
is a constant for binding of the A3C1C2 form and Ah-plasmin
that was unaftected by L.

RESULTS

Plasmin-catalyzed Inactivation of Factor VIila Reconstituted
with the A" and Various A3CIC2 Forms—We have
recently reported that plasmin appears to associate with the
light chain of factor VIII to regulate the proteolytic cleavage at
Lys®® within the A1 subunit by its protease (18). To investigate
whether the light chain contributes to plasmin-catalyzed factor
VIlla inactivation because of Lys®® cleavage, we first examined
the effect on plasmin-catalyzed inactivation of factor Vllla
forms reconstituted with various A3C1C2 forms. Intact A1-(1-
372) subunit is proteolyzed at Arg®* and Lys®® by plasmin, and
the former cleavage significantly contributes to the factor Vllla
inactivation (18). Therefore, the A1-(1-336) subunit was uti-
lized instead of the A1-(1-372) to observe the effect of Lys®®
cleavage alone. Factor Vllla forms were reconstituted in two-
step procedures. The A1-(1-336)/A3C1C2 dimer forms were
prepared by reacting the equimolar concentrations (500 nm) of
the A1-(1-336) and isolated A3C1C2 subunits {***?A3C1C2,
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FIGURE 1. Plasmin-catalyzed inactivation of factor Vllla forms reconsti-
tuted with various A1 and A3C1C2 subunits. The A1-(1-336} or A1-(37-
336) {inset) subunit was reconstituted with the '®*A3C1C2 (open circles),
18%A3CIC2 (closed circles), and Y?2A3C1C2 (open squares) subunits as
described under "Materials and Methods.” The A1/A3C1C2 dimers (100 nm)
were reacted with the A2 subunit (300 nm) and phospholipid vesicles (10 um).
Factor Vllla inactivation was then monitored over time in the presence of
plasmin (1 nm) using a factor Xa generation assay. Plasmin-catalyzed inacti-
vation values were corrected by subtracting the corresponding values for
factor Viila decay observed in the absence of plasmin. Solid lines were drawn
from the finear regression fitting to evaluate the rate of plasmin-catalyzed
inactivation of factor Villa with A1-(1-336) or A1-(37-336).

1$99A3C1C2, and "?2A3C1C2) in the presence of Ca?*. The
resultant dimers were diluted 5-fold and reacted with the A2
subunit (300 nMm) to generate factor VIlla heterotrimers. The
A2 subunit was used at higher concentration to minimize its
inactivation because of A2 dissociation from A1/A3C1C2
dimer. Inactivation of various factor VIlla forms were then
monitored over time in the presence of plasmin (1 nm) and
phospholipid vesicles (10 uM) using a factor Xa generation
assay as described under “Materials and Methods.” The pres-
ence of plasmin and Pefabloc in the diluted samples did not
affect this assay (data not shown). These data are illustrated
in Fig. 1 and Table 1.

In the absence of plasmin, the maximal generated factor Xa
obtained at saturable levels of reconstituted factor VIlla with
A1-(1-336) and the loss (decay) of its activity were similar
(Vinaxs ~55 nM/min and ~5% activity loss at 20 min, respec-
tively), independent of various A3C1C2 forms (data not
shown). The activity of factor VllIa forms with '***A3C1C2
subunit was rapidly reduced in a time-dependent manner by
the addition of plasmin, similar to that of factor VHIa with
1490 A3C1C2, with similar inactivation rates. The reduced activ-
ity reached ~55% of initial activity at 20 min. Of interest, slower
inactivation of factor VIlla with '22A3C1C2 by plasmin was
observed, compared with "**A3C1C2 and "**°A3C1C2. The
activity was reduced by ~30% at 20 min, and the inactivation
rate. was ~45% that observed with '**°A3C1C2 and
1690 ABC1C2. These results suggested that the N terminus of the
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TABLE 1

Rates of plasmin-catalyzed inactivation of factor Vilia forms
reconstituted with various A1 and A3C1C2forms

Inactivation of factor Villa forms was estimated by the rate obtained using the
straight line fitting by the first several points (within 5 min) of the data shown in Fig.
1. Data points represent mean * 5.D. values of at least three separate experiments.

L Al form
A3C1C2 form ALk FYEED
Inactivation rates
199A3CIC2 7.8 £ 02 0.2 + 0.04
1%9A3C1C2 7.9 £ 04 0.2 = 0.05
122A3C1C2 34102 0.2 2 0.03

light chain might be associated with plasmin-catalyzed inacti-
vation of factor VIlla with A1-(1-336) mediated by cleavage at
Lys®.

To further examine that inactivation of factor Villa with
A1-(1-336) subunit by plasmin attributed to Lys* cleavage, we
repeated the same experiments using factor VIla forms recon-
stituted with the A1-(37-336) subunit, deleting the A1-(1-36).
Factor VIIla forms with the A1-(37-336), and various A3C1C2
subunits were reconstituted by the same approach. Independ-
ent of A3C1C2 forms, the maximally generated factor Xa and
the activity loss (decay) of factor VIIIa forms were similar (V,,,,
~25 nm/min and ~5% activity loss, respectively) in the absence
of plasmin (data not shown). Three factor VIlla forms with
A1-(37-336) were, however, little inactivated (by ~5%) by plas-
min even at over a 20-min reaction (Fig. 1, inset). Inactivation
rates were similar, supporting the view that plasmin-catalyzed
inactivation of factor VIlla with A1-(1-336) subunit was regu-
lated by Lys® cleavage.

Addition of Various A3C1C2 Forms on Plasmin-catalyzed
Inactivation of Factor VIlla with A1'~3%—To contfirm that the
N terminus of the A3C1C2 domain is responsible for plasmin-
catalyzed inactivation of factor VIIla, we examined the inhibi-
tory effects by the addition of various A3C1C2 forms on these
reactions. The A1-(1-336)/1%**A3C1C2 dimer was reconsti-
tuted with excess amounts of A2 subunit, and factor VIila inac-
tivation was then monitored by the addition of plasmin (1 nm)
in the presence of various A3C1C2 in a factor Xa generation
assay as described under "Materials and Methods.” The pres-
ence of competitors, A3C1C2 forms, did not affect this assay
(data not shown). These data are illustrated in Fig. 2 and Table
2. The addition of the ****A3C1C2 and %*°A3C1C2 subunits,
rA3 domain (residues 1690-2019) (75 nm), each similarly
inhibited plasmin-catalyzed inactivation of factor VIIla with
A1-(1-336), with an ~55% decrease in inactivation rate. Fur-
thermore, the addition of a higher concentration (250 nm) of
these A3C1C2 forms showed ~90% decreases in inactivation
rates. In contrast, in the presence of 77*>A3C1C2, the inactiva-
tion rates were reduced by ~30 and ~55% at both concentra-
tions, respectively, and the inhibitory effects were less than
those of the other three A3C1C2 forms. The presence of rC2
domain (residues 2174—2332) had little effect. Taken together,
these findings indicated that the 1690 -1721 region in the A3
domain contributed to plasmin-catalyzed inactivation of factor
Vllla through Lys® cleavage.

Effects of the A3C1C2 Forms on Plasmin-catalyzed Cleavage
at Lys™® within the A1 Domain—To evaluate visually the effect
ofthe various A3C1C2 forms on cleavage by plasmin at Lys® in
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FIGURE 2. Effects of the addition of A3C1C2 form on plasmin-catalyzed
inactivation of factor Vilia forms with A1'-335, Reconstituted A1-(1-336)/
1649A3C1C2 dimer (100 nm) reacted with the A2 subunit (300 nm) and phos-
pholipid vesicles (10 um). Factor Vilia inactivation was then monitored over
time in the presence of various A3C1C2 forms (75 nm) and plasmin (1 nm)
using a factor Xa generation assay. The symbols used are as follows: open
circles, no A3C1C2; closed circles, '°**A3C1C2; open squares, '**A3CIC2;
closed squares, '7*2A3C1C2; open triangles, A3; closed triangles, C2. Plasmin-
catalyzed inactivation values were corrected by subtracting the correspond-
ing values for factor Villa decay observed in the absence of plasmin. Sofid lines
were drawn from the linear regression fitting to evaluate the rate of plasmin-
catalyzed inactivation of factor Vllla with A1-(1-336).

TABLE 2
Rates of plasmin-catalyzed inactivation of factor Villa with A1'733¢ by
the addition of exogenous A3C1C2 forms

Inactivation of factor VIlla forms was estimated by the rate obtained using the
straight line fitting by the first several points (within 5 min) of the data shown in Fig.
2. Data points represent mean * S.D. values of at Jeast three separate experiments.

Addition of exogenous A3C1C2 form

Amounts
169A3CIC2 7°A3CIC2 '"PA3C1C2 RA3 rC2
" Inactivation rates
0 8.0+ 04 8.0+ 04 8004 80204 80+04
75 37202 3.6 1 0.2 58+02 3701 8102
250 0.7 0.2 08+ 02 37203 06202 79+403

the Al subunit, the A1-(1-372)/A3C1C2 dimer forms
(1*°A3C1C2, ¥*°A3C1C2, and "?2A3C1C2) were reconsti-
tuted with the A2 subunit by the same approach. Factor VIlIa
forms were then incubated with plasmin (4 nm), followed by
Western blotting analyses using anti-Al mAb58.12 for detec-
tion (Fig. 34). This antibody recognizes the N-terminal region
of A1, and the failure to detect the A1-(1-336) fragment indi-
cates complete cleavage at Lys®® and conversion to A1-(37~
336) (18). In addition, the ratio of the A1-(1--336) product (at
each time point) to the A1-(1-372) substrate (at time zero) was
evaluated by scanning densitometry of the bands (Fig. 38). In
control experiments using isolated A1-(1-372) alone, the
A1-(1-336) fragment was generated in a time-dependent man-
ner within 20 min, indicating relatively slow cleavage by plas-
min at Lys*® (Fig. 34, panel a). In contrast, with
A1/'*"A3C1C2 (Fig. 34, panel b) and A1/'%°°A3C1C2 (panel
¢), the A1-(1-336) fragments were very weakly visualized, sug-
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gesting almost complete cleavage by plasmin at Lys®. Interest-
ingly, with the A1/*7>?A3C1C2 (Fig. 34, panel d), the A1-(1—
336) fragment appeared to be derived in a time-dependent
manner within 10 min and then subsequently diminished.
These findings suggested that cleavage at Lys* in the
A1/V*A3CIC2 was much slower than that with
A1/'*A3CIC2 or AL/***°A3C1C2 but was faster than that
with A1 alone. The data indicated that residues 1690~1721 in
the A3 domain contain a site contributing to plasmin-catalyzed
cleavage at Lys®® in the A1 domain.

Binding of the A3C1C2 Forms to Ah-plasmin—A series of
experiments were designed to assess plasmin binding to the
A3C1C2 subunit to obtain direct evidence that the A3 domain
contains a plasmin-interactive site that contributes to enzyme
docking and facilitates catalysis of cleavage at Lys® in the A1l
domain. In these experiments, Ah-plasmin, an active site-mod-
ified plasmin lacking enzymatic activity, was utilized, and this
interaction was evaluated in a real time SPR-based assay. We
have recently examined the interaction of Ah-plasmin and the
factor VIII heavy chain using this technique (21). Varying
amounts of A3C1C2 forms were applied to Ah-plasmin immo-
bilized on a sensor chip. Fig. 44 shows a representative signal
corresponding to association and dissociation of immobilized

. Ah-plasmin with ***A3C1C2 (panel a), ""**A3C1C2 (panel b),

and rA3 subunits (panel c). Binding parameters are summa-
rized in Table 3. The data could be comparatively well fitted by
nonlinear regression using a 1:1 Langmuir binding model. The
rA3 domain and '**°A3C1C2 and *¢*°A3C1C2 subunits
bound to Ah-plasmin. The resulting kinetic constants
derived from the association and/or dissociation kinetic
curves showed that the rA3 domain bound to Ah-plasmin
with similar affinity to those of the !**?’A3C1C2 and
1690 A3(C1C2 subunits (K, 44.2, 68.2, and 60.3 nM, respec-
tively). The rC2 domain failed to bind. However, the
1722A3C1C2 subunit bound with an ~3-fold lower affinity
(K4 176 nM) than that obtained with '*°A3C1C2. These
data demonstrated that the A3 domain, especially residuesin
the 1690 —1721 region, plays a significant role in the interac-
tion with plasmin.

Our experiments utilizing the factor Villa with various
A3C1C2 forms as substrate suggested that the N terminus of
the A3 domain contains the predominant region contributing
to plasmin-catalyzed cleavage at Lys®. To confirm that the
inhibition of plasmin cleavage at Lys®>® was mediated by the
association between the dimer and plasmin, binding experi-
ments with A1/A3C1C2 dimers were further examined. Both of
the Al dimers with "**?A3C1C2 and "***A3C1C2 bound to Ah-
plasmin with similar affinities (K, 26.9 and 32.9 n, respec-
tively), and these affinities were ~2.5-fold higher than those
with either form of A3C1C2 alone. This somewhat higher affin-
ity may have been derived from a synergistic effect of the two
binding domains and/or a conformational change resulting
from interaction with the two domains. However, the
A1/Y22A3C1C2 dimer bound with an ~4-fold weaker affinity
(K, 124 nnm) than with the other dimers, and the isolated Al
alone bound very poorly (K, ~200 nm). The findings therefore
suggest that residues 16901721 are indeed involved in a plas-
min-binding site for cleavage at Lys™.
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FIGURE 3. The contribution of A3C1C2 forms on cleavage by plasmin at Lys®® in A1. A, A1 subunit (500 nm) was reconstituted with either equimolar buffer
alone (panel a), '***A3C1C2 {panel b), '**°A3C1C2 (panel ¢), or 722A3C1C2 (panel d) subunits as described under “Materials and Methods.” After dilution, each
dimer form (100 nm) was reacted with the A2 subunit (300 nm), followed by incubation with plasmin (4 nv) in the presence of phospholipid vesicles {10 ) for
the indicated times. Samples were analyzed on 8% gels followed by Western biotting using an anti-A1 (58.12) IgG. B shows quantitative densitometry of the
ratio of (A1-(1-336) at eachtime)/(A 1-(1-372) at time 0) from blotting data obtained from A. The symbols used are as follows: open circles, A1 alone; closed circles,
A1/'%°A3C1C2; open squares, A1/'°®°A3C1C2; and closed squares, A1/7722A3C1C2. '

We further evaluated the interaction between the A3C1C2
subunit and plasmin using a solid-phase binding assay in which
Ah-plasmin was immobilized onto microtiter wells. For these
experiments, varying amounts of the A3C1C2 subunits were
reacted with 200 ny immobilized Ah-plasmin. Bound factor
VIII was detected using biotinylated anti-C2 NMC-VII/5
mAb. Control experiments confirmed that this mAb did not
atfect the reaction between plasmin and the light chain (data
not shown). Results are presented in Fig. 4B. Reactions between
the A3C1C2 forms and Ah-plasmin yielded saturable binding
curves, well fitted using a single-binding site model. This
method is not based on a true equilibrium binding assay, how-
ever, and the K, values obtained represent an apparent K, value
for the interactions. The results obtained for the ***°A3C1C2
and the '**?A3C1C2 subunits binding to Ah-plasmin were 97
10 and 89 * 9 nm, respectively, similar to those obtained in the
SPR-based assays. HHowever, the binding affinity (265 + 21 nm)
for the '*?A3C1C2 subunit was ~3-fold lower than that for the
two other forms. Again, the rC2 domain failed to bind. Overall,
the affinities determined using the ELISA-based assays were in
goud agreement with those obtained in the SPR-based analyses,
and the findings were mutually supportive.

Effect of Factor IXa on A3C1C2 Form Binding to Ah-plasmin—
Our  solid-phase  binding assays demonstrated thal the

ACSEVIEN
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1722A3C1C2 subunit bound to Ah-plasmin, albeit with rela-
tively weak affinity. These data led us to speculate on the pres-
ence of another plasmin-interactive site(s) in the A3 domain.
We have recently shown that factor 1Xa inhibited plasmin-cat-
alyzed inactivation of factor VIlla, and we identified overlap-
ping binding sites for plasmin and factor IXa in the A2 domain
of factor VIII(a) (21). It is known that residues 18041818 in the
A3 domain of factor VHI interact with factor IXa on phospho-
lipid surfaces (30), and we therefore investigated the inhibitory
effect of factor IXa on the light chain binding to Ah-plasmin in
our ELISA method. The ***A3C1C2 subunit (120 nm) was
mixed with varying amounts of active site-modified EGR-factor
[Xa for 1 h prior to incubation with Ah-plasmin (200 nm)
immobilized onto microtiter wells. Bound **°A3C1C2 was
detected using biotinylated anti-C2 mAb. EGR-factor 1Xa
blocked "**?A3C1C2 subunit binding to Ah-plasmin by ~40%
at the maximum concentrations employed (500 nm), and this
effect was dose-dependent (Fig. 5). The apparent K, value for
factor IXa obtained from curve fitting was 160 * 51 nm. The
association between the factor VII light chain and factor [Xa is
surface-dependent, however (25), and hence the effects of fac-
tor IXain our current binding studies were also examined in the
presence of phospholipid. EGR-factor IXa blocked binding in a
dose-dependent manner, and the inhibitory effect (~60%) was
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contributed to the binding reaction
(B) in these experiments, we repeated
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subunit (240 nM), instead of the
nontruncated A3C1C2. EGR-factor
IXa blocked the binding of
1722A3C1C2 subunit to Ah-plasmin
by ~95 and ~80% in the presence
and absence of phospholipid,
respectively, at the maximum con-
centrations employed (Fig. 5). The
calculated K; values for factor IXa
obtained from curve fitting were
9.8 = 1.1and 179 * 23 nm, respec-
tively. This significant competitive

T T T
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A3CIC2 form (nM)

T
0 150

FIGURE 4. Direct binding of the A3C1C2 forms to Ah-plasmin. 4, SPR-based assay. Various concentrations of

2A3C1C2 (panel b), and rA3 {panel ¢} were added to Ah-plasmin (—7 ng/mm? immo-
bilized on the sensor chip for 4 min, followed by a change of running buffer for 4 min as described under
“Materials and Methods.” Lines 1- 4 show response curves for '**A3C1C2 (50, 100, 150, and 180 nm, respec-
tively); lines 5-8 show curves for '722A3C1C2 (50, 100, 200, and 300 nm, respectively); and lines 9-11 show curves
for rA3 {60, 120, and 240 nm, respectively). B, ELISA-based assay. Various concentrations of '*°A3C1C2 (open
circles), **®°A3C1C2 (closed circles), 7**A3C1C2 (open squares), and rC2 {closed squares) were incubated with
Ah-plasmin (200 nm) that had been bound to microtiter wells. Bound A3C1C2 forms were detected using
biotinylated anti-C2 (NMC-VIIi/5) mAb IgG. Absorbance values were plotted as a function of the concentration
of the A3C1C2 form, and the data were fitted using Equation 1 according to the single site binding model

169943C1C2 (panel a), 7

described under "Materials and Methods.”

TABLE 3

Binding parameters of factor VIIl A3C1C2 forms and Ah-plasminin
an SPR-based assay

Reactions were performed as described under "Materials and Methods.” Parameter
values were calculated by nonlinear regression analysis in Fig. 44 using the evalua-
tion software provided by BlAcore AB.

Ligands k, Ky K4
10 M s! 1077571 M
Factor VI 263 * 0.8 0.8 ~ 0.1 31
1e49A3C1C2 29 0.5 2.0+ 0.7 68.2
1630A3C1C2 49+ 1.3 2.9 2 0.5 60.3
V2 A3CIC2 4.5 + 23 7.9 122 176
A3 3.9+ 03 17 : 03 44.2
C2 ND® ND
AL/PMABCIC2 78 24 21006 26.9
A1/ABCIC2 7.0 1 1.6 23 05 329
AL/TPA3CIC2 49 + 1.1 61212 124
Al 5.2+ 04 10.9 = 0.9 208

“ Values were caleulated as & /&,
" ND indicates not determined.

greater than that in the absence of phospholipid. Furthermore,
the K; value (10.5 £ 1.5 nm) obtained from curve fitting was
~15-fold lower in the presence of phospholipid than that in its
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reaction between factor IXa and
17224 3C1C2 for binding to plasmin
therefore suggested that an alterna-
tive plasmin-interactive site in the
factor VIII light chain, within resi-
dues 1804—1818 in the A3 domain,
might overlap or juxtapose the fac-
tor IXa-binding site.

Binding of the 1690-170S and
1804 -1818 Peptides to Ah-plasmin—
Further experiments focused on
two distinct regions, residues 1690 —
1721 and 1804-1818, in the A3 domain, responsible for plas-
min docking. We have recently demonstrated, in binding-inhi-
bition assays using the plasmin-specific competitor
6-aminohexanoic acid, which directly binds to LBS (21), that
the association between plasmin and the factor VIII light chain
is mediated by an LBS-dependent mechanism. The known
amino acid sequence of the A3 domain indicates that the clus-
tered lysine residues are located in residues 1690 —1705 (Lys'®”?
and Lys'®®) and 1804 -1818 (Lys'®%?, Lys'®%8, Lys'813 and
Lys'®®), and these two regions are highly conserved in other
species (Fig. 6). Therefore, to confirm that these lysine residues
confer interactive sites for plasmin, two synthetic peptides
derived from sequences 1690-1705 and 1804—1818 were pre-
pared and examined with Ah-plasmin in competitive inhibitory
ELISA.

The ***A3C1C2 subunit (120 nM) was incubated with
immobilized Ah-plasmin (200 num) in the presence of increasing
concentrations of A3 peptides as described under “Materials
and Methods.” The results are shown in Fig. 74. Both the 1690 -
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FIGURE 5. Effects of EGR-factor IXa on the binding of the factor Vill light
chain to Ah-plasmin in ELISA. 'S*A3C1C2 (120 nm, open symbols) or
722A3C1C2 (240 nw, closed symbols) was preincubated with varying amounts
of EGR-factor IXa for 1 hin the absence (circles symbols) or presence (squares
symbols) of phospholipid vesicles (10 pa) prior to reaction with Ah-plasmin
(200 nm) immobilized on microtiter wells. Bound A3C1C2 was detected using
biotinylated anti-C2 mAb IgG. Absorbance values for A3C1C2 binding to Ah-
plasmin in the absence of competitor were considered to represent the 100%
level. The percentage of A3C1C2 binding was plotted as a function of EGR-
factor IXa concentration, and the plotted data were fitted by nonlinear least
squares regression according to Equation 2.

1690 1705 1804 1818
human SFOKKTRHYFIAAVER - KNFVKPNETKTYFWK
porcine SFQKRTRHYFIAAVEQ ------- HNFVOPNETRTYFWK
murine SFQOKTRHYFIAAVER ------ RNFVKPNETKIYFWK
canine SFOQKKTRHYFIAAVER ------ RKFVNPNETKIYFWK

FIGURE 6. Sequence alignments of residues 1690-1705 and 1804-1818 for
human and other mammalian factor Vil proteins. The sequence shows that the
lysine residues (boldface letters) in human are highly conserved across species.

(A)

1705 and 1804-1818 peptides blocked the binding of

Y¥A3C1C2 to Ah-plasmin by ~55 and ~40%, respectively, at
the maximum concentration employed (500 pm). The K, values
obtained from curve fitting for the 1690-1705 and 1804 ~1818
peptides were similar (18.5 + 3.2 and 20.6 * 1.5 pm, respec-
tively). Furthermore, an equimolar mixture of both peptides
yielded an enhanced inhibitory effect (by ~65%) compared
with the individual peptides alone, suggesting an additive effect
of the two peptides. Similar experiments using the *722A3C1C2
subunit (240 nm) demonstrated that the 1804-1818 peptide
blocked the binding of '7*?A3C1C2 to Ah-plasmin by ~75%
witha K; 0f17.3 * 2.1 um (Fig. 7B). As expected, the 1690 -1705
peptide had little inhibitory etfect on this binding.

To further investigate the importance of the lysine resi-
dues and/or structural alignments in the two sequences
(1690-1705 and 1804-1818), we prepared peptides with
scrambled sequences of the same composition and synthe-
sized peptides where the lysine residues were replaced by
alanine (Y90 °17%%Ala and '80*-1818Ala, respectively). An
equimolar mixture of the scrambled peptide (200 pm) did
not inhibit the '**’A3C1C2 binding to Ah-plasmin (data
not shown). Furthermore, %% "17°5A [ and 1894 1818 A |a did not
significantly inhibit the binding of ****A3C1C2 or "*?A3C1C2
subunits to Ah-plasmin, respectively (Fig. 78, inset). These
results indicated that the lysine residues in the A3 domain,
within sequences 1804 -1818 and 16901705, contribute to the
plasmin-interactive sites in the light chain.

Effects of A3 Peptides on Plasmin-catalyzed Cleavage at
Lys* in A1—To further confirm the functional role of resi-
dues 1690-1705 and 1804-1818 in plasmin binding, we
examined the effects of the A3 peptides on Lys® cleavage by
plasmin. The A1-(1-336)/'*°°A3C1C2 dimer (100 nM) was
reconstituted with the A2 subunit (300 nm), followed by the
addition of plasmin (4 nm) and phospholipid vesicles (10 )
in the presence of A3 peptides (150 um). Lys® cleavage in

. A1-(1-336), representing the dis-

(B) appearance of Al1-(1-336) frag-

ment, was analyzed by Western

blotting using an anti-A1 (58.12)
IgG in a timed course reaction
(Fig. 84). Change of band density
of A1-(1-336) was evaluated by
scanning densitometry (Fig. 8B).
Compared with the absence of A3
peptide (Fig. 84, panel a), both

individual 1690-1705 and 1804 -
1818 peptide slightly delayed the
disappearance of A1-(1-336)
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least squares regression according to Equation 2.
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FIGURE 7. Effect of the A3 peptides on the binding of A3C1C2form to Ah-plasmin in ELISA. '*A3C1C2(120nm, Ay or
1722A3C1C2 (2400, B) was mixed with varying concentrations of A3 synthetic peptides and was reacted with Ah-plasmin
(200 nm} immobilized on microtiter wells, Bound A3C1C2 was detected using biotinylated anti-C2 mAb IgG. The symbols
used are as follows: open circles, 1690-1705 peptide; closed circles, 1804 - 1818 peptide; open squares, an equimolar mix-
ture of 1690-1705 and 1804 -1818 peptides. Inset shows the effect of 1690~1705Ala (open circles) or 1804-1818Ala
(closed circles) peptide on '***A3C1C2 or 722A3C1C2 binding to Ah-plasmin, respectively. Absorbance values for A3C1C2
forms binding to Ah-plasmin in the absence of peptide were considered to represent the 100% leve!. The percentage of
A3C1C2 binding was plotted as afunction of the A3 peptide concentration, and the plotted data were fitted by nonlinear

(panels b and ¢, respectively). Fur-
thermore, in the presence of
equimolar amounts of mixture of
both peptides, the disappearance
of A1-(1-336) was markedly slow,
and the band could be observed by
~50% even at 15 min after adding
of plasmin, supportive of signifi-
cant inhibition of plasmin-in-
duced Lys®® cleavage.
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catalyzed factor VIla inactivation
(21). Our present study further
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revealed that proteolytic cleavage at
Lys®®in the A1 domain is supported
by plasmin-interactive sites located
in the A3 domain of the light chain.
This conclusion is based on several
novel findings using well estab-
lished models. (i) The rate for plas-
min-catalyzed inactivation of factor
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vation of factor Villa with A1-(1-
336) was significantly inhibited by
the addition of  exogenous
16904 3C1C2 and rA3, but to amuch
lesser extent by "2*A3C1C2. (ii)
Plasmin cleavage at Lys>® in factor
Villa with A1/Y7*?A3C1C2 dimer
was significantly slower than that
with A1/'$%°A3C1C2. (iii) The
»  1722A3C1C2 subunit bound to Ah-

FIGURE 8. Effects of A3 peptides on plasmin-catalyzed cleavage at Lys®® of factor Vllla with A1'3%¢,
A, reconstituted A1-(1-336)/°°A3C1C2 dimer (100 nm) reacted with the A2 subunit (300 nv) and phospholipid
vesicles (10 jm). Factor Villa with A1-(1-336) was incubated with plasmin (4 nw) in the presence of 150 ;1M A3
peptide (panel g; no peptide, panel b; 1690-1705 peptide, panel ¢; 18041818 peptide, panel d; equimolar
mixture of 16901705 and 1804 -1818 peptides) for the indicated times. Samples were analyzed on 8% gels
followed by Western blotting using an anti-A1 (58.12) IgG. B shows quantitative densitometry of A1-(1-336)
from blotting data obtained from A. Band density of A1-(1-336) at time 0 was regarded as 100%. The symbols
used are as follows: open circles, no peptide; closed circles, 1690-1705 peptide; open squares, 18041818 pep-
tide; closed squares, both peptides. C shows the effect of 1690-1705/1804-1818 peptide on plasmin-catalyzed
cleavage at Lys®®. Various concentrations of 1690-1705/1804-1818 peptide (open circles) or 1690-1705Ala/
1804 -1818Ala (closed circles) were mixed with factor Villa with A1-(1-336), followed by incubation with plas-
min (4 nm) for 8 min. Samples were analyzed by Western blotting as above experiments. Density of A1-(1-336)
before or after addition of plasmin in the absence of peptide was regarded as 100 or 0%, respectively.

Furthermore, the inhibitory effect of the mixture of 1690 -
1705 and 18041818 peptides showed the dose-dependent
manner, and the inhibition effect was ~80% at maximum con-
centration employed (300 pm) (Fig. 8C). A control experiment
using mixture of *¥°° ~1795 Ala and 1%~ 1811 Ala peptides showed
no significant inhibition (by ~10%). These findings were in
keeping with the concept that both the 1690 -1705 and 1804 —
1818 regions in A3 were essential for plasmin docking during
factor V1ila inactivation induced by Lys®® cleavage, although
each region interacted separately with the protease.

DISCUSSION

Plasmin inactivates factor VIlia by proteolysis at specific sites
within the heavy and light chains of the activated molecule. We
have recently demonstrated that Arg*** in the A2 domain of
factor V1II significantly contributes to plasmin docking for pro-
teolytic cleavage at Arg®® in the Al subunit during enzyme-
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T plasmin with an ~3-fold weaker

100 200 300 Affinity than the '$*°A3CIC2 or
A3 peptide (uM) 190A3C1C2. The rA3 domain
-bound to Ah-plasmin with similar
affinity as ***?A3C1C2, whereas the
rC2 domain failed to bind, although
a contributory role for the Cl
domain in this plasmin binding
remains to be completely excluded.
(iv) Factor IXa (that binds to the
18041818 region) or the A3 pep-
tides (residues 1690-1705 and
1804--1818) competed for light
chain binding to Ah-plasmin. (v)
The presence of both A3 peptides
inhibited plasmin-catalyzed Lys®® cleavage of factor VIila with
A1-(1-336) by ~80%. These identified amino acid residues
1690 —1705 and 18041818 within the A3 domain as essential
to plasmin docking for proteolytic cleavage at Lys.

We observed the partial inactivation of reconstituted factor
Vllia activity with A1-(1-336) or A1-(37-336) by plasmin in
this study. Factor Xa generation assay showed that the recon-
stituted factor VIlia with truncated A1 forms (A1-(1-336) and
A1-(37-336)) retained significant activity, whereas the one-
stage clotting assay completely lost these activities (13, 18). This
discrepancy can be explained as we described in an earlier
report (13). In the factor Xa generation, a K|, value for factor X
using factor Xase with native factor Villa is ~40 nm, whereas
this value is increased 5-fold (K,,,, ~200 nm) for that with factor
VIila with A1-(1-336) or A1-(37—-336). Because the typical fac-
tor Xa generation assay uses concentrations (400 nm) of sub-
strate that yield near V. reaction rates, the rates are inde-
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pendent of factor X concentration. However, because the factor
X concentration in plasma is ~120 nm and this plasma is
diluted 4-fold in one-stage clotting assay, the limiting amount
of factor X (~15% of K,,, for factor Xase with factor VIila with
truncated A1 forms) markedly depresses the rate of factor Xase
activity, and consequently the A1-(1-336)/A2/A3C1C2 or
A1-(37-336)/A2/A3C1C2 loses the factor VIIla activity in one-
‘'stage clotting assay.

Both factor Xa and plasmin inactivate factor VIlla by cleav-
age at Arg®® and Lys® in the A1 domain (33). An earlier study
by Nogami et al. (13, 33) revealed that proteolysis by factor Xa
at these sites in Al correlated with inactivation of cofactor
function. Close analysis of A1-(1-336) and A1-(37-336) sub-
units demonstrated inactivation of native factor VIIIa activity
by ~30 and ~60%, respectively, in factor Xa generation assay.
Loss of activity resulting from cleavage at Lys®® is associated
with an altered molecular conformation that markedly affects

the affinity of the A1 subunit for A2 (13). Similarly, factor Xa !

maximal generation with "7**A3C1C2 subunit in the presence
s of A1-(37-336) was observed to be ~50% that in the presence
"of A1-(1-336) (~55 and ~25 nMm/min, respectively), supporting
that the N terminus of the A3 domain is unlikely related to
associate with the A1 domain. The cleavage rate by factor Xa at
Lys®® was >10-fold lower than that at Arg®** (33). Factor Xa-
catalyzed cleavage at Lys®, however, is governed by the
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FIGURE 9. Three-dimensional presentation of putative plasmin binding regions i
domain based on the ceruloplasmin-based triple A domain model. The A domains (A1-A2-A3 domain) are
shown in ribbon format with a-helix in red and f3-sheets in yellow. The cleavage sites at Lys* (magenta) and
Arg**® (gray} are shown in space-filling format. The lysine residues (Lys 692, Lys'59%, Lys'804 L5808, Lys''3, and
Lys'®'®) within 1690-1705 and 1804-1818 regions that participate in plasmin interaction within the A3
domain are shown in space-filling format (light blue). The A2 residues (Lys®?, Lys*®®, Arg’, and Arg™) that
contribute to plasmin interaction within the A2 domain (21) are shown in space-filling format {green).

A1-(337-372) region, in particular
by Asp®*'-3¢% residues (34), and
proteolysis at Arg>*® might interfere
with factor Xa docking to the 337-
372 region. Cleavage at the identical
site by plasmin is regulated by the
A3 domain, not by Al. Therefore,
we can speculate that Lys®® cleavage
by plasmin may be faster than that
by factor Xa, although the kinetics
on cleavages at both sites by its pro-
tease remains to be determined.

The LBS in plasmin consists basi-
cally of a cationic center (Lys® and
Arg’?), an anionic center (Asp®® and
Asp®’), and a hydrophobic core
(Tep®?, Phe™, '11p”? and Tyr™
(35). The LBS facilitates interaction
with substrates and proteins by
hydrogen bond and/or ion pair
interaction with the cationic or ani-
onic center and van der Waals elec-
tronic interaction with the hydro-
phobic core (36). Recently, we
reported that 6-aminohexinoic acid,
a specific inhibitor of LBS, blocked
interaction between plasmin and
the factor VIII light chain by ~90%
(21), strongly suggesting that this
mechanism is LBS-dependent. Two
lysine-rich regions reside in the A3
domain at the N terminus contain-
ing Lys'®? and Lys'®®* and in the
mid-section containing Lys'®™, Lys'®%®, Lys'®'% and Lys!®8,
We have now identified plasmin-interactive sites in these two
regions by competition experiments using synthetic peptides
composed of residues 1690-1705 and 1804—1818. Random
peptides with scrambled sequences and peptides in which
lysine was substituted with alanine failed to compete in the light
chain-Ah-plasmin interactions. Our results therefore sug-
gested that lysine residues and structural arrangements within
both regions contributed significantly to plasmin docking in the
A3 domain.

As noted above, both individual A3 peptides (1690 -1705 and
1804-1818) partially inhibited (by ~50%) the binding of
¥ A3C1C2 to plasmin, and these effects appeared to be addi-
tive. In contrast, however, only mixtures of both peptides sig-
nificantly inhibited plasmin-catalyzed cleavage of functional
factor VIlIa at the Lys® site. These tindings were similar to
those observed using functional and binding experiments with
the "?A3C1C2 subunit. The reasons for the discrepancy
between functional and binding assays remain to be fully
explored, and studies using modified A3C1C2 in which the
1804 1818 sequence is deleted could be informative. Never-
theless, our data indicate that although each of these regions
within the A3 domain interacts separately with plasmin, both
are required for plasmin docking and inactivation of procoagu-
lant factor VIIIa mediated by cleavage at Lys™.

Ki694

K693

n the factor Vil A3
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The factor VIII domain model based on homology with cer-
uloplasmin (37) describes putative lysine residues, Lys'®,
Lys'®®*, Lys'®®, Lys'®%8, Lys'®3 and Lys'®'®, within residues
1690-1705 and 18041818 of the A3 domain, arranged spa-
tially adjacent and exposed on the A3 surface (Fig, 9). This pro-
vides an extended surface for plasmin binding, but it is far
removed from the cleavage site of Lys®*® within the A1 domain.
Glu-plasminogen contains five kringle domains and a catalytic
domain in a closed form with a radius of gyration of ~40 A.
Conversion to Lys-plasmin by plasminogen activator, however,
induces a marked conformational change, termed an open
form, with greater flexibility and increased radius of gyration
(~60 A). The dramatic structural alteration enhances high
affinity enzyme interactions with protein ligands (38, 39).
Molecular mechanisms of this nature could explain the func-
tional relationship between the remote plasmin-interactive
sites in A3 and the proteolytic cleavage site at Lys®®. In addition,
structural modification of the factor VIII light chain bound to
plasmin might preferentially support catalysis at Lys®. Inter-
estingly, comparison of amino acid sequences among human,
porcine, murine, and canine factor VIII molecules reveals that
the two A3 regions are well conserved, supporting the concept
that both binding domains are fundamental for protein
interactions.

Our study indicated that these functionally essential sub-
units, involving residues 1690 ~1705 and 1804 —1818 in the A3
domain of factor VIII, constitute a highly basic spacer region
exposed on the surface contributing to interaction with plas-
min. The 1804-1818 sequence is known to participate in the
interaction with at least three proteins, including factor 1Xa
(30), alloantibody inhibitors from multiply transfused hemo-
philia A patients (40), and low density lipoprotein receptor-
related protein that mediates clearance of factor VIII from the
circulation (41). Therefore, it is clear that these particular resi-
dues play a significant role in the modulation of coagulation
reactions by up- and down-regulation of factor Villa cofactor
function. The 16901705 sequence does not seem to have been
reported to be involved in other protein interactions.

EGR-factor IXa inhibited factor VIII light chain binding to
Ah-plasmin in a solid-phase assay. Furthermore, the presence
of phospholipid enhanced the inhibitory effect of EGR-factor
[Xa and resulted in an ~15-fold decrease of the K; value for
EGR-factor IXa binding. These K| values were consistent with
the K, values obtained for the light chain-factor IXa interac-
tions observed using a steady-state fluorescein enetgy transfer
fluid assay (25). However, binding stoichiometry for A3C1C2
form and EGR-factor IXa in the presence of phospholipid was
unexpectedly different in competition assays. Several possibil-
ities for this reason may be raised. A solid-phase ELISA is a
limited assay and is not based on an equilibrium binding.
Because the binding affinity for the A3C1C2 of Ah-plasmin is
much lower (~15-fold) than that of factor 1Xa, this difference
may affect. the competitive inhibition. Furthermore, the
A3C1C2 itself bound to factor [Xa on the phospholipid mem-
branes may partially affect competitive inhibition, for instance
the influence of plasmin binding because of conformational
alteration, etc. In addition, the possibility of steric hindrance
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because of the EGR molecule of its competitor cannot be
excluded. However, the precise reason is unclear at present.

A plasmin-interactive site has been recently identified in the
A2 domain within and/or close to a factor [Xa-interactive site
(21), and in our studies, peptide 1804 -1818, representing a fac-
tor IXa-interactive site, similarly inhibited the interaction
between light chain and Ah-plasmin. Moreover, EGR-factor
[Xa blocked plasmin-catalyzed inactivation of factor Villain a
clotting assay. Therefore, overall the data support that factor
IXa, bound to factor VIIlIa on the phospholipid surface, might
restrict plasmin-induced inactivation of factor VIIa by occu-
pying the plasmin-interactive sites in the A2 and A3 domains.
This mechanism by which factor [Xa protects factor ViIla from
plasmin-catalyzed inactivation appears to be similar to that
observed with APC-catalyzed inactivation of factor V1ila (26).

In conclusion, the extended surface of the factor VIII A3
domain, centered on lysine residues in both the 1690 -1705 and
1804 —-1818 regions, contributes to a unique plasmin-interac-
tive site that facilitates plasmin docking during cofactor inacti-
vation by cleavage at Lys®*®. Our present results further suggest
that factor VIII cofactor function is regulated by more complex
mechanisms than previously anticipated.
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Abstract Discrepancies between low levels of FVIIL:C
and clinical symptoms in severe hemophilia A are well-
known. We have recently demonstrated that levels of
FVIILC < 0.2 1U/dl were consistent with clinical pheno-
type by clot waveform analysis, suggesting that precise
measurement of very low levels of FVIIL:C was clinically
important. Thrombin generation tests (TGTs) triggered by
tissue factor (TF) have been recently utilized to monitor
coagulation function in hemophilia A. We examined
whether TGT was useful for evaluating hemophilia A
patients with very low levels of FVIIL:C. TGTs in 40
hemophilia A plasmas with FVIIL:C < 0.2-17 IU/dI
(measured by clot waveform analysis using MDA-II™)
were performed using TF and/or ellagic acid (ELG). The
lagtime in ELG-TGT at very low levels of FVIIL.C was
shortened dose-dependently, whilst this parameter in
TF-TGT was not significantly affected. Other parameters
(endogenous thrombin potential, peak thrombin, time to
peak) correlated with FVIIL:C levels to some extent in both
assays (r = 0.4-0.7). Using a TF/ELG mixture in TGT,
however, the correlation coefficients increased to ~0.85.
TGT parameters correlated well with levels of FVIIL-
C > 0.2 [U/d], although the lagtime was not especially
informative. We conclude that modified TGT, using a
TF/ELG mixture as the trigger, is useful for monitoring
coagulation function at very low levels of FVILC in
hemophilia A.
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1 Introduction

Hemophilia A results from a deficiency or defect in the
plasma protein, factor (F)VIII and is the most common of
the severe, inherited bleeding disorders. The clinical
severity of the disorder generally correlates well with the
level of FVIHI activity (FVIII:C), and by convention,
patients are classified into three clinical categories on the
basis of circulating procoagulant activity; severe (FVIIIL:-
C < 1.0 IU/dl), moderate (1.0-5.0 [U/dl), and miid
(>5.0 1U/dl). The majority of patients in the severe category
(undetectable FVIII:C by conventional clotting assays)
have frequent spontaneous bleeding episodes unless treated
with prophylactic FVIII replacement. Coagulation function
in hemophilia A is generally assessed by the measurement
of FVIIL:C in an activated partial thromboplastin time-assay
(aPTT). Some puzzling discrepancies between FVIII:C and
bleeding symptoms are well documented, however [1, 2]. In
this context, we have previously reported that clot wave-
form analysis, based on the aPTT, provided additional
information on real-time coagulation function in hemo-
philia A. The temporal parameters in clot waveform anal-
ysis, including coagulation velocity and acceleration,
appeared to be more relevant to the clinical status than the
conventional aPTT alone [3].

More recently, thrombin generation tests (TGT) have
been developed to monitor coagulation function in hemo-
philia A {4, 5]. The TGT provides data on global coagu-
lation by the temporal measurement of thrombin
generation, and is generally accepted to be more clinically
relevant than specific assays of clotting factors. The con-
cept is based on a cell-based coagulation model [6] in
which an enzyme complex of activated FVII (FVIIa) and
tissue factor (TF) activates FX (and FIX) and generates of a
trace amount of thrombin on cell swifaces at local sites of
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endothelial injury (termed the initiation phase). This gen-
erated thrombin activates FVIII, FV, and platelets, leading
to the formation of tenase and prothrombinase complexes
and resulting in a thrombin burst for the conversion of
soluble fibrinogen to insoluble fibrin (termed the propa-
gation phase). In hemophilia A, therefore, the reduction in
FVIILI:C markedly decelerates the thrombin burst during
the propagation phase, causing the hemostatic abnormality.
In the TGT, the initiation phase is reflected by the lagtime
(LT) and the propagation phase is reflected by the param-
eters peak thrombin (PeakTh), time to peak (ttPeak), and
endogenous thrombin potential (ETP) [7, 8]. Thrombin
generation in the TGT is usually initiated by the addition of
TF/phospholipid (PL) complex. [9].

We have recently reported that although FVIIL:-
C < 1.0 IU/l is generally used to define severe hemo-
philia A, precise low levels of FVIIL:C (<0.2 IU/dl) were
more consistent with this clinical phenotype, suggesting
that measurements of very low levels of FVIIL:C could be
very important to classify clinical status [10]. We antici-
pated that if the TGT accurately reflects very low levels of
FVIII.C, the assay could complement the diagnosis of
clinical severity and assist in clinical management. In the
present study, therefore, we attempted to optimize the TGT
technique for the monitoring of coagulation function in
hemophilia A patients with very low levels of FVIILC,

2 Materials and methods
2.1 Reagents

The reagents, recombinant human TF (TF; Innovin®,
Dade, Marburg, Germany), and ellagic acid (ELG, Sysmex,
Kobe, Japan), a thrombin-specific fluorogenic substrate
(Z-Gly-Gly-Arg-AMC, Bachem, Bubendorf, Switzerland)
were obtained from the indicated vendors. PL vesicles
containing 10% phosphatidylserine, 60% phosphatidyl-
choline, and 30% phosphatidylethanolamine were prepared
as previously described [11]. The thrombin calibrator was
obtained from Thrombinoscope (Maastricht, Netherlands).
Recombinant FVIII (‘FVII) was a generous gift from
Bayer Corp. Japan (Osaka, Japan).

2.2 Plasma samples

Normal pooled plasma was prepared from ten normal
healthy individuals. Blood was drawn into evacuated
anticoagulant tubes [blood:3.8% (w/v) trisodium citrate,
9:1]. After centrifugation for 15 min at 1,500g, the plasmas
were stored at —80°C, and thawed at 37°C immediately
prior to the assays. Patients’ plasmas were obtained from
40 hemophilia A patients. FVIIL:C levels in 12 patients

were <0.2 [U/dl, 6 patients were 0.2-1.0 IU/d], and 22
patients were 1.0-17.0 IU/dl. FVIIL:C levels were mea-
sured by clot waveform analysis using MDA-II™
Hemostasis System. The present studies were performed
using blood samples obtained during routine follow-up of
patients in the Nara Medical University Hemophilia Pro-
gram. All samples were obtained with informed consent
following local ethical guidelines. Standard samples con-
taining very low levels -of FVIII (ranging between 0 and
1.0 1U/d]) were prepared by the addition of known con-
centrations of rFVIII to congenital FVIII-deficient plasma
(George King INC, Overland Park, KS, USA).

2.3 FVIILC assays

FVIIL:C was measured by a one-stage aPTT clotting assay
(Thrombocheck APTT-SLA, Sysmex) on the MDA-II™
Hemostasis System (Trinity Biotech, CW, Ireland) [12].
FVIlI-deficient plasma was used as the substrate (Throm-
bocheck FVIII, Sysmex). A standard curve was prepared
using serial dilutions of Coagtrol N plasma (Sysmex)
(1:10-1:5, 120) in 50 mM imidazole saline buffer (pH 7.3).
Each test sample was diluted 1:10 and 1:20 in imidazole
saline buffer.

2.4 Thrombin generation assay

The TGT was measured using a modification of the method
reported by Hemker et al. [9]. Briefly, 20 pl trigger reagent
(TF/PL or ELG) and 80 pl test plasma were mixed in
96-well round-bottom microtiter plates (Immulon2HB U
bottom plate; ThermoLab System, Helsinki, Finland). The
plate was placed in the fluorometer and allowed to warm to
37°C for 10 min. The dispenser of the fluorometer was
flushed with 20 pl warmed 100 mM CaCl, and 5 mM
fluorogenic substrate Z-Gly-Gly-Arg-AMC. At the start of
the assay, 20 pl of CaCl, and fluorogenic substrate was
dispensed to all wells to be measured. The development of
a fluorescent signal was monitored at 8-s intervals using a
Fluoroskan Ascent microplate reader (Thermo Electron
Co., Waltham, MA, USA) with a 390-nm (excitation) and
460-nm (emission) filter set. Thrombin generation (in nM)
was calculated from Fluorescent signals corrected by
reference to the thrombin calibrator samples. Data anal-
yses were performed using Thrombinoscope software.
The parameters, LT, ETP, PeakTh, and ttPeak, were
recorded.

2.5 Data analyses
Measurements were obtained in several separate assays as

indicated, and the mean and standard deviation are shown.
Correlations between the four parameters in the TGT and

@ Springer
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FVIIL:C were determined using Spearman’s correlation
test.

3 Results

3.1 TF-trigger TGT (TF-TGT) in hemophilia A
plasmas

For assessing coagulation function in hemophilia A, the TGT
has been generally performed using a mixture of TF/PL
complex as the initiation trigger [9]. In the present study we
utilized a mixture of TF/PL at concentrations of 0.5 pM and
4 uM, respectively. Figure 1a illustrates a representative
thrombogram observed in normal plasma and hemophilia A
plasma (FVIII:C < 0.2 TU/dl). The TGT parameters
obtained from normal plasma were LT, 6.3 & 1.1 min; ETP,
2,771 £ 1,124 nM min; PeakTh, 203 £ 53 nM; and ttPeak,
15.2 £ 2.9 min. In hemophilia A, these parameters were
6.2 & 1.5 min, 677 4+ 403 nM min, 62.0 & 16.7 aM, and
26.8 = 4.4 min, respectively, showing significant differ-
ences in thrombin generation but no difference in LT. We
further examined the relationship between FVIIL:C levels
(by one-stage clotting assay) and TF-TGT in hemophilia A.
FVIIL:C levels in the 40 hemophilia A plasmas ranged from
<0.2 to 17.0 1U/dl. The ETP (Fig. 1, panel C) and PeakTh
(panel D) correlated with FVIIL:C levels to some extent
(r = 0.689 and 0.628, respectively). The LT (panel B) and
ttPeak (panel E) correlated less well with FVII:C (r = 0.220
and 0.417, respectively).

In order to evaluate the relationship between very low
levels of FVIIL:C and the TF-TGT, serial dilutions of
tFVIII were added to commercial FVIII-deficient plasma.

Significant differences between ascending concentration
pairs were determined by analysis described in Sect. 2.
There were no significant differences in adjoining values at
any concentrations <1.6 IU/dl (Table 1A). The lowest
limit of FVHL:C detected by this method was 3.2 1U/d],
confirming the relative insensitivity of the method to reflect
low levels of FVIIL:C.

3.2 ELG-trigger TGT (ELG-TGT) in hemophilia A
plasmas

The contact activation factor, ELG, was used as an alterna-
tive initiation trigger in TGT. ELG is known to replicate
glass activation of FIXa in the intrinsic coagulation system
[13]. In control experiments, thrombin generation obtained
in the presence of ELG was dose-dependent, and the reaction
was shown to be saturated and optimal at a concentration of
0.3 uM (data not shown). ELG was used in the present study,
therefore, at a concentration of 0.3 M. Figure 2a illustrates
a representative thrombogram observed in normal plasma
and hemophilia A plasma (FVII:C < 0.2 1U/dl). TGT
parameters using normal plasma were LT, 9.9 &+ 1.6 min;
ETP, 3,197 £ 545 nM min; PeakTh, 425 + 48 nM; and
ttPeak, 13.0 = 2.4 min, indicating that thrombin generation
in the ELG-TGT was greater than that in the TF-TGT. In
contrast, the ELG-TGT failed to respond to this low level of
FVIIL:C.

Analyses of ELG-TGT and FVIIL.C in hemophilia A
demonstrated that ETP (Fig. 2, 0 C), PeakTh (panel D),
and ttPeak (panel E) correlated with FVIII:C to similar or
greater degree (r = 0.645, 0.690, and 0.669, respectively)
compared to the data obtained in the TF-TGT. The LT
(panel B) also correlated reasonably well with FVIIL.C

Fig. 1 TF-TGT in hemophilia 15 4000
A. a Mixtures of TF and PL. (f.c. B) -
0.5 pM and 4 uM) were added - o 8 3000

. = 10 - <] =]
to normal plasma (line 1) or ‘g ° o° ° b=t
hemophilia A plasma bt ° g w0
(RVIILC < 0.2 TU/dI, line 2) T S s590 o 8%, & o
prior to evaluating thrombin 250 4 n
generation. Representative g 200 1 0 l r|=o.220 0
thrgmbograms are illustrated in E - 0.1 1 10 100 0.1 1 0 100
a. b-e Correlations between B 150 .
various FVIIL:C levels and TGT g 100 FVIILC (1U/dl)
parameters (LT, ETP, PeakTh, E 200 50
and ttPeak, respectively) 50 M 5
obtained in 40 hemophilia A 0- % 150 ~ 6 o4 B 40
patients. The coefficient 0 E o o282 E 30
variation (CV) of all parameters - U R A A 100 %0
obtained by this assay showed 0 10 20 30 4050 e é o 0 g »
<10% Time (min) A, 50 )0

0,628
0T T T 0
0.1 1 10 100 0.1 1 10 100
FVIHIL:C (1U/d1) FVIIL:C (1U/dl)
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Table 1 Parameters of TF-TGT or ELG-TGT at various concentrations of rFVII

(A) TF-TGT

TGT FVIIE:C (1U/dl)

parameters 0 0.1 0.2 04 0.8 1.6 32

LT (min) 58x1.0 59+ 1.1 59+1.1 59=+1.1 59+1.1 5.7+0.6 5.8+0.6
P value —nd. o —nd — —nd. - «nd. - «nd - —nd —

ETP (nM min) 1768 + 92 1790 + 165 1822 = 115 1834 + 101 1903 + 108 2016 = 86 2222 £ 159
P value «—nd. — —nd — —nd. - —nd. = —nd. — —nd -

PeakTh (nM) 81.5+6.7 768 £52 79.6 +4.4 81.8 6.1 855+6.0 89.1 %28 95.8+72
P value —nd. — —nd. — ~nd. - «nd. = end. - «p<0.05 -

ttPeak (min) 27.0+25 27023 26.0x1.7 256+ 1.7 244%15 23416 202+ 1.8
P value —nd. - «—nd. — «nd. — «—nd. - —nd. — —p<0.05 —

(B) ELG-TGT

TGT FVIILC (1U/dY)

parameters 0 0.1 0.2 0.4 0.8

LT (min) >60 245+35 193+ 16 16.1+£1.0 142+10
P value «p<0.01 —> «p<0.05 — «—p<0.05 — «~p<0.05 -

ETP (nM-min) 0 180 + 28 540 + 98 1626 = 191 2302 £ 162
P value «p<0.01 - —p<0.01 - p<0.01 — «p<0.01 —

PeakTh (nM) 0 225+53 47.5+93 822x12.7 127+ 14
P value «—p<0.01 — «p<0.01 —» —p<0.01 — —p<0.0l —

ttPeak (min) >60 474 +4.8 37.9+29 29.9 2.1 252+1.4
P value «—p<0.01 — «p<0.01 — «p<0.0l — —p<0.0l >

Various concentrations of rFVIII were added to FVIII-deficient plasmas, and TGT of samples were performed as described in Sect. 2. The
measurements were performed at ten separate times, and the average and standard deviation values were shown

n.d. No difference

Fig. 2 ELG-TGT in
hemophilia A. a ELG (f.c.

0.3 pM) was added to normal
plasma (line 1) or hemophilia A
plasma (FVIILC < 0.2 1U/dl,

line 2) prior to evaluating
thrombin generation.
Representative thrombograms
are illustrated in a.

b—e Correlations between
FVIIL:C levels and TGT
parameters (LT, ETP, PeakTh,
and ttPeak, respectively)
obtained in 40 hemophilia A
patients. The CV of all

Thrombin (nM)

LT (min)
ETP (nM-min)

T
10 100 0.1 ! 10

FVIH:C (1Uddl)

100

T T T
20 30 40

Time (min)

parameters obtained by this 0 10
assay showed <10%

level (r = 0.676). Significant differences of adjoining
values were demonstrated in all ELG-TGT parameters at
low levels of FVII:C even at concentrations <0.1 IU/dI

T
S0

60

PeakTh (nM)
ttPeak {(min)

FVHEC (1U/dl) FVII:C (1UAdl)

(Table 1B). The lowest limit of sensitivity of FVIIL:C by
this method was <0.1 1U/dl. In addition, the LT strongly
depended on FVIIL:C levels indicating that this method
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poorly reflected the initiation phase on the coagulation
process in the cell-based model.

3.3 TF/ELG-trigger TGT (TF/ELG-TGT)
in hemophilia A

The above results suggested that neither the TF-TGT nor the
ELG-TGT was likely to be informative in the clinical man-
agement patients with very low levels of FVIIL.C. We asses-
sed, therefore, the TGT using a mixture of TF/PL
(0.5 pM/4 M) and ELG (0.3 pM) in order to compensate for
the apparent disadvantages of the separate assays. Figure 3a
illustrates a representative thrombogram observed in normal
plasma and severe hemophilia A. The TGT parameters
obtained in normal plasma were 4.5 &+ 0.3 min (LT),
3,140 & 480 nM min (ETP), 370 =+ 33 nM (PeakTh), and
8.2 & 0.9 min (ttPeak). In hemophilia A, the parameters were
4.6 + 0.8 min, 1,095 + 464 nM min, 64.0 & 14.1 nM, and
27.3 £ 9.8 min, respectively. The results indicated that the
range of generated thrombin was greater than that in TF-TGT
and that the LT was unchanged and PeakTh was moderated in
severe hemophilia A patient. ’

Analyses of the TGT parameters and FVHLC levels in
hemophilia A demonstrated that ETP (Fig. 3, panel C),
PeakTh (panel D), and ttPeak (panel E) correlated with
FVIIL:C levels to a much greater extent (r = 0.858, 0.857,
and 0.849, respectively) than that obtained in the separate
assays. Of particular note, the LT (panel B) was poorly
related to FVII:C. On the limit for low level of FVIIIL:C,
evaluated by TF/ELG-TGT, significant differences of the
adjoining values were not observed at LT and ETP at
concentration of <0.8 IU/dl (Table 2), while they were
observed at PeakTh (P < 0.01) and ttPeak (P < 0.05) at
>0.2 TU/dl. The lowest limit of sensitivity for FVIIL:C in

Fig. 3 TF/ELG-TGT in
hemophilia A. a Mixtures of
TF/PL and ELG (f.c. 0.5 pM/4
and 0.3 uM) were added to
normal plasma (line 1) or

this assay was 0.2 1U/d]l and was similar to that for clot
waveform analysis reported by Matsumoto et al. [14].
Furthermore, the presence of corn tripsin inhibitor (CTI) in
this assay did not show significant ditferences (P > 0.05)
for all parameters, compared to its absence (data not
shown).

We previously demonstrated that very low levels of
FVHILC (lowest limit 0.2 TU/dl) could be evaluated by clot
waveform analysis and FVIIIL:C < 0.2 TU/dl was signifi-
cantly consistent with clinical severe phenotype of hemo-
philia A [14]. Therefore, we compared with the parameters
of TF/ELG-TGT and clot waveform analysis in hemophilia
A patients with FVIIL:C < 1.0 IU/dl. Both parameters of
PeakTh and ttPeak in TGT highly (r = 0.73-0.83) corre-
lated with both parameters of clot time and Imin 2! in clot
waveform analysis (Table 3), supporting that even
TF/ELG-TGT could fully evaluate very low levels of
FVIIL:C and clinical severity in hemophilia A patients.

Taken together, these findings demonstrated that the
TF/ELG-TGT could provide valuable information for
monitoring the coagulation mechanism based on cell-based
reactions in patients with very low levels of FVIII:C
(>0.2 1U/dl).

4 Discussion

We have demonstrated that a modification of the TGT
assay to include TF/ELG to initiate thrombin generation
accurately reflects coagulation function in hemophilia A
patients with very low levels of FVIIL:C. Several groups [5,
15, 16] have previously reported that TGT assays using low
concentrations of TF (0.5-1.0 pM) and PL (4 pM) gener-
ally correlate with FVIIL:C, although the effectiveness of

'
=
-
L-

g

LT (min)
3

hemophilia A plasma

(FVILC < 0.2 1U/d], line 2)
prior to evaluating thrombin
generation. Representative
thrombograms are illustrated in
a. b—e Correlations between
FVHI:C levels in and TGT
parameters (LT, ETP, PeakTh,
and ttPeak, respectively) 0
obtained in hemophilia A

(A)

Thrombin (nM)
§
H

ETP (nM'min)

g

patients. The CV of all -100 . 4;0 7
parameters obtained by this o 102 i 3 . 0
assay showed <10% Time (min)
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Table 2 Parameters of TF/ELG-TGT at various concentrations of rFVIII

TGT FVIIL:C (1U/dl)

parameters 0 0.1 0.2 0.4 0.8

LT (min) 4.5+0.1 4.6+0.2 4.7+0.2 48+03 49+0.3
P value ¢nd. — —nd. — —nd — —nd —

ETP (nM-min) 2571 £ 109 2572 +74 2572 + 63 2581 + 49 2606 + 24
P value «nd. - —nd. — «—nd — “—nd. =

PeakTh (nM) 1398 140+ 8 1429 1577 176 22
P value —nd. — —nd — —p<0.01 = «p<0.01l -

ttPeak (min) 15205 15808 15709 14.6 0.6 13.8+£04
P value «nd — —nd. = —p<0.05 — —p<0.05 -

Various concentrations of rFVII were added to FVIII-deficiency plasmas, and TGT of samples were performed as described in Sect. 2. The
measurements were performed at ten separate times, and the average and standard deviation values were shown

n.d. No difference

Table 3 Correlation between the parameters of TF/ELG-TGT and
clot waveform analysis in hemophilia A patients with FVIIL-
C < 1.0 Tu/dl

TF/ELG-TGT Clot waveform analysis Imin 2I
Clot time (sec)

LT (min) 0.050 0.053

ETP (nM min) —0.532 0.598

PeakTh (nM) —0.768 0.734

ttPeak (min) 0.829 —0.798

Values show the correlation coefficient between each parameter
obtained in both assays

the method in the presence of very low levels of FVIIL:C
remains to be established. In the present study, low con-
centrations of TF mediated modest thrombin generation in
normal plasma, and differences in PeakTh and ETP
(reflecting the propagation phase) between normal and
hemophilia A plasma were not markedly significant. It is
generally accepted that the spontaneous hemorrhagic
symptoms in severe hemophilia A are caused by relatively
minor amounts of TF in joints and muscles [17] resulting in
defective activation of the initiation phase by FVIIa/TF
complex. In the present investigation, however, the LT,
reflecting the initiation phase, was not especially sensitive
to very low levels of FVIHIL:.C (<1.0 IU/dl) and this
parameter was not useful for assessing precise coagulation
function in these circumstances.

Several studies have utilized the TF-TGT to evaluate
replacement therapy in hemophilia A. Variable TGT
parameters have been described in patients with similar
levels of FVIIL:C, and different ranges of ETP values have
been demonstrated even in control individuals with normal
levels of FVIIIL:C [4, 18]. Furthermore, Beltran-Miranda
et al. [5] reported that although there was a reasonably

good correlation between clinical severity and PeakTh in
hemophilia A, overall, the TF-TGT did not offer any
advantages for the evaluation of clinical severity compared
to the measurement of FVIIL:C by one-stage clotting assay.
In addition, as discussed earlier, little information is
available on the use of the TGT for assessing very low
levels of FVIIL:C.

Mclntosh et al. [13] reported that the TGT triggered by
FIXa reflected coagulation function at low levels of
FVHLC. In aPTT-based assays, soluble ELG is widely
used as an activator of intrinsic coagulation. In the present
study we also used ELG for the following reasons: (1)
thrombin generation using ELG gave similar results to
those using FIXa (data not shown), (2) other coagulation
disorders as well as hemophilia A can be evaluated, and (3)
it is cost-effective. We demonstrated that the ELG-TGT
provided a sensitive index of coagulation function even at
very low levels of FVIIL:C. This assay showed the differ-
ence of lowest limit of FVIIL.:C (0.2 and <0.1 TU/I,
respectively) in plasmas of hemophilia A patients and
samples prepared by the addition of tFVIII to FVII-defi-
cient plasma. This discrepancy may be explained by the
difference of amounts of other blood coagulation factors
except for FVIII containing in plasmas of hemophilia A
patients. However, in ELG-TGT, the LT was again
dependent on the presence of FVIIL:C, and this parameter
failed to quantify coagulation function in the cell-based
coagulation model.

The aforementioned findings prompted us, therefore, to
design a method based on a mixture of TF/PL and ELG.
Under these conditions, the LT was little affected inde-
pendently of FVIIL:C, and differences in thrombin gener-
ation between normal individuals and hemophilia A was
strikingly more evident than that in TF-TGT. Significantly
higher correlations (+ > 0.85) between FVII:C and TGT
parameters were observed in hemophilia A patients and the
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findings indicated that the TF/ELG-TGT could be a useful
technique to examine both the initiation phase and the
propagation phase of cell-based coagulation function.
Moreover, the sensitivity of the method to very low levels
of FVIIL:C was approximately 0.2 [U/dl, similar to that
observed using clot waveform analysis [14]. The TGT
parameters were more variable than those seen in the
aPTT-based assay, however, and may have depended on
the concentration of coagulation factors other than FVIIL:C
in the plasma samples. Nevertheless, the TF/ELG-TGT
provided good data for the classification of clinical severity
in patients with very low levels of FVIIL:C.

The CT1 is often used in TF-TGT to block the activation
of contact pathway and to have little influence of parameter
LT, reflecting the initiation phase [19]. Although, in par-
ticular, the addition of CTI appears to be preferred in
TF-TGT using a low concentration (1 pM) of TF [20], the
effects of CTI by TE-TGT at very low levels of FVIIL:C
have remained to be investigated. The presence of CTI in
TF/ELG-TGT, however, did not significantly affect all
parameters, compared to its absence (data not shown),
supporting that CTI would not be required for evaluation of
coagulation function on very low levels of FVIIL:C in this
assay, although this reason is unclear at this present.
Therefore, we conclude that in TF/ELG-TGT, the initiation
trigger is due to TF/FVIIa, based on little change of LT,
and the presence of EL.G causes more enhancing activation
of intrinsic coagulation; consequently, this assay can pos-
sess the higher sensitivity for coagulation function of
hemophilia A with very low levels of FVIIL:C.
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