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RESUME

The efficacy of antiretroviral therapy in patients with HIV is clear. However, the incidence of
lipodystrophy among these patients is increasing. Therefore, we have analyzed the combinations of drugs
used in antiretroviral therapy in relation to the occurrence of patients with lipodystrophy. Data were
obtained from 556 Japanese patients with coagulation disorders treated between 2000 and 2004. The
lipodystrophy status of these patients was obtained from surveillance data dated May 31, 2005. A total of 40
combination patterns were identified, and categorical principal component analysis extracted four major
patterns. Patients with lipodystrophy in 2005 were found primarily in the largest bubble, which consisted of
patients under therapy with two nucleoside reverstrascriptase inhibitors (NRTIs) and one protease inhibitor.
However, these patients gradually moved to the second largest bubble that included patients treated with two
NRTIs and one non nucleoside reverse transcriptase inhibitor. With the elongation of the therapeutic period
and the increase of the number of applicable drugs, a numerical classification of drug combination patterns
will be helpful in decision making for HIV therapy.
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Abstract

Some factor VIII (FVIII) inhibitor alloantibodies block FVIII binding to von Willebrand factor (VWF) and phospholipid (PL)
and recognize a C2 domain epitope that overlaps both binding sites. We previously showed that FVIII peptide 2315-2330 neu-
tralized FVIII inhibitors and that Cys*? and Glu*? contributed to the maximum neutralizing effect. In the present study, we
investigated the relationship between the essential binding sites for VWEF, PL, and anti-C2 inhibitors by means of competitive-
inhibition assays with overlapping synthetic peptides that span the C terminus of the C2 domain (residues 2288-2332). We iden-
tified 2 peptides (residues 2303-2317 and 2315-2330) that specifically blocked FVIII binding to VWF or PL by approximately
80% (50%-inhibitory concentration [ICg], 9.0 pM) and 95% (1Csy, 0.12 uM), respectively. To examine in detail the residues
responsible for PL binding, we prepared mutants of peptide 2315-2330 in which we sequentially substituted each residue with
Gly. Two residues, 1le!7 and Met??!, were shown to be essential for PL binding. Their substitution with Gly reduced the
inhibitory effect by >90%. The data suggest that the binding sites for VWF, PL, and anti-C2 inhibitors in the C2 domain are in
very close proximity but are not identical.
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1. Introduction domains plus heterogeneous fragments of a partially prote-
olyzed B domain) that is linked to a light chain consisting of
Factor VIII (FVIII), a plasma glycoprotein deficient or  the A3, C1, and C2 domains [2-4].
defective in individuals with the severe congenital bleeding Prior to thrombin- or factor Xa—catalyzed activation,
disorder hemophilia A, functions as a cofactor in the tenase ~ FVIII circulates as a complex with von Willebrand factor
complex, which is responsible for the anionic phospholipid =~ (VWF), which protects and stabilizes FVIII [5,6]. Activation
(PL) surface-dependent conversion of factor X to factor Xa  of FVIII by thrombin or factor Xa is associated with prote-
by factor [Xa [1]. FVIII is synthesized as a multidomain, sin-  olytic cleavages at Arg®’? and Arg’® in the heavy chain and
gle-chain molecule (A1-A2-B-A3-C1-C2) consisting of 2332 at Arg'® in the light chain [7]. The active form of FVIII
amino acid residues with a molecular mass of approximately ~ (FVIIIa) is a heterotrimer consisting of the A1, A2, and A3-
300 kd [2,3]. It is processed into a series of metal ion—  C1-C2 domains. FVIIIa dissociates from VWF and markedly
dependent heterodimers by cleavage at the B-A3 junction, enhances the catalytic efficiency of the tenase complex on
which generates a heavy chain (consisting of the Al and A2  the PL surface [8]. Thus, both VWF and PL govern the phys-
iological function of FVIII.
Andersson and Brown [9] demonstrated that VWF inter-
fered with FVIII binding to PL. Subsequently, investigators
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2 g ] g 3 Amino Acid Residues
DSFTPVVNSLDPPLLTR 2288-2304 (L1)
SLDPPLLTRYLRIMP 2296-2310 (L2)
DPPLLTRYLRIHPQS 2298-2312 (L3)
TRYLRIHPQSWV 2303-2314 (L4)
TRYLRIHPQSWVHQI 2303-2317 (LS)
LRIHPQSWVHQI 2306-2317 (L6)
HPQSWVHQIALRM 2309-2321 (L7)
HQIALRMEVLGCE 2315-2327 (L8)
HQIALRMEVLGCEAQD 2315-2330 (L9)

ALRMEVLGCEAQD - 2318-2330 (L10)

Figure 1. Schematic representation of the synthetic factor VIII (FVIII)
peptides (L1-L.10). The sequences of the FVIII peptides in the C terminus
(residues 2288-2332) of the C2 domain are represented by their 1-letter
abbreviations.

indicated that the C-terminal C2 region (residues 2303-2332)
bound to VWF and PL [10,12]. All of these findings sug-
gested that the sites of VWF and PL binding are in close
proximity within the C2 domain.

The crystal structure of the C2 domain has been deter-
mined at an x-ray resolution of 1.5 A [13]. A group of solvent-
exposed hydrophobic “feet” consisting of Met?'%/Phe??,
Val??, and Leu?®'/Leu®?, and a ring of positively charged
- amino acid residues (Arg?, Arg?®, Lys?, and Arg?%)
appear to be located behind the hydrophobic surface. These
exposed hydrophobic residues in the C2 domain appear likely
to contribute to PL binding [14].

FVIII inhibitors develop as alloantibodies in 20% to 30%
of multitransfused patients with hemophilia A; they may
also arise as autoantibodies in nonhemophilic individuals,
resulting in acquired hemophilia A and a tendency for
severe bleeding [15]. Inactivation of FVIII activity by these
inhibitors is associated with impairment of FVIII cofactor
function due to the binding of these antibodies to function-
ally or conformationally important epitopes in FVIII. Epi-
topes of this nature have been localized to one or more of
the A2, C2, and A3-Cl domains [16-18]. In particular, anti-
C2 inhibitors were found to prevent the interaction of FVIII
with PL and VWF [11]. We previously demonstrated that C2
inhibitor epitopes, residues 2315-2330, were responsible for
FVIlI-neutralizing activity and that Cys?*? and Glu®?” were
especially critical in this mechanism [19]. It appeared, there-
fore, that the epitopic region of anti-C2 inhibitors might
overlap or juxtapose the binding site for VWF or PL in the
C2 domain.

In the present study, we have more precisely localized the
VWF- and PL-binding sites within the C2 domain and have
investigated the relationship between the binding sites for
VWF, PL, and anti-C2 inhibitors.

2. Materials and Methods
2.1. Reagents

Purified recombinant FVIII preparations were generous
gifts from Bayer HealthCare (Berkeley, CA, USA). VWF
was purified from plasma-derived FVIII/VWF concentrates
(Confact F; The Chemo-Sero-Therapeutic Research Institute,
Kumamoto, Japan) by gel filtration on a Sepharose CL-4B

column (GE Healthcare, Uppsala, Sweden) and immune-
beads coated with immobilized anti-FVIII monoclonal anti-
body, as has previously been reported [20]. An enzyme-linked
immunosorbent assay (ELISA) did not detect FVIII antigen
in the purified VWF preparation. JR8, a monoclonal antibody
recognizing the A2 domain, was obtained from JR Scientific
(Woodland, CA, USA). (o-Phosphatidyl-L-serine was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Synthetic
peptides consisting of overlapping sequences of 12 to 17
residues corresponding to the C-terminal FVIII sequence
(amino acid residues 2288-2332) were prepared by Bio-Syn-
thesis (Lewisville, TX, USA) (Figure 1).

2.2. ELISA for the Binding of FVIII to Immobilized
VWF or PL

Binding of FVIII to VWF or PL was examined as
previously reported [11]. In brief, VWF (40 nM) or (a-phos-
phatidyl-L-serine (5 uM) was immobilized onto wells of
microtiter plates. After blocking with 5% human serum
albumin, FVIII (1 nM) was added to the immobilized VWF
or PL. Bound FVIII was detected with a biotinylated anti-
A2 monoclonal antibody (JR8) and horseradish peroxi-
dase—labeled streptavidin. To determine the inhibitory
effects of the synthetic peptides, we mixed various concen-
trations of peptides with FVIII prior to adding it to
immobilized VWF or PL. The amount of nonspecific
immunoglobulin G binding in the absence of FVIII was
<5% of the total signal. Specific binding was estimated by
subtracting the amount of nonspecific binding.

2.3. Hydropathy Analysis

The C-terminal end of the C2 domain (residues 2288-
2332) was subjected to hydropathy analysis with the
ProtScale program available from the ExPASy Web site
(http://expasy.org/tools/protscale.html). In brief, the program
performs a Kyte-Doolittle analysis with a moving 7-residue
window that continuously determines the average hydropa-
thy as the window is advanced through the sequence. Values
that are more positive represent a greater probability of
hydrophilicity and surface exposure.

3. Results

3.1. Effects of C2 Synthetic Peptides on FVIII
Binding to VWF

Earlier studies reported that the C terminus of the C2
domain (residues 2303-2332) contained a VWF-binding site
{10]. To further localize the VWF-binding site within this
region, we used ELISA to examine the inhibitory effects
of 10 overlapping synthetic peptides that encompass the C
terminus of the C2 domain (residues 2288-2332) on FVIII
binding to VWF (Figure 2). The L5 peptide (residues 2303-
2317) blocked FVIII binding to VWF by approximately 80%
at the maximum concentration employed (500 pM). This
inhibition was dose dependent, and the 50%-inhibitory con-
centration (IC,,) was 9.0 £ 1.7 pM (mean + SD). However,
2 peptides (L4, residues 2303-2314; L6, residues 2306-2317)
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Figure 2. Effect of the C2 synthetic peptides on factor VIII (FVIII)
binding to immobilized von Willebrand factor (VWF). FVIII (1 nM) was
mixed with various concentrations of C2 synthetic peptide and then
incubated with VWF (40 nM) immobilized onto wells of microtiter
plates, as described in “Materials and Methods.” Bound FVIII was
detected with biotinylated anti-A2 immunoglobulin G (JR8). The
absorbance values for FVIII binding to VWF in the absence of peptide
represent the 100% level. The percentage of FVIII binding was plotted
as a function of the C2 peptide concentration. Experiments were per-
formed at least 3 separate times, and mean values are shown.

that had 3 residues removed from the C or the N terminus of
the L5 peptide exhibited poor inhibition of this binding
(approximately 10% and 40%, respectively). The L9 peptide
(residues 2315-2330) also inhibited FVIII binding to VWF
(by approximately 60%), but this effect was very weak, with
an IC, of approximately 250 uM. The other 6 peptides did
not significantly inhibit binding. These data suggest that the
2303-2317 region in the C2 domain contained a VWF-inter-
active site.

3.2. Effects of C2 Synthetic Peptides on FVIII
Binding to PL

Previous studies with synthetic peptides [12] demon-
strated that the 2303-2332 region in the C terminus of the
C2 domain inhibited FVIII binding to PL. To further localize
the PL-interactive site within this region, we used ELISA to
examine the inhibitory effects of these peptides on FVIII
binding to PL (Figure 3). The L9 peptide completely blocked
FVIII binding to PL at a concentration of 50 puM. This
inhibition was dose dependent, and the IC,, value was
0.12 £ 0.02 pM. The L8 peptide (residues 2315-2327), in
which 3 residues were removed from the C terminus of
the L9 peptide, also completely blocked this binding in a
dose-dependent manner, with an ICy, of 15 = 4 puM. In con-
trast, the L10 peptide (residues 2318-2330), in which 3
residues were removed from the N terminus of the L9 pep-
tide, poorly inhibited binding (approximately 45%), even at

the maximum concentration. The L5 peptide, which inhibited
FVII and VWF interaction, also blocked FVIII binding to
PL (by approximately 65%); however, the IC, value
(approximately 250 uM) was high compared with that
obtained with VWF (approximately 9 uM). The other pep-
tides did not significantly inhibit PL binding. These data sug-
gest that the region of residues 2315 to 2330 in the C2
domain contains a PL-interactive site.

3.3. Hydropathy Analysis of the C terminus
of the C2 Domain

To compare the properties of the interactive sites for VWF
and PL in the C terminus of the C2 domain, we performed
a hydropathy analysis of this region, as described in “Materi-
als and Methods” (Figure 4). The results showed that the
2303-2317 sequence, which includes the VWF-interactive
site, was hydrophilic and positioned on the exposed surface.
In contrast, the 2315-2330 sequence, which includes the PL-
interactive site, was hydrophobic and not exposed to the
surface.

3.4. Effects of Individual Amino Acid Substitutions
on the Ability of the L9 Peptide to Inhibit FVIII
Binding to PL

Our previous findings showed that the L9 peptide
(residues 2315-2330) neutralized the anti-FVIII activity of
C2 inhibitor antibodies and that Cys®?* and Glu*? in
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Figure 3. Effect of the C2 synthetic peptides on factor VIII (FVIII)
binding to immobilized phospholipid (PL). FVIII (1 nM) was mixed
with various concentrations of C2 synthetic peptides and then incubated
with PL (5 pM) immobilized onto microtiter plate wells, as described in
“Materials and Methods.” Bound FVIII was detected with biotinylated
anti-A2 immunoglobulin G (JR8). The absorbance values for FVIII
binding to von Willebrand factor in the absence of peptide represent the
100% level. The percentage of FVIII binding was plotted as a function
of the C2 peptide concentration. Experiments were performed at least 3
separate times, and mean values are shown.
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Figure 4. Hydropathy plot of the C terminus of the C2 domain.
Residues 2288 to 2332 of the FVIII C2 domain were analyzed with the
ProtScale program available from the ExPASy Web site (see “Materials
and Methods™). A hydropathy scale from -2 (hydrophobic) to 2
(hydrophilic) was used to estimate the probability of a segment being
exposed to the surface. The locations of the von Willebrand factor
(VWF)- and phospholipid (PL)-binding regions obtained from the
experiments with synthetic peptides are indicated by horizontal bars and
residue numbers.

this sequence were required for the maximum effect [19].
Therefore, to compare the individual amino acid residues
responsible for the inhibitory effect of the L9 peptide on
FVIII and PL interaction, we prepared mutant peptides in
which each residue in the 2315-2330 peptide (except for
Gly»?) was sequentially substituted with Gly. The ability of
each mutant peptide (50 pM) to inhibit FVIII binding to PL
was evaluated by ELISA (Figure 5). Substitution of Ile®!7,
Leu?®, Arg®%, or Met®? significantly reduced the capacity
of the mutant peptide to inhibit FVIII binding to PL. The
effect of substitution was most prominent when Ile®!” or
Met*?! was replaced by Gly. In these instances, the inhibitory
ability was reduced to <5%. Substitution of Leu®" or Arg®%
reduced the inhibitory ability of the L9 peptide by approxi-
mately 40% and 50%, respectively. Increasing the concentra-
tions of the mutant peptides to 500 uM did not affect their
relative ability to inhibit FVIII binding to PL. These data
suggest that the residues in the C terminus of the C2 domain
responsible for PL binding are not identical to those respon-
sible for binding of anti-C2 inhibitors.

4. Discussion

The C2 domain contains common antigenic determinants
for most FVIII inhibitors. Furthermore, this domain contains
the binding sites for VWF [10], PL [12}, thrombin [21], and
factor Xa [22]. In addition, our laboratory has demonstrated
that binding of the metal ion Ca?* to this domain supports
the conformational structure of the light chain [23]. Thus, the

C2 domain is essential for FVIII cofactor function and struc-
ture. Previous findings have also demonstrated that VWE,
PL, and anti-C2 inhibitor antibodies compete for binding to
the C2 domain [11], suggesting that their binding regions are
in close proximity. Few reports have described their precise
localizations, however. Using a panel of overlapping syn-
thetic peptides, we previously localized the common C2 epi-
tope for FVIII alloantibodies and monoclonal antibodies
within 16 amino acid residues (2315-2330) in the C terminus
of this domain [19]. We have now extended this study to
examine the relationship between the VWF-binding site, the
PL-binding site, and the C2 epitope.

Two major regions for VWF binding have been proposed
on the basis of epitope analyses with monoclonal and poly-
clonal FVIII antibodies. One site appears to be located in
the N-terminal highly acidic region of the A3 domain
[24,25], and the other is in the C2 domain [9]. More recently,
the C terminus of the A3 domain was also reported to be
involved in the binding of VWF and activated protein C
[26]. The precise mechanisms of these binding reactions
remain unknown, however. Because the FVIII-neutralizing
activity of FVIII alloantibodies with C2 epitopes was inhib-
ited in the presence of VWE, it is possible that a region for
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Figure 5. Effects of modified peptides on the ability of the L9 peptide to
inhibit factor VIII (FVIII) binding to phospholipid (PL). Mutant L9
peptides were compared with the wild-type L9 peptide (control) for their
ability to inhibit FVIII binding to PL (open circles). The horizontal axis
shows the individual amino acid substituted in each mutant. The vertical
axis shows the percentage of the control value: (percent inhibition of
FVIII binding to PL by 50 pM mutant L9 peptide)/(percent inhibition of
FVIII binding to PL by 50 uM wild-type L9 peptide) x 100. The control
value for the wild-type L9 peptide was considered to be 100%. Experi-
ments were performed at least 3 separate times, and mean values are
shown. Previously published data (closed circles; see Figure S in {19]) are
also shown to compare the effects of the substituted peptides on the abil-
ity of L9 to neutralize anti-FVIII antibody activity. The vertical axis shows
the percentage of the control value: (percent residual FVIII activity in the
presence of inhibitor antibody and 50 uM mutant L9 peptide)/(percent
residual FVIII activity in the presence of inhibitor antibody and 50 uM
wild-type L9 peptide) x 100. The mean values of 4 inhibitor antibodies are
shown.
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Figure 6. Binding epitopes for von Willebrand factor (VWF), phos-
pholipid (PL), and anti-C2 inhibitor antibody on the factor VIII (FVIII)
C2 domain. The FVIII C2 domain is shown in a ribbon format with -
sheets (yellow). The C2 residues responsible for VWF interaction
(Thr®B-11e®'7) are shown in a space-filling format (green). The residues
responsible for PL interaction (Ile®!?, Leu®'®, Arg®%, and Met®2!) are
shown in blue. The residues responsible for neutralizing the inhibitory
activity of anti-C2 inhibitor antibody (Cys®? and Glu®?’) are shown in
pink.

VWF binding within the C2 domain is conformationally
associated with the C2 epitope. Our binding experiments
with overlapping synthetic peptides demonstrated that the
L5 peptide (residues 2303-2317) inhibited FVIII binding to
VWF (ICg, 9 uM), suggesting that this region contained
residues essential for VWF binding. Another 2 peptides, L4
(residues 2303-2314) and L6 (residues 2306-2317), in which
the L5 peptide was truncated by 3 amino acid residues at the
C terminus and the N terminus, respectively, failed to inhibit
this binding (ICsy, >500 uM). Furthermore, peptides L2, L3,
and L7, in which Thr-Arg-Tyr (residues 2303-2305) or His-
Gln-Ile (residues 2315-2317) were deleted, did not inhibit
this binding effectively. These data support the view that the
interaction of VWF with the C terminus of the FVIII C2
domain requires conformationally stable 2303-2317
sequences. The inhibitory effect of the 2303-2317 peptide
was not complete, however, suggesting the presence of an
alternative VWF binding site. In this context, a reference to
point mutations in the hemophilia A database and studies
using mutagenesis [27] indicated that the C1-C2 marginal
region containing Arg?'® is required for VWF binding, It
seems likely, therefore, that both terminal portions of the C2
domain are juxtaposed spatially, that this juxtaposition is
mediated by a disulfide bond between Cys?7* and Cys®%
[13,28], and that VWF binds to distinct sites in both terminal
portions of the C2 domain.

The association of FVIII and VWF is based on a nonco-
valent electrostatic interaction. Hence, FVIII is readily dis-
sociated from VWF at high cation concentrations [29)].
Hydropathy analysis showed that the peptide region of
VWF binding contains hydrophilic residues, and considering

that the N-terminal A3 domain also contains highly acidic
amino acid residues [24,25], VWF binding may require
hydrophilic residues exposed on the surface of the FVIII
molecule. The association of FVIII and VWF is restricted in
the presence of PL [9], and the assembly of the tenase
complex on membrane surfaces is enhanced in these cir-
cumstances. Foster et al [12] previously demonstrated that a
peptide corresponding to residues 2303 to 2332 competes
with FVIII for binding to PL. In our studies, the L9 peptide
(residues 2315-2330) inhibited FVIII binding to PL (ICq,
0.12 uM), confirming that this region contains a PL-binding
site. Similarly, the L10 peptide (residues 2318-2330) com-
pletely inhibited PL binding, although the IC,, value was
higher (15 pM). In addition, the L5 peptide (residues 2303-
2317), which inhibited VWF binding, also weakly inhibited
PL binding (ICs,, approximately 250 uM). In contrast, the L8
peptide (residues 2315-2327) failed to inhibit PL binding
(ICsp, >500 pM). These data suggested that residues 2315 to
2317 (His-Gln-Ile) contributed significantly to PL interac-
tions. Furthermore, the studies with mutant peptides in
which individual amino acids were substituted with Gly
revealed that lle?'?, Leu®'®, Arg?®, and Met®2! in the C ter-
minus of the C2 domain were closely associated with PL
binding.

The crystal structure of the C2 domain has been shown to
consist of a B-sandwich core with 2 B-sheet turns and an
adjacent loop, which display a group of solvent-exposed
hydrophobic “feet” consisting of Met?%%/Phe??20, Va2 and
Leu?>Y/Leu®s2 [13]. A ring of positively charged amino acid
residues (Arg?'®, Arg?®, Lys??7 and Arg??®) was located
behind the hydrophobic surface. These exposed hydropho-
bic and surrounding positively charged residues appeared
likely to contribute to membrane binding. Our current data
are in keeping with these proposals and suggest that Arg?20
and the surrounding residues (Ile?', Leu®', and Met??!)
located in the C-terminal portion of the C2 domain are
essential for PL binding. Our data further indicate that the
VWF-binding site and the PL-binding site are in very close
proximity in the C2 domain but are not identical. Interest-
ingly, the binding sites for VWF and PL are hydrophilic and
hydrophobic, respectively, and comparisons of the amino
acid sequences for human, porcine, murine, and canine
FVIII molecules (http://europium.csc.mre.ac.uk) indicate
that the residues of both the 2303-2317 and 2315-2330
sequences are well conserved.

In summary, we have successfully identified precise
regions of PL and VWF binding within the C2 domain of
FVIIL Given the crystal structure of the C2 domain [13], the
results of our peptide experiments demonstrate that the
binding sites for PL, VWF, and anti-C2 inhibitors are in very
close proximity (Figure 6). The results of competitive-inhibi-
tion studies can be explained by this close relationship within
the C-terminal portion of the C2 domain.
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Summary

FVIII is activated by cleavage at Arg®’%, Arg’*’, and Arg'®® by thrombin. This
study showed that an anti-A2 monoclonal antibody, with a specific epitope
for residues 484-509, and anti-FVIII inhibitor alloantibodies with similar A2
epitopes, inhibited thrombin-catalyzed FVIII activation. Sodium dodecyl
sulphate polyacrylamide gel electrophoresis analysis showed that cleavage at
Arg®? but not at Arg’*® occurred at approximately fourfold decreased rate in
the presence of anti-A2 antibody. Peptide 484—509 also inhibited co-factor
activation, consistent with inhibition of cleavage at Arg’ 2. Direct binding
studies using active-site modified thrombin showed that a 484-509 peptide as
well as the anti-A2 antibodies blocked the A2-thrombin binding.
Furthermore, covalent cross-linking was observed between the 484-509
peptide and thrombin following reaction with 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide. Mutant A2 molecules in which the

clustered basic residues in this sequence were converted to alanine were used

to assess the binding reactions in a surface plasmon resonance-based assay.
Mutants R484A, R489A, R490A, H497A and K499A possessed two to fivefold
lower affinity than wild-type A2. These findings demonstrate that clustered
basic residues within the 484-509 region of the A2 domain play a part of key
role in thrombin-binding, which is responsible for thrombin-catalyzed FVIII
activation by cleavage at Arg”’>.

Keywords: FVIII, A2 domain, thrombin, binding-site, cleavage.

FVIII, a plasma protein deficient or defective in individuals with
the severe congenital bleeding disorder, haemophilia A, func-
tions as a co-factor in the tenase complex responsible for anionic
phospholipids surface-dependent conversion of FX to activated
FX (FXa) by activated FIX (FIXa) (Mann et al, 1990). FVIII
circulates as a complex with von Willebrand factor (VWF),
which protects and stabilizes the co-factor. FVIII is synthesized
as a multidomain, single chain molecule (A1-A2-B-A3-C1-C2)
consisting of 2332 amino acid residues with a molecular mass of
approximately 300 kDa (Vehar et al, 1984; Wood et al, 1984). It
is processed into a series of metal ion-dependent heterodimers
by cleavage at the B-A3 junction, generating a heavy chain
consisting of the Al and A2 domains, plus heterogeneous
fragments of a partially proteolyzed B domain, linked to a light
chain consisting of the A3, C1, and C2 domains.

The serine proteinases thrombin and FXa function as
positive feedback amplifiers of the coagulation cascade

© 2007 The Authors

through the specific cleavage of FVIII (Eaton et al, 1986).
Both enzymes convert the pro-co-factor to the active co-
factor, FVIIla, by limited proteolysis. Cleavages occur in the
heavy chain at Arg’’, separating the A1-A2 domains, and at
Arg”*® at the A2-B domain junction, generating 50-kDa Al
and 40-kDa A2 subunits. The 80-kDa FVIII light chain is
cleaved near its N-terminus at Arg'®®
residue-rich fragment generating a 70-kDa A3CI1C2 subunit
(Eaton et al, 1986). Mutational analysis and examination of
the haemophilia A database indicate that proteolysis at Arg>”
and Arg'®® is essential for generating FVIIla activity (Fay,
2004). However, the requirement for cleavage at Arg’*" for

co-factor activity is controversial. Cleavage at Arg’’? site

to release a 40-acidic

exposes a functional FIXa-interactive site within the A2
subunit that is cryptic in the unactivated molecule (Fay et al,
2001). Cleavage at the Arg'®*” site liberates the co-factor from
its carrier protein, VWF (Lollar et al, 1988), and contributes
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to the overall specific activity of the co-factor (Regan & Fay,
1995).

Thrombin recognizes macromolecular substrates and
co-factors through either or both of two anion-binding
exosites (ABE), exosites I (ABE-I) and II (ABE-II), character-
ized by a high density of solvent-exposed basic residues that
are more sterically remote from the catalytic site. ABE-I binds
to fibrinogen (Binnie & Lord, 1993), the acidic residue-rich tail
of the potent thrombin inhibitor, hirudin (Stone et al, 1987),
and many other proteins. ABE-II is primarily the heparin-
binding exosite (Sheehan & Sadler, 1994). Both exosites are
also involved in the interaction with FVIII. ABE-I appears to
be essential for FVIII activation through cleavage at Arg’’* and
Arg'®®. ABE-Il seems to have a more limited role in
facilitating cleavage at Arg’’* and Arg”*" (Myles et al, 2002).

Limited information is available on thrombin-interactive sites
in FVIII, however. We have previously demonstrated that one
such site promotes cleavage at Arg'®®® and is located within the
C2 domain in the FVIII light chain, and that the A2 domain also
contains a thrombin-interactive site (Nogami et al, 2000). More
recently, it has been demonstrated that the acidic region,
comprising residues 389-394 in the A2 domain, interacts with
thrombin via the heparin-binding exosite (ABE-II) and supports
cleavage at Arg’*® during pro-co-factor activation {Nogami
et al, 2005a). However, a thrombin-interactive site responsible
for cleavage at Arg’’? has not been previously identified. This
study examined the interaction of thrombin with the FVIII A2
domain using a combination of anti-FVIII antibodies, a synthetic
peptide, and recombinant A2 mutants. Qur results indicate for
the first time that clustered basic residues within the 484-509
region in the A2 domain, are responsible, at least in part, for

interaction with thrombin and cleavage at Arg®”2.

Materials and methods

Reagents

Purified recombinant FVIII preparations were generous gifts
from Bayer Corp. Japan (Osaka, Japan). The heavy chain
subunit was isolated following chromatography on SP- and
Q-Sepharose columns (Amersham BioScience, Uppsala,
Sweden). Sodium dodecyl sulphate polyacrylamide gel electro-
phoresis (SDS-PAGE) of the isolated subunits, followed by
staining with GelCode Blue Stain Reagent (Pierce, Rockford, IL,
USA), showed >95% purity. A monoclonal antibody 413
(mAb413), which is specific for the 484-509 residue in the A2
domain, was obtained as previously described (Fay et al, 2001).
A second anti-A2 mAb, mAbJR8, was obtained from JR
Scientific Inc. (Woodland, CA, USA). Two anti-FVIII inhibitor
alloantibodies (alloAbs; cases 1 and 2) were obtained from
multitransfused Japanese patients with severe haemophilia A.
Antibody epitopes were localized within the A2 domain by
immunoblot analysis using isolated FVIIl fragments. The
inhibitor titres of these two cases were 57 and 118 Bethesda
U/mg respectively. IgG fractions were prepared using protein A

Sepharose (Amersham). F(ab’), fragments were prepared
using immobilized pepsin-Sepharose (Pierce). Human alpha-
thrombin, °1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride (EDC; Sigma, St Louis, MO, USA), hirudin
(Calbiochem, SanDiego, CA, USA), horseradish peroxidase-
labelled streptavidin (Chemicon, Borona, Victoria, Australia),
anti-thrombin mAb (Antibodyshop A/S, Gentofte, Denmark),
and goat antimouse peroxidase-linked secondary antibody (MP
Biomedicals, Aurora, OH, USA) were purchased commercially.
An active-site modified, anhydro-thrombin (Ah-thrombin),
was prepared as previously described (Nogami et al, 2000).
Biotinylated mAbJR8 was prepared using N-hydroxysuccinim-
ido-biotin reagent (Pierce). The synthetic peptides correspond-
ing to FVIII A2 residues 484-509 and 373-395 without or with
biotin was prepared by BioSynthesis (Lewisville, TX, USA).

Recombinant FVIII A2 molecules

Recombinant wild-type A2 domain (wt-A2) and a set of
mutants were constructed and expressed using the Bac-to-Bac
baculovirus systems as previously described (Sarafanov et al,
2006). The mutated residues, predominantly targeting posi-
tively charged residues located on the surface of the A2 domain,
were Arg®®, Tyr*®’, 5er™® Arg*®®, Arg®®, Leu®®', Lys'”, Lys*,
His*”7, Lys*”” and Lys'°. Each selected residue was replaced by
alanine. The A2 expression cassette was assembled on the basis
of an MHGX vector and subcloned into a pFastBacl vector. The
chimeric gene encoded a polypeptide, six His tag and FXa
cleavage site at the N-terminus. The protein was expressed in
Sf9 cells and purified by affinity chromatography using CNBr-
activated Sepharose 4B with immobilized anti-A2 mAb. The
eluates were mixed with FXa and treated with Xarrest agarose
(Novagen, Madison, WI, USA). The resultant A2 was >90%
pure as judged by SDS-PAGE and Western blotting. The A2
proteins were quickly frozen at —80°C.

Clotting assay

FVIIIa activity was measured at 37°C in a one-stage clotting
assay using FVIII-deficient plasma. Thrombin-catalyzed acti-
vation of FVIII was assessed in HEPES-buffered saline (HBS)
buffer (20 mmol/l HEPES, pH 7-2, 0:1 mol/l NaCl, 5 mmol/l
CaCl,, and 0-01% Tween 20) containing 0-01% bovine serum
albumin (BSA). Samples were removed from the mixtures at
the indicated times, and thrombin reaction was rapidly
terminated by the addition of hirudin (1 U/ml) and approx-
imately 10 000-fold dilution. This was followed immediately
by the assay for FVIII activity. The presence of thrombin and
hirudin in the diluted samples did not affect measurements of
FVIII in this coagulation assay.

Cleavage of isolated heavy chain subunit by thrombin

Human thrombin was added to the isolated heavy chain
subunit in a 1:50 molar ratio in HBS buffer at 37°C. Samples
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were taken at indicated times and the reactions were
immediately terminated and prepared for SDS-PAGE by
adding SDS and boiling for 3 min.

Cross-linking with EDC

Variable concentrations of biotinylated 484-509 peptides were
mixed with a fixed concentration of thrombin (200 nmol/l)
and incubated with 300 pmol/l EDC at pH 7-2 at 22°C for
45 min. Following this cross-linking protocol, the samples
were subjected to SDS-PAGE and immunoblotting. Reactions
were terminated by addition of SDS electrophoresis sample
buffer and boiling.

Electrophoresis and Western blotting

SDS-PAGE was performed using 8% gels at 150 V for 1 h. For
Western blotting, the proteins were transferred to a polyviny-
lidene difluoride membrane at 50 V for 2 h. Proteins were
probed using biotinylated anti-A2 mAbJRS or anti-thrombin
mADb, followed by horseradish peroxidase-labelled streptavidin
or peroxidase-linked secondary antibody respectively. The
signals were detected using enhanced . chemiluminescence
(Perkin-Elmer Life Science, Boston, MA, USA). Densitometry
scans were quantitated using Image J 1.34 (National Institute
of Health, Bethesda, MD, USA).

Kinetics measurement using real-time biomolecular
interaction analysis

The kinetics of A2 subunit-thrombin interactions were deter-
mined by a surface resonance plasmon (SPR)-based assay using
a BlAcore X instrument (Biacore AB, Uppsala, Sweden; Nogami
et al, 2000). Ah-thrombin was covalently coupled to a CM5 chip
surface at a density of 6 ng/mm’. Association of the ligand was
monitored in 10 mmol/l HEPES, pH 74, 0:15 mol/l NaCl,
0-005% polysorbate 20, at a flow rate of 15 pl/min for 5 min.
Dissociation of bound ligand was recorded over 5 min by
replacing the ligand-containing buffer with buffer alone. Non-
specific binding corresponding to ligand binding to the
uncoated chip was subtracted from the signal. Reactions were
run at 37°C. The rate constants for association (k,,) and
dissociation (kgi;;) were determined by nonlinear regression
analysis using the evaluation software provided by Biacore AB.
Dissociation constants (K,) were calculated as kg /k,s.

Binding assay by enzyme-linked immunosorbent assay
(ELISA) using immobilized Ah-thrombin

Microtitre wells were coated with 50 ul of Ah-thrombin
(100 nmol/l) in 20 mmol/ Tris and 0-15 mol/l NaCl, pH 74,
at 4°C overnight. The wells were washed with phosphate-
buffered saline (PBS) containing 0-02% Tween 20, followed by
blocking with PBS containing 5% BSA for 2 h at 37°C. A2
subunit was added in HBS buffer containing 1% BSA and

© 2007 The Authors
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incubated for 2 h at 37°C. Biotinylated anti-A2 mAbJRS8 (1 pg)
was added and bound IgG was detected by the addition of
horseradish peroxidase-labelled streptavidin using the sub-
strate O-phenylenediamine dihydrochloride. Reactions were
stopped by the addition of 2 mol/l H,50,, and the absorbance
was measured at 492 nm. The amount of nonspecific binding
of biotinylated IgG observed in the absence of the A2 subunit
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 on at least three separate
occasions, and the average values are shown. Nonlinear least
squares regression analysis was performed by Kaleidagraph
(Synergy, Reading, PA, USA). The interactions between the A2
subunit and thrombin in the ELISA were analysed using
a single-site binding model equation 1: '

Amax [S]

Absorbance = K + 5]

(1)

where [S] is the A2 subunit, K is the dissociation constant,
and A, represents maximum absorbance signal when the site
is saturated by A2.

Data from experiments assessing the A2 peptide-dependent
inhibition of Ah-thrombin interaction with A2 were fitted by
nonlinear least squares regression using equation 2:

Bmax[AZ] +
+ (L/Ki)] + [A2)

%.binding = & o (2)
where L represents the concentration of Ah-thrombin or A2
peptide; By, represents maximum binding; K, is the disso-
ciation constant for the A2 and Ah-thrombin interaction; K; is
the apparent inhibition constant for L; and C is a constant for
A2-Ah-thrombin binging that was unaffected by L.

Results

Effect of anti-FVIII alloAbs with A2 epitopes on thrombin-
catalyzed activation of FVIII and cleavage of heavy chain

We have previously reported that the A2 domain as well as the
C2 domain in FVIII contains thrombin-interactive sites
(Nogami et al, 2000). The present study investigated whether
this thrombin interaction in the A2 domain was functionally
responsible for FVIII activation by the protease. In initial tests,
we examined the effects of two anti-FVIII alloAbs on
thrombin-catalyzed FVIII activation. In general, the recogniz-
ing domains (epitopes) of anti-FVIII alloAbs are localized to
one or more of the A2, C2, or A3C1 domains. In the current
study, however, immunoblotting and ELISA demonstrated
that the crucial epitopes of two alloAbs were localized within
the A2 domain, not within the Al or A3C1C2 domains (data
not shown). Activation of FVIII (100 nmol/l) by thrombin
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(2 nmol/l} in the presence of two alloAbs was evaluated by SDS-PAGE was employed to visualize the effects of alloAbs on
measurement of FVIIIa activity using a one-stage clotting thrombin-catalyzed cleavage of FVIII heavy chain. Isolated
assay. Control experiments showed that the presence of heavy chain was used as a substrate to eliminate any
alloAbs, thrombin, or hirudin did not affect the assay, contribution of light chain to the association with thrombin.
probably the results of the approximately 10 000-fold dilution Heavy chain (100 nmol/l), free of detectable light chain (data
of the reaction mixture prior to FVIIIa activity determination. not shown), was preincubated with anti-A2 alloAbs
Thrombin-catalyzed activation of FVIIT was inhibited by the (250 nmol/l) for 2 h, followed by reaction with thrombin
addition of anti-A2 alloAbs in dose-dependent manners (2 nmol/l). Figure 1B shows the time-course of heavy chain
(Fig 1A). The peak values of FVIIIa activity in cases 1 and 2 cleavage, analysed by Western blotting using biotinylated anti-
(at 250 nmol/l} were approximately 70% and approximately A2 mAbJR8. Compared with the heavy chain cleavage in the
50%, respectively, of that obtained in the presence of control presence of normal IgG (panel a), the alloAb from case 1
IgG. (panel b) did not affect the cleavage at the A2-B junction

Upregulation of FVIII activity is predominantly related to (Arg’*), whilst cleavage at the A1-A2 junction (Arg’’?) was
proteolytic cleavage at Arg®”* of the A1-A2 domain junction mildly diminished. The alloAb from case 2 (panel c) slightly
(Fay et al, 2001; Nogami et al, 2005b). We hypothesized, diminished the cleavage at Arg’*°, whilst cleavage at Arg’”* was
therefore, that the inhibitory effects of two anti-A2 alloAbs on significantly delayed. Examination of the ratio of the A2
FVIII activity might be due to inhibition of the thrombin- product/A1-A2 substrate by scanning densitometry showed
catalyzed heavy chain cleavage at Arg’’”. To investigate this, that the rate of cleavage at Arg’”’ in both instances were
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Fig 1. Effect of anti-A2 inhibitor alloAbs on thrombin-catalyzed activation and cleavage of FVIII - (A) Activation of FVIiI: FVIII (100 nmol/l)
preincubated with the anti-A2 inhibitor alloAb IgG F(ab’); for case 1 (100 nmol/}; open squares, 250 nmoV/l; closed squares) and for case 2 (100 nmol/
1; open triangles, 250 nmol/l; closed triangles) or normal I1gG F(ab’), (control; open circles) for 2 h, was reacted with thrombin (2 nmol/l). FVIlia
activity was measured at the indicated times using a one-stage clotting assay. The initial activity of FVI1I at time zero was approximately 30 U/ml. The
values of FVIlla activity were plotted as a function of incubation time. (B) Cleavage of the heavy chain of FVIII: Isolated heavy chain (100 nmol/l) was
preincubated with the anti-A2 alloAbs F(ab’), [250 nmol/l; control (panel a), case 1 (panel b), or case 2 (panel c)] for 2 h and was mixed with
thrombin (2 nmol/l) at the indicated time. Samples were analysed by 8% SDS-PAGE followed by Western blotting using biotinylated anti-A2
mAbBJRS. Panel d shows the ratio of A2/A1-A2 subunit derived from the Western blotting data (panels a—c) by quantitative densitometry. The symbol
used are; open circles: normal IgG, closed circles: case 1, and open squares: case 2. The data were fitted to a straight line.
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approximately 60% and approximately 35%, respectively, of
that obtained by the control IgG (panel d). The difference in
cleavage velocity at Arg’”> between two alloAbs appeared to
reflect the results of thrombin-catalyzed activation of the pro-
co-factor observed above (see Fig 1A). These results support
that anti-A2 alloAbs inhibit thrombin-catalyzed FVIII activa-
tion because of inhibition of cleavage at Arg®”? in the heavy
chain.

Effect of anti-A2 mAb413 on thrombin-catalyzed cleavage
of the FVIII heavy chain

Epitopes of polyclonal anti-A2 alloAbs are generally localized
within residues 484-509 of FVIII (Healey et al, 1995). We
therefore examined the thrombin-catalyzed activation of FVIII

Thrombin-interactive Site in the FVIIl A2 Domain

in the presence of mAb413 sharing the same epitope.
Activation of FVIII (100 nmol/l) by thrombin (2 nmol/l) was
evaluated in the presence of increasing concentrations of
mAb413. Although it is known that mAb413 inhibits the
FVIII(a)-FiXa interaction (Fay & Scandella, 1999), the pres-
ence of this antibody in the diluted samples did not affect this
assay (data not shown). The mAb413 demonstrated a dose-
dependent inhibition of thrombin-catalyzed activation of
FVIII (Fig 2A). At the maximum concentration employed
(240 nmol/l), the peak value of FVIIIa activity was reduced by
approxifnately 50%, and the time increment to reach this value
was delayed compared with that of control. In contrast, the
other anti-A2 mAbJR8, which does not recognize the same
epitope, did not inhibit the thrombin-catalyzed activation at
the maximum concentration employed (240 nmol/l).

Control
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Fig 2. Effect of anti-A2 mAb413 on the activation and cleavage of FVIII by thrombin - (A) Activation of FVIIL FVIIL (100 nmol/l) was preincubated
with various concentrations of mAb413 F(ab’), (0 nmol/l, open circles; 30 nmol/l, closed circles; 60 nmol/l, open squares; 120 nmol/l, closed squares;
240 nmol/l, open triangles) or mAbJR8 (240 nmoV/l, closed triangles) for 2 h, and was mixed with thrombin (2 nmol/l). FVIIIa activity was measured -
at the indicated times using a one-stage clotting assay. The initial activity of FVIII at time zero was approximately 30 U/ml. The values of FVIila
activity were plotted as a function of incubation time. (B) Cleavage of the heavy chain of FVIII: Isolated heavy chain (100 nmol/l) was preincubated
with mAb413 F(ab’); or normal 1gG F(ab’), (250 nmol/1) for 2 h and mixed with thrombin (2 nmol/l) at the indicated times. Samples were analysed
by 8% SDS-PAGE followed by Western blotting using biotinylated anti-A2 mAbJR8. Panel C shows (panel a) the ratio of A2/A1-A2 and (panel b) the
change of the A1-A2-B subunit derived from the Western blotting data by quantitative densitometry. Density values of the Al-A2-B subunit without
thrombin were used to represent the 100% level. The symbols used are; open circles: normal 1gG, and closed circles: mAb413. The data were fitted to
a straight line (panel a) and to an exponential decay (panel b).
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These effects of mAb413 were further examined by SDS-
PAGE. Figure 2B shows the time-course of heavy chain
cleavage analysed by Western blotting using a biotinylated
mADbJR8. The mAb413 did not significantly affect the cleavage
at Arg’®’, but cleavage at Arg’”’> was markedly diminished.
This observation was in keeping with those of anti-A2 alloAbs.
Examination of the ratio of the A2/A1-A2 subunit by scanning
densitometry suggested that the rate of cleavage at Arg®” in
the presence of mAb413 was reduced by approximately
fourfold compared with the control (Fig 2C, panel a),
consistent with the effect of mAb413 on thrombin-catalyzed
activation of the pro-co-factor. In contrast, the rate of cleavage
at Arg’*® in the presence of antibody was not significantly
different from the control (25 + 04 and 29 + 0-3 min
respectively). These results indicate that the region comprising
the anti-A2 mAb epitope is likely to contain with the
thrombin-interactive site(s) that affects the cleavage at Arg®’
in the heavy chain.

Effect of synthetic peptide 484-509 on thrombin-catalyzed
cleavage of FVIII

To exclude the possibility that this inhibition of thrombin-
catalyzed activation resulted from the conformational steric

g

80

60

Factor VIIIa activity (% of initial) 3»

20

T T T 1
0 100 200 300 400
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hindrance of mAb413, a same competitive assay was developed
using a synthetic peptide corresponding to residues 484-509,
the recognizing epitope for mAb413. Using reaction conditions
of FVIII (100 nmol/l) and thrombin (2 nmol/l), maximal
FVIIIa activity was evaluated in the presence of increasing
concentrations of A2 peptide. Control experiments showed
that the presence of peptide did not affect this assay (data not
shown). The 484-509 peptide showed a dose-dependent
inhibition of thrombin-catalyzed activation of FVIII with up
to approximately 65% inhibition observed (400 pmol/l;
Fig 3A). Furthermore, the time to reach maximal FVIIIa
activity in the presence of peptide was delayed dose-depen-
dently compared with that of absence of peptide (data not
shown). The inhibitory effect by the 484~509 peptide was mild
compared to that by 373-395 peptide, a thrombin-binding site
responsible for the cleavage at Arg’*’.

The effect of this peptide on the cleavage' of heavy chain by
thrombin was further examined by Western blotting. Isolated
heavy chain (100 nmol/l) mixed with various concentrations
of the peptide was reacted with thrombin (2 nmol/l) for
2 min. Figure 3B shows the results from Western blotting of
the cleavage reaction (upper panels) and from band densi-
tometry of A2 product (lower panel). The 484-509 peptide
blocked the cleavage at Arg’’? by approximately 70% at the
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Fig 3. Effect of 484-509 peptide on FVIII activation and cleavage by thrombin — (A) Activation of FVIII: FVIII (100 nmol/l) was mixed with various
concentrations of 484-509 peptide (open circles) or 373395 peptide (closed circles) (0, 6, 125, 25, 50, 100, 200, and 400 umol/l respectively), followed
by incubation with thrombin (2 nmol/l). FVIila activity was measured at the indicated times using a one-stage clotting assay. The peak level of FVIila
activity in the absence of peptide (100% level) was approximately 160 U/ml, representing an approximately sixfold increase of initial activity. The
percentage of peak level of FVIIla activity was plotted as a function of peptide concentration. (B) Cleavage of the heavy chain of FVIII: (upper panel)
Isolated heavy chain (100 nmol/l) mixed with various concentrations of 484-509 peptide was reacted with thrombin (2 nmol/l) for 2 min. Samples
were analysed by 8% SDS-PAGE followed by Western blotting using anti-A2 mAbJR8. Lane 1 shows the intact heavy chain. Lanes 2—6 show the
cleavage of heavy chain in the presence of 484-509 peptide (0, 50, 100, 200, and 400 pmol/l respectively). Lower panel shows quantitative
densitometry of the A2 (open circles) and Al-A2-B (closed circles) subunit derived from the Western blotting data (upper panel). Density value of A2
subunit generated by thrombin cleavage in the absence of peptide or the A1-A2-B without thrombin was used to represent the 100% level.
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maximum concentration employed (400 pmol/l) and the
inhibition was observed in a dose-dependent manner, consis-
tent with that of inhibition of thrombin-catalyzed activation.
However, the cleavage at Arg’*’ by thrombin was not
significantly affected (by approximately 20%), compared with
that at Arg’’’. Furthermore, thrombin-catalyzed cleavage of
the heavy chain using intact FVIII as a substrate was similarly
blocked by this peptide, whilst the cleavage of the light chain
was little affected (data not shown). These data support that
the 484-509 region in A2 subunit contributes to a specific
interactive-site for thrombin necessary to facilitate cleavage of
the heavy chain.

Inhibitory effect of mAb413 or the 484-509 peptide on the
A2 interaction with Ah-thrombin

The above data supported the hypothesis that residues 484-509
within the A2 contributed to thrombin interactions. To
confirm that the inhibitory activity of mAb413 resulted from
its blocking the region involved in thrombin binding, an
ELISA-based assay was employed to examine the effect of the
antibody on the binding of A2 to immobilized Ah-thrombin,
a catalytically inactive derivative of thrombin. Binding assays
using inactivated serine proteases, prepared by converting
serine residues in the active site to dehydroalanine, have been
already established (Nogami et al, 1999, 2000). Recombinant
wt-A2 domain was prepared using a baculovirus expression
system (Sarafanov et al, 2006) to completely eliminate any
contribution of other subunits in the interaction with throm-
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bin. The wt-A2 domain bound to immobilized Ah-thrombin
in a dose-dependent manner (Fig 4A). The data could be
comparatively well fitted by a single-site binding model, with
a modest apparent K, value (57-4 + 11-0 nmol/t). To confirm
the specificity of this binding, various concentrations of Ah-
thrombin were preincubated with the wt-A2 (80 nmol/l) in the
fluid phase, prior to addition to the immobilized Ah-throm-
bin. Ah-thrombin completely blocked the A2 binding to Ah-
thrombin  (Fig 4A, inset). The apparent K; value
(621 £ 10-5 nmol/l) was consistent with the value obtained
from direct binding, confirming the specificity of this assay.
To evaluate the inhibitory effect of mAb413, the wt-A2
domain (80 nmol/l) was preincubated with increasing concen-
trations of antibody, prior to addition to the immobilized Ah-
thrombin (Fig 4B). The mAb413 blocked A2 binding to Ah-
thrombin in a dose-dependent manner by approximately 45%
at the maximum concentration employed (500 nmol/l), similar
to its inhibitory effect on thrombin activation of FVIIL The
results showed that mAb413 blocked thrombin-catalyzed
activation of FVIII in a similar manner to the anti-A2 alloAbs,
by directly inhibiting A2 binding to the protease, and that the
epitope of mAb413 (residues 484-509) shared sequences with
the thrombin-interactive site in A2. To assess the specificity of
the 484-509 region for the thrombin interaction, we examined
the effect of the 484-509 peptide on A2-thrombin interaction
(Fig 4B). The 484-509 peptide inhibited this binding in a dose-
dependent manner. Inhibition was approximately 35% at the
maximum concentration employed (400 pmol/l), and the
apparent K; value was 105 + 22 pumol/l. A control experiment
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Fig 4. ELISA for the A2 subunit binding to immobilized Ah-thrombin - (A) Recombinant wt-A2 binding to Ah-thrombin: Various concentrations of
recombinant wt-A2 domain were reacted with Ah-thrombin (100 nmol/l) that had been immobilized onto microtitre wells. Bound A2 was detected
using biotinylated anti-A2 mAbJR8. Absorbance values were plotted as a function of the concentration of A2 domain, and data were fitted using
equation 1 according to a single-site binding model described in Materials and methods. (inset) The mixtures of various concentrations of Ah-
thrombin and wt-A2 (80 nmol/l) were incubated with immobilized Ah-thrombin (100 nmol/l). Bound A2 was detected using biotinylated mAbJRS.
The absorbance value corresponding to A2 binding to Ah-thrombin in the absence of competitor was defined as 100%. The percentage of A2 binding
was plotted as a function of Ah-thrombin concentration, and the plotted data were fitted by nonlinear least squares regression according to equation
2. (B) Inhibition of anti-A2 mAb413 and the 484-509 peptide on the A2 and Ah-thrombin binding: Recombinant wt-A2 (80 nmol/l) was preincubated
with various concentrations of mAb413 F(ab’), (open circles), A2 peptide 484-509 (closed circles), or peptide 484/489/490/497/499A1a**-**° (open
squares) for 1 h and then incubated with immobilized Ah-thrombin (100 nmol/l). Bound A2 was detected using biotinylated mAbJR8. The
absorbance value corresponding to A2 binding to Ah-thrombin in the absence of competitor was defined as 100%. The percentage of A2 binding was
plotted as a function of the mAb413 or A2 peptide concentration, and the plotted data were fitted (dashed line) by nonlinear least squares regression
according to equation 2.
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using peptides with scrambled sequences showed little inhibi-
tion of binding (data not shown). The results confirm that
residues 484-509 in A2 contribute to thrombin interaction.

EDC cross-linking of the 484-509 peptide and thrombin

Nogami et al (2004) reported that the 337-372 peptide in the
C-terminus of Al formed a covalent, cross-linked product with
FXa (Nogami et al, 2004). To investigate the direct interaction
between the 484-509 peptide and thrombin, therefore, similar
experiments using the zero-length cross-linking reagent EDC
were performed in the present study. The 484-509 peptide
formed a cross-linked product of approximately 35 kDa that
increased in intensity with increasing amounts of the peptide
(Fig 5A, upper and lower panels). The mass of the adduct
(approximately 35 kDa) was consistent with a 1:1 stoichiom-
etry of 484-509 peptide (approximately 4 kDa) and thrombin
(approximately 31 kDa). Control experiments indicated that
the 484-509 peptide and FXa did not form a cross-linked
product under the same conditions (data not shown). These
data suggest that the interaction between 484-509 and
thrombin involves salt linkage(s) formed between A2 and the
enzyme.

The specificity of the 484-509 peptide-thrombin interac-
tion, as monitored by cross-linking, was examined using
unlabeled peptide to block formation of the biotinylated
peptide-thrombin adduct. Variable concentrations of unla-
beled peptides were combined with fixed concentrations of
thrombin (200 nmol/l) and biotinylated 484-509 peptide

(A)

C— Cross-linking

1 2 3 4 5 6

35kDa Cross-linking

Fig 5. EDC cross-linking of the 484-509 peptide and thrombin — (A)
Thrombin (200 nmol/l) was reacted with various concentrations of
biotinylated 484-509 peptide (lanes 1-6; 0, 125, 25, 50, 100, and
200 pmol/l respectively) in the presence of EDC (300 umol/l} for
45 min, followed by immunoblotting using streptavidin (upper panel)
and antithrombin mAb (lower panel). (B) Thrombin (200 nmol/l) and
biotinylated 484-509 peptide (100 pmol/l) were incubated with EDC
(300 umol/l) in the presence of unlabeled 484-509 peptide (lanes 1-6;
0, 25, 50, 100, 200, and 400 pumol/l respectively) and immunoblotted.

(100 pmol/l), and the mixtures were reacted with 300 pmol/l
EDC. Figure 5B illustrates loss of biotinylated product follow-
ing titration with the unlabelled 484-509 peptide. Unlabeled
484-509 peptide (100 pmol/l) completely inhibited the for-
mation of EDC cross-linking product between the biotinylated
484-509 peptide and thrombin. This observation indicated
that the unlabelled peptide possessed a somewhat greater
affinity for thrombin than that observed for the biotinylated
reagent, suggesting that the biotin label partially inhibited the
inter-molecular interaction. A control scrambled peptide
showed little inhibitory effect (<10%) on formation of the
product (data not shown). These data confirm the specificity
of the interaction between the 484-509 region and thrombin.

Binding of recombinant A2 mutants to Ah-thrombin

The above experiments indicated that A2 residues 484-509
contain a thrombin-interactive site that contributes to enzyme
docking and facilitates catalysis of cleavage at Arg’’” in the
heavy chain. A hallmark of this region of the A2 subunit is the
high content of basic residues (7/26 residues, either Arg, Lys, or
His). Thus, the basic residues in the A2 domain may be critical
for interaction with thrombin. To identify the A2 residues that
are responsible for interacting with thrombin, a series of
recombinant A2 molecules in which alanine was substituted for
selected residues was prepared. We focused on the exposed
basic residues within or around the 484-509 region, based on
the FVIII A domain model (Pemberton et al, 1997). The
selected residues were converted into alanine, generating
a panel of 11 single-point A2 mutants. The secretion levels
and conformational stabilities of all A2 mutants and specific
activities of FVIIIa reconstituted with the mutated A2 and A1/
A3CI1C2 dimer were described in a recent report (Sarafanov
et al, 2006). The interaction between A2 mutants and Ah-
thrombin was evaluated using an SPR-based assay. Results are
shown in Fig 6 and summarized in Table I. The data could be
comparatively well fitted by non-linear regression using a 1:1
Langmuir binding model. The binding affinity of the wt-A2 for
Ah-thrombin was 55-9 nmol/l, and the binding energy calcu-
lated as AG = —RTInK; was 103 kcal/mol. Of note, binding of
five A2 mutants (R484A, R489A, R490A, H497A, K499A) to
Ah-thrombin showed a two to fivefold lower affinity compared
with that of wt-A2. This decreased affinity indicated that the A2
residues, Arg**, Arg*®, Arg*, His*’, and Lys*", contributed
relatively moderately to the thrombin binding, as determined
by their contribution to the binding energy (5-10% contribu-
tion of wt-A2). Nevertheless, the remaining A2 mutants bound
to thrombin with affinities similar to that of the wt-A2, and
collectively, these results indicate that the A2 residues Arg““,
Arg®®, Arg"’, His*”’, and Lys*” play a part of role in the A2
subunit interaction with thrombin, an interaction that is

3
372 Furthermore, we

responsible for thrombin cleavage at Arg
prepared the synthetic peptide 484509 substituted with Ala for
residues Arg‘“, Arg‘w’, Argm’, His*’, and Lys499 (484/489/490/

497/499A12*%4°%%), and examined the inhibitory effect on the
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Fig 6. Binding of recombinant A2 mutants to Ah-thrombin in an
SPR-based assay — Recombinant wt-A2 or its mutants (1060 nmol/l)
were incubated with Ah-thrombin immobilized on a sensor chip (6 ng/
mm?) for 5 min, followed by a change of running buffer for 4 min.
Curves 1-5 show the association/dissociation curves of wt-A2, and its
mutants, R484A, R489A, R490A, and K499A respectively.

Table 1. Kinetic parameters of the interaction between recombinant
A2 mutants and Ah-thrombin in an SPR-based assay.

A2 mutant kuss (X10°/mol/ifs) kaigs (x107%/5) Ky (nmol/l1}
WT 2:0 £ 0-03 1-1 £ 001 559
R484A 1-0 £ 003 2:0 £ 002 212
Y487A 34 + 006 097 + 0-03 29-0
S488A 28 + 004 1-5 £ 0:02 526
R489A 13 + 004 2:4 £ 002 183
R490A 14 + 003 22+ 12 163
L491A 21 £ 003 1:6 + 0-01 779
K493A 1-9 £ 005 1-8 + 0-02 94-9
K496A 22 £ 004 16 £ 0-02 71-3
H497A 1-4 £ 003 1-8 + 0-02 123
K499A 13 + 006 321003 255
K510A 1-8 £ 003 1:7 + 001 885

Reactions were performed as described under “Materials and meth-
ods®. Parameter values were calculated by nonlinear regression analysis
using the evaluation software provided by Biacore AB. K, values were
calculated as ky;si/koss. A2 mutants, which had the greatest decrease in
affinity for Ah-thrombin, and their K4 values are shown in bold.

A2-thrombin binding in an ELISA. This peptide little affected
this binding, supporting the role of these residues for the A2
484-509 region-thrombin interaction (Fig 4B).

Discussion

Our earlier study demonstrated that the A2 as well as C2
domains of FVIII contain thrombin-interactive sites (Nogami
et al, 2000). The present study showed that one thrombin-
interactive site, which is responsible, at least in part, for

©® 2007 The Authors
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proteolytic cleavage at Arg’’?, is localized within the residues
484-509 of the A2 domain in the heavy chain. This conclusion
is based on several original findings. First, a clotting-based
assay showed that anti-FVIII alloAbs with A2 epitopes, an anti-
A2 mAb413 (recognizing the residues 484-509), and the 484—
509 synthetic peptide, inhibited thrombin-catalyzed FVIII
activation because of specific inhibition of cleavage at Arg*”’
(A1-A2 junction), not at Arg’*® (A2-B junction). Second,
competitive inhibition binding assays using ELISA revealed
that the mAb413 and the 484-509 synthetic peptide blocked
the A2-thrombin interaction. Third, covalent cross-linking was
observed between the 484-509 peptide and thrombin following
reaction with EDC. Furthermore, a series of single-point A2
mutants used in an SPR-based assay identified the clustered
basic residues (Arg“", Arg“", Arg”o, His**’, Lys"”) forming
one thrombin-interactive site in A2, responsible for thrombin
docking and cleavage at Arg*””.

We previously demonstrated that an anti-FVIII inhibitor
alloAb with a C2 epitope inhibited cleavage at Arg'®®® in the
light chain by blocking the C2-thrombin interaction (Nogami
et al, 2000). In the present study, we could describe for the first
time an anti-A2 mAb as well as anti-A2 inhibitor alloAbs that
inhibited cleavage at Arg’”? in the heavy chain by blocking the
A2-thrombin interaction. These latest findings support the
view that the A2 domain also plays a key role in thrombin-
FVIII activation mechanisms. In addition, the A2 domain is
known to facilitate cleavage at Arg’*® (Nogami et al, 2005a).
Taken together, therefore, thrombin cleavage sites at Arg’”’
and Arg’*" in the heavy chain and at Arg'®® in the light chain
contribute to pivotal proteolytic events and are probably
governed by independent molecular interactions.

The present blotting data showed that the cleavage at Arg
by thrombin was slightly inhibited in the presence of anti-A2
antibodies and A2 peptide. We cannot exclude completely the

740

possibility that the 484-509 region may contain a part of
a thrombin-interactive site responsible for cleavage at Arg’*°.
However, these competitors inhibited the cleavage at Arg
more predominantly compared to that at Arg’*’. These
inhibitory patterns were different from that of the 373-395
peptide, which strongly inhibited the cleavage at Arg”*°
(Nogami et al, 2005a). Furthermore, since the 484-509 region
is positioned conformationally closely to the 389-394 region
(Fig 7), the possibility of steric hindrance can be considered.

Therefore, we suggest that one thrombin-interactive site that is
372

372

responsible for cleavage at Arg’’® contains the residues 484—
509 of the A2 domain.

More recently, low-density lipoprotein receptor-related
protein (LRP)-interactive sites and plasmin-interactive sites
in the A2 domain have been localized using recombinant A2
mutants (Nogami et al, 2005¢; Sarafanov et al, 2006). Using
the same approach, by assessing the affinity of thrombin
binding to the A2 domain, the relative contribution of each
residue can be graded in the following order; Lys**® > Ar-
g% > Arg®®, Arg*® > His*””. In particular, the K499A
mutant showed a marked reduction (approximately fivefold

Journal Compilation © 2007 Blackwell Publishing Ltd, British Journal of Haematology, 140, 433-443 441



K. Nogami et a/

Ya)
COOH

Fig 7. Thrombin-interactive sites within the FVIII A2 domain — FVIII
A2 domain is shown in ribbon format with alpha-helix in red and beta-
sheets in yellow. The residues Arg*®, Arg*®®, Arg*’, His**7, and Lys**®
(light blue), responsible for interaction with thrombin and required for
EVIII cleavage at Arg’’?, together with residues Glu*®®, Glu*°, Glu®,
Asp™?, and Asp** (magenta), responsible for interaction with

thrombin and required for FVIII cleavage at Arg’*’, are shown in space

filling format.

of wt-A2) in binding affinity compared with the other A2
mutants. The lack of significant conformational disturbance
produced by these five A2 mutations has been confirmed
(Sarafanov et al, 2006). The role of these residues in thrombin
interactions was also supported by the results obtained in
a competitive inhibition assay using a 484-509 synthetic

peptide, a substituted peptide with Ala, and an anti-A2 mAb

recognizing this sequence. The inhibitory effects were incom-
plete in these experiments; however, (approximately 40%),
possibly due to the presence of a previously identified,
alternative domain (residues 389-394; Nogami et al, 2005a).
On the basis of the known FVIII homology with cerulo-
plasmin (Pemberton et al, 1997), the currently identified five
basic residues (Arg'®, Arg*®’, Arg"”, His*”’ and Lys**)
appear to be arranged in a spatially adjacent fashion and
exposed on the A2 surface (Fig 7). This provides an extended
surface for thrombin binding, juxtaposed to the N-terminus of
the A2 domain. Nogami et al (2005a) demonstrated that the
acidic region, comprising residues 389-394 in A2, interacts
with thrombin via ABE-II and facilitates cleavage at Arg’*
during pro-co-factor activation. It is evident, therefore, that
the A2 domain appears to contain the two independent
thrombin-interactive sites responsible for cleavage at Arg®”
and Arg’®’. The domain model shows that the acidic region
(residues 389-394) associated with ABE-II is also exposed on
the A2 surface, and may be in close proximity to the basic
region (residues 484-509). Arg®”* (C-terminal end in A1) and
Ser’” (N-terminal end in A2) are not accounted for in this
model, however. Comparisons of amino acid sequences among

human, porcine, murine, and canine FVIII molecules (http://
europium.csc.mrc.ac.uk) indicates that the Lys**®, a major
contributor for thrombin binding, and the other basic
residues, except for Arg*®*
these basic regions may be fundamental for interaction with
thrombin.

Direct binding between the basic region 484-509 and
thrombin in the fluid phase was confirmed by visualization of
a peptide-thrombin adduct following zero-length cross-link-
ing with EDC. EDC initially reacts with an acidic residue to
form an unstable O-acylisourea compound and subsequently
reacts with a closely associated nucleophilic side chain,
thereby covalently preserving the original salt bridge (Carr-
away & Triplett, 1970). This approach had been already
utilized to identify the FX(a)-interactive site in the Al
domain (Fay & Lapan, 1997; Nogami et al, 2004). The
present data suggest, therefore, that salt bridges link residues
in the A2 subunit and acidic residues in thrombin. Further-
more, the results obtained with the A2 mutations indicate
that residues Arg*®*, Arg*®, Arg*, His*”’, and Lys*” may
help to stabilize these bridges.

Several mechanisms by which anti-FVIII inhibitor alloAbs
inactivate FVIII activity have been described (Shima, 2006). In
particular, Fay & Scandella (1999) reported that A2 inhibitors
of this nature blocked the interaction between the FVIII A2
domain and FIXa on the tenase complex. The present study
has demonstrated a new inhibitory mechanism where the anti-
A2 alloAbs inhibited thrombin-catalyzed FVIII activation by
blocking cleavage at Arg’’”. Anti-A2 mAb413, which recog-
nizes the same epitope as the anti-A2 inhibitors, similarly
blocked Arg’”? cleavage and FVIII activation by thrombin, but
not completely. This inhibitory mechanism reflects the modest
contribution of residues 484-509 in heavy chain cleavage at
Arg’”? by thrombin. Cleavage at Arg’”? is governed through
thrombin docking to interactive sites within the Al and/or A2
domain, however, and alternative thrombin-interactive sites
responsible for cleavage at Arg’”? remain to be fully investi-
gated.

The A2 484-509 region is also involved in interactions with
FIXa, plasmin, and LRP. The heavy chain cleavage by
thrombin is essential to expose the FIXa-interactive sites that
are required to modulate protease activity (Fay et al, 2001).
Binding of plasmin to A2, in which Arg*** plays a key role,
rapidly induces FVIII inactivation by cleavage at Arg’*®
(Nogami et al, 2005a,b). Furthermore, FVIII binding to LRP,
which shares an A2 site with thrombin, leads to FVIII clearance
from the circulation (Sarafanov et al, 2006). These diverse
studies show that residues 484-509 in A2 play a vital role in
FVIII metabolism in vivo.

, are well-conserved, suggesting that
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