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Abstract

Methodological characteristics of Factor VIII: C inhibitor assays, and an evaluation
by the application of correction factor

Satoshi Yamazaki", Noriko Yamazaki”, Noriko Suzuki®, Hiromi Goto”,
Shigenobu Takayama®, Masashi Taki®
"Department of Clinical Laboratory, St. Marianna University School of Medicine Hospital,
2-16-1, Sugao, Miyamae-ku, Kawasaki, Kanagawa, 216-8511 Japan
?Faculty of Health Science, Daito Bunka University
9Department of Pediatrics, St. Marianna University Yokohama City Seibu Hospital

In recent years, for the FVIII inhibitor assay, the Nijmegen method has been recommended by
the ISTH. However, it has not yet become common in Japan, and the Bethesda method is still widely
used, and modified Bethesda methods also exist.

To clarify the differences between these methods, we compared four FVIII inhibitor assays: the
Nijmegen (N), Bethesda (B), and two (S and M) modified Bethesda methods. The two modified meth-
ods use pre-treated plasma with an inactivation treatment of coagulation factors at 56°C, method S
uses FVIII deficient plasma, and method M uses normal plasma as a control.

In a comparison of sample dilution procedures using FVIII deficient plasma, the N and S meth-
ods, with nearly the same pH values in all of the tested samples, showed a constant FVIII: C. How-
ever, methods B and M, with a decrease in pH due to sample dilution, showed an elevated FVIIL: C of
12%~16%, according to their pH changes.

The results for 10 samples with FVIIIL: C inhibitor varied remarkably (CV: 22% ~55%: mean,
34.6%) among the four methods. The inhibitor values from B, S, and M were significantly higher than
the values from method N (p <0.001). Especially, the six cases of <5BU/ml validated by method N
were indicated as >5BU/ml in five cases by method S, and in three cases by methods B and M.

By application of the correction factors obtained based on method N, the CV variations were im-
proved markedly to 57%~30.0% (mean, 145%). Furthermore, the discrepant six cases were cor-
rected, decreasing to two cases in S and B, and to one case in method M.

These results have clearly shown that the inhibitor values obtained via the four methods differ,
which may be due to differences in the dilution procedures. An application of the correction factor
based on method N may be useful for comparing the inhibitor values.

Key words: Factor VIII, Inhibitor, Haemophilia A, Bethesda method, Nijmegen method
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Summary

We have recently reported that cation-exchange iminodiacetate resin
completely inactivated factor VIII (FVIII) by direct deprivation of metal
ions, predominantly Ca**, from its molecules, and that von Willebrand factor
(VWE) protected FVIII antigen from resin-induced degradation. The present
study was further developed to investigate this mechanism. Western blotting
analysis and enzyme-linked immunosorbent assay showed that the antigenic
structure of the FVIII light chain, especially the C2 domain, was completely
impaired by the resin, whilst that of the heavy chain was little affected.
However, the complex formation with VWF protected the C2 domain from
the resin-induced degradation. The resin-treated C2 domain failed to interact
with VWE and phospholipid. Furthermore, the addition of Ca®"
competitively blocked the resin-induced impairment of the C2 domain
structure. These results demonstrate that VWF protects the Ca®"-dependent
conformational structure of the FVIII light chain, especially the C2 domain,

Correspondence: Keiji Nogami, Department of
Paediatrics, Nara Medical University, 840
Shijo-cho, Kashihara, Nara 634-8522, Japan.

E-mail: roc-noga@naramed-u.ac.jp diacetate resin.

Factor VIII (VIII), a plasma protein that is either deficient or
defective in individuals with the severe congenital coagulo-
pathy, haemophilia A, functions as a cofactor in the tenase
complex responsible for anionic phospholipids surface-depen-
dent conversion of factor X (FX) to activated FX (FXa) by
activated factor IX (FIXa) (Mann et al, 1990). FVIII is
synthesized as a multi-domain, single chain molecule (Al-
A2-B-A3-C1-C2) consisting of 2,332 amino acid residues with
a molecular mass of ¢. 300 kDa. It is processed into a series of
divalent metal ion-dependent heterodimers by cleavage at the
B-A3 junction, generating a heavy chain (HCh; 90~210 kDa)
consisting of the Al, A2, plus heterogeneous fragments of
partially proteolyzed B domains, together with a light chain
(LCh; 80 kDa) consisting of the A3, Cl, and C2 domains
(Vehar et al, 1984; Wood et al, 1984). The procofactor is
activated by cleavage at Arg’’, Arg®, and Arg'®®” by
thrombin and FXa, converting into the activated FVIII
(FVIlla) trimer composed of the Al, A2, and A3-Cl-C2
subunits (Eaton et al, 1986).

FVIIl circulates as a non-covalent complex with von
Willebrand factor (VWE), which regulates the synthesis and

© 2009 Blackwell Publishing Ltd, British Journal of Haematology, 146, 531-537
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and may indicate that the C2 domain contains the Ca“—binding site(s).

Keywords: factor VIII, C2 domain, von Willebrand factor, Ca**, imino-

stabilizes the cofactor activity of FVIII (Kaufman et al, 1989).
Quantitative or qualitative defects in VWF result in a decrease
of the circulating FVIII level. Critical sites for VWF interaction
in FVII have been localized to the amino-terminal acidic
region of the A3 domain (Lollar et al, 1988) and the carboxy-
terminal region of the C2 domain (Saenko et al, 1994). The
association of FVIII with VWF results in an increased
circulatory half-life (Saenko et al, 1999) and enhanced stability
of HCh-LCh interactions (Fay, 1988). Activation by thrombin
dissociates FVIIla from VWF and markedly enhances the
activity of tenase complexes on the phospholipid surfaces (van
Dieijen et al, 1981). VWF protects FVIIIa from proteolysis by
several serine proteases, including activated protein C (Fay
et al, 1991; Nogami et al, 2002) and FXa (Koedam et al, 1990;
Nogami et al, 1999a).

FVIII possesses a similar metal-binding motif to factor V
(FV). Binding reactions of the HCh and LCh require a metal
ion-dependent linkage with the Al and A3 domains (Fay,
1988). Cu**-binding sites have been identified in the Al and/
or A3 domains of FVIII (Tagliavacca et al, 1997). Ca>* also
binds to both chains, and recently, Ca’ *-binding site(s) in the
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HCh have been identified using site-directed mutagenesis
within residues 110-126 in the Al domain (Wakabayashi et al,
2004). The binding site(s) in the LCh, however, remains to be
identified. FVIII activity can be reconstituted from isolated
HCh and LCh in the presence of metal ions, Cu®** and Ca**
(Fay, 1988). Cu®* enhances the inter-chain affinity by ¢.100-
fold rather than contributing to the specific activity of FVIII
(Wakabayashi et al, 2001), whilst Ca® promotes cofactor
activity by modulating the conformation of heterodimers on
membrane surfaces (Wakabayashi et al, 2005), indicating that
both metal ions, Ca** and Cu®*, are essential for conserving
the functional structure of FVIIL

More recently, we have demonstrated that the cation-
exchange iminodiacetate resin resulted in the complete loss of
FVIII activity by direct deprivation of metal ions, predomi-
nantly Ca®*, from the molecules, but complex formation with
VWEF protected FVIII from the resin-induced degradation
(Takeyama et al, 2008). In the present study, we further
demonstrate that VWF protects the Ca’*-dependent confor-
mational structure of the FVIII LCh, especially the C2 domain,
indicating that the C2 domain may contain the Ca’*-binding
site{s).

Materials and methods

Reagents

Recombinant FVII (Kogenate FS®) was generous gifts from
Bayer Corp. Japan (Osaka, Japan). A ¢cDNA coding the C2
domain sequence of human FVIIl was constructed, trans-
formed into Pichia pastoris cells and expressed in a yeast
secretion system (Takeshima et al, 2003). The recombinant C2
protein was purified by ammonium sulphate fractionation and
CM Sepharose (Amersham Bio-Science, Uppsala, Sweden).
Recombinant VWF was purchased from Hematologic Tech-
nologies, Inc. (Essex Junction, VT). Monoclonal antibodies
(mAb), C5 recognizing the Al domain and R8B12 recognizing
the A2 domain, were kind gifts from Dr. Fulcher (Scripps
Clinic Research Institute, La Jolla, CA, USA) and Dr Saenko
(University of Maryland, Baltimore, MD, USA), respectively.
Another anti-A2 mADb JR8 was obtained from JR Scientific Inc.
(Woodland, CA, USA). The mAbs NMC-VIII/10 and NMC-
VIII/5 recognizing the N-terminus of the A3 domain and the
C2 domain, respectively, were purified as previously described
(Shima et al, 1992, 1993). Inhibitor alloantibodies (alloAbs)
with C2 epitopes were obtained from multi-transfused patients
with severe haemophilia A. IgG preparations were fractionated
by affinity chromatography using protein A Sepharose (Amer-
sham Bio-Sciences). Biotinylated IgG was prepared using
N-hydroxysuccinimido-biotin (Pierce, Rockford, IL, USA).
Cation-exchange iminodiacetate resin was obtained from
Muromachi Chemicals (Fukuoka, Japan) and was stored
according to the manufacturer’s instruction. Phospholipid
vesicles containing 10% phosphatidylserine, 60% phosphati-
dylcholine, and 30% phosphatidylethanolamine (Avanti Polar

Lipid Inc., Alabaster, AL, USA) were prepared as previously
described (Mimms et al, 1981).

Preparation of resin-treated FVIII and C2

The iminodiacetate resin was dialyzed in 09% NaCl buffer
with 0-1% EDTA for 4 h at 4°C to remove free metal ions in
the resins, followed by further dialysis in 0-9% NaCl buffer
overnight prior to use (Takeyama et al, 2008). Proteins were
mixed with 10% (w/v) resin in polystyrene tubes for 4 h at 22
°C with stirring. After centrifuging at 3000 g, the supernatants
were adjusted to a standard volume with 10 mmol/l HEPES
buffer, pH 7-0, prior to analysis.

Measurement of Ca®" concentrations in C2

Samples were heated at 95 °C for 2 min and centrifuged at
5000 g for 30 min (Takeyama et al, 2008). The Ca’* concen-
trations in the supernatant were measured in the modification
by the o-cresolphthalein complexone method (Connerty &
Briggs, 1966, Sysmex Corporation, Kobe, Japan). The lowest
limited value for detection in this assays using the spectro-
photometer was 0-0125 mmol/l.

Surface plasmon resonance (SPR)-based assay

The kinetics of FVIII (or C2) interaction with VWE or
phospholipid vesicles was determined using a BlAcore X
instrument (BIAcore AB, Uppsala, Sweden). VWF or phos-
pholipid vesicles was covalently coupled to the surfaces of CM5
and HPA sensor chips at density of 10 or 5 ng/mm’
respectively. Binding (association) of the ligand was monitored
in filtered, degassed buffer (10 mmol/l HEPES pH 74,
150 mmol/l NaCl, 0:005% polysorbate 20) at a flow rate of
10 pl/min. Dissociation was monitored for 2 min. After each
analysis, chip surfaces were regenerated by treatment with
20 mmol/l NaOH for 1 min. The rate constants of association
(kon) and dissociation (ko) were determined by nonlinear
regression analysis using the evaluation software provided by
BlAcore AB. Equilibrium dissociation constants (K;) were
calculated as kyr/kon.

Enzyme-linked immunosorbent assay (ELISA) for the
detection of HCh and LCh of FVIII

Both chains of FVIH were detected by ELISA that was
modified according to previous reports (Shima et al, 1993).
Two anti-A2 mAbs with different epitopes, JR8 (for capture)
and biotinylated R8B12 (for detection), were used for analysis
of the HCh. For detection of the LCh, an alloAb with C2
epitope (for capture) and a biotinylated C2 antibody (for
detection) were used. The amounts of bound HCh and LCh
were determined using a streptavidin-linked horseradish
peroxidase with o-phenylenenediamine dihydrochloride as
substrate.
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Electrophoresis and Western blotting

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed using 8% and 13% gels at 150 V
for 1 h in a Bio-Rad mini-gel apparatus, followed by silver
staining. For Western blotting, the protein was transferred to a
polyvinylidene difluoride membrane and probed using the
indicated mAbs, followed by anti-mouse peroxidase-conju-
gated secondary antibody (Stressgen Bioreagents, Ann Arbor,
MI, USA). Signals were detected using enhanced chemilumi-
nescence (PerkinElmer Life Science, Boston, MA, USA).

Results

Immunoblot analysis of resin-treated FVIII

We have reported that the iminodiacetate resin resulted in the
complete loss of FVIHI activity by direct deprivation of
predominant Ca’* (>Mn’*>>Cu’*) and VWE protected FVIII
antigen from resin-induced degradation (Takeyama et al,
2008). We speculated that the resin induced significant
disturbances in antigenicity and/or structure of FVIII and that
VWF prevented such significant changes. To confirm this,
SDS-PAGE and Western blotting ahalyses of resin-treated
EVIII were performed in the absence or presence of VWF
(Fig 1). Analysis by silver staining showed that the pattern of
SDS—-PAGE on resin-treated FVIII was similar to that on
untreated FVIII, representing the presence of treated FVIII
protein in eluted sample and non-precipitation (Fig 1A). In
Western blot, the HCh was visualized using anti-Al and anti-
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VWE Protects the Structure of the C2 Domain

A2 mAbs and the LCh was visualized using anti-A3 and anti-
C2 mAbs. Multi-sized HCh fragments with molecular mass of
90~210 kDa were preserved in resin-treated FVIII alone. This
pattern was similar to that using untreated FVIII (Fig 1B, C).
Similarly, HCh fragments with higher molecular sizes were also
evident in the treated FVIII/VWF complex, indicating that the
structure of the HCh was not affected by resin treatment. In
contrast, the 80-kDa LCh fragment, detected by anti-A3 mAb,
was taintly detected in resin-treated FVIII alone compared with
untreated FVIII (Fig 1D). The high molecular weight species in
the FVIII LCh band were observed in treated FVIII alone, but
this origin is unclear at present. Furthermore, no bands were
visible using an anti-C2 mAb (Fig 1E). However, with the
treated FVIII/VWE complex, the 80-kDa LCh fragment was
detected using both mAbs, although the reactivity with the
anti-C2 mAb was weaker than that with untreated FVIIL. AS
FVIII dissociates from VWF by thrombin cleavage, Western
blot for resin-treated thrombin-cleaved FVIII/VWF was per-
formed using an anti-C2 mAb. No bands in the treated cleaved
FVIII/VWE complex were visible, similar to resin-treated FVIII
alone (data not shown), supporting that free FVIII(a) could
not be protected from the resin-induced structural impair-
ment. These results suggested that the antigenic structure of
the LCh, especially the C2 domain, was affected more
predominantly than the A3 domain by treatment with the
resin, and that complex formation with VWF protected FVIII
from the resin-induced structural impairment of the LCh.
The possibility that the LCh in treated FVIII was not bound
adequately to the polyvinylidene difluoride transfer-mem-
brane, because of the impaired structure of the fragment, was

© (D)

210~

A'

TR &= ;:
e

i
§

L —
-0 .

90- €@ E_.!
12 3 P2 a3
F
(F) Ry72 R740
l Al H A2 B
o [}
cs IR8
R1689
v
[ a3 Ja|ca|
] L ] [ ]
VHI/i0 VII/S VIS

Fig 1. Western blotting for FVIIl and FVIII/VWF complex treated by the iminodiacetate resin. Equivalent amounts (0-6 pg) of FVII (lane 1), treated
FVIII (lane 2), and treated FVIII/VWE complex (lane 3) were run on 8% gels prior to the silver staining (A), and prior to Western blotting using anti-
Al (C5, B), anti-A2 {JR8, C), anti-A3 (NMC-VIII/10, D), and anti-C2 (NMC-VIIl/5, E) monoclonal antibodies (mAbs). Panel F shows a schematic
presentation of the domain organization of the HCh, LCh, and epitope regions of mAbs.
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Fig 2. ELISA for FVIII and resin-treated FVIII using anti-A2 or anti-C2 antibody. Various amounts of FVIII (open circles) and iminodiacetate resin-
treated FVIIT (closed circles) were reacted with anti-A2 mAb (JR8, A) or anti-C2 polyclonal antibody (B) that had been immobilized onto microtitre
wells for 2 h. Bound FVIII was detected using biotinylated anti-A2 mAb (R8B12) and anti-C2 antibody, respectively. Absorbance values were plotted
as a function of the concentration of FVIIL. Data represent the average values and standard deviations obtained from at least three separate

experiments.

excluded by visualizing the LCh fragments using Ponceau S
(data not shown). Furthermore, sandwich ELISAs for detection
of the HCh and LCh also showed that the A2 domain of the
HCh in resin-treated FVIII was present in equivalent concen-
trations to those observed in untreated FVIII (Fig 2A).
However, the C2 domain of the LCh was not detected in
treated FVIII (Fig 2B). These results again indicated that severe
impairment of the C2 domain structure by the resin resulted in
the loss of reactivity with the anti-C2 antibody, consistent with
those of immunoblot analysis.

Effects of VWF on the resin treatment of the C2 domain

The observations that the iminodiacetate resin disturbed the
FVII C2 structure and that VWF protected FVIII from the
resin-induced reaction, prompted an extension of the exper-
iments using recombinant C2 domain. Recombinant C2
preparations (1 pmol/l), in the absence or presence of

equivalent molar concentrations of VWF, were treated with
10% (w/v) iminodiacetate resin. Samples were run on 13%
gels, followed by silver staining and by Western blotting using
an anti-C2 mAb (NMC-VIII/5) (Fig 3). The patterns of SDS-
PAGE on resin-treated C2 (lane 2) as well as EDTA-treated C2
(lane 3) were similar to that on untreated C2 (lane 1), also
supporting the presence of treated C2 protein in eluted sample
and non-precipitation (panel A). Under these conditions, more
than 90% C2 should be present as the C2/VWF complex, since
the C2 domain binds to VWF with weak affinity (K
¢.500 nmol/l) (Saenko & Scandella, 1997). In control exper-
iments, untreated FVIII (lane 1), C2 alone (lane 2), and C2/
VWF complex (lane 3) showed similar reactivities with anti-C2
mAb (panel B). The reactivity was completely lost in resin-
treated C2 alone (lane 4). However, reactivity was preserved in
the resin-treated C2/VWF complex (lane 5), consistent with
the data obtained in the above experiments using FVIII,
Interestingly, the well-known metal ion-chelator, EDTA, did
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Fig 3. Effect of VWF on the resin-induced reaction with the C2 domain. Recombinant C2 (500 nmol/l}, in the absence or presence of equivalent
molar concentrations of VWF, was treated with 10% (w/v) iminodiacetate resin or 10 mmol/l EDTA. Samples were run on 13% gels prior to the silver
staining (A) and prior to Western blotting (B) using an anti-C2 mAb (NMC-VIII/5). (Panel A) Lanes 1-3 show the untreated C2 alone, resin-treated
C2, and EDTA-treated C2, respectively. (Panel B) Lane 1 shows untreated FVIIL. Lanes 2-7 show the C2 alone, C2/VWF complex, resins-treated C2,
resins-treated C2/VWF, EDTA-treated C2 alone and EDTA-treated C2/VWF, respectively.
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not affect the reactivity of the C2 and C2/VWF with the anti-
C2 mADb (lanes 6 and 7, respectively). These findings provided
further evidence that the resin impaired the structure of the C2
domain, and that this was moderated by VWE.

Interactions of resin-treated FVII (or C2) with VWF or
phospholipid

We further investigated whether resin-treated FVIII or C2
domain retained the binding ability for VWF by kinetic
measurements using SPR-based assays. Fig 4 shows the
representative data of association curves of FVIII (Fig 4A)
and C2 (Fig 4B) to immobilized VWE. Untreated FVIII bound
to VWF (Kyg c¢. 1 nmol/l) in a dose-dependent manner,
consistent with previous reports (Saenko & Scandella, 1997),
whilst the treated FVIII failed to interact. Similar results at
lower affinity were obtained using C2 domain, Untreated C2
domain bound to immobilized VWF (Ky; c. 500 nmol/l), but
not the resin-treated C2.

Given that the FVIII C2 domain contains a major
phospholipid-interactive site(s) (Foster et al, 1990), further
experiments were performed to assess the effect of resin-
treatment on phospholipid binding. The phospholipid binding
affinity (Ky) for FVIII was ¢. 1 nmol/l; whilst the treated FVIII
and the treated C2 domain little interacted with phospholipid
(data not shown). These results also supported that imino-
diacetate resin disrupted the normal structure of the C2
domain.

Deprivation of Ca®* in recombinant C2 by iminodiacetate
resin

Our recent report (Takeyama et al, 2008) demonstrated that
the concentration of Ca’* involved in recombinant FVIII was
decreased by >95% with the resin treatment. Similarly, the
effect of this resin on the concentration of Ca** in
recombinant C2 domain was examined. The concentration
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VWEF Protects the Structure of the C2 Domain

of Ca’* in untreated C2 was 0037 mmol/}, and that in treated
C2 was 0:017 mmol/l, showing that the resin deprived Ca’* by
~55%. In the control experiment, treatment by EDTA any
little affected the concentration of Ca®* (0-037 mmol/l) in C2,
indicating that the resin probably disturbed the antigenic
conformational structure of the C2 domain by the deprivation
of Ca™.

Ca®* blocks the resin-induced impairment of the C2
structure

Our earlier experiments using Western blotting indicated that
iminodiacetate resin impaired the structure and/or antigenicity
of the C2 domain, whilst complex formation with VWF was
protective. We examined, therefore, whether Ca?* competi-
tively blocked the resin-induced impairment of the C2
structure, The recombinant C2 preparations (1 pmol/l) were
mixed with the increasing amounts of Ca’* for 1 h and then
incubated with resin for 4 h prior to Western blotting analysis
(Fig 5). The C2 band was visualized using anti-C2 mAb. In the
absence of Ca™*, treated C2 completely lost reactivity with the
antibody (lane 2). In the presence of increasing amounts of
Ca’*, however, the C2 domain was detected in a dose-
dependent manner (lanes 3-8). Band densitometry showed
that the highest concentration of Ca>* employed (300 mmol/l)
competitively blocked resin-induced impairment by c. 70%.
These results again indicated that iminodiacetate resin
impaired the C2 structure by depleting Ca®*, and that VWE
protected the C2 domain.

Discussion

Iminodiacetate resin (N=(CH,COQ),”) is classified as a
cation-exchange resin, Different from cation-exchange resins
with carbonate (COO™) or sulfonate (SO;”) groups, the
cofactor activity of FVIII was completely lost by treatment with
iminodiacetate resin, due to direct deprivation of metal ions,
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Fig 4. Effect of resin on VWF binding to FVIII or the C2 domain in SPR-based assays. FVIII {A) and recombinant C2 (B) that were untreated (curves
1-6) or treated (curves 1-4 and 5-6) with the iminodiacetate resin were added to VWF immobilized onto the sensor chip. Binding (association) of the
ligands was monitored at a flow rate of 10 pl/min for 2 min, and dissociation was monitored for 2 min. The numbers, 1-6, represent concentrations
of 5, 10, 20 and 40 nmol/l of FVIII, and 500 and 1000 nmol/l of C2, respectively.
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Fig 5. Inhibition of resin-induced C2 structural impairment by the
addition of Ca®*. A constant concentration (1 pumol/l) of recombinant
C2 was mixed with various amounts of Ca** for 1 h and incubated
with the iminodiacetate resin for 4 h prior to Western blotting ana-
lysis. The C2 band was visualized using anti-C2 mAb (NMC-VHI/5).
Lane 1 shows untreated C2 alone. Lanes 2-8 show the treated C2 with
Ca™ at 0, 10, 25, 50, 75, 100 and 300 mmol/l, respectively.

predominantly Ca™* (Takeyama et al, 2008). Furthermore, the
presence of VWF prevented FVIII molecules from resin-
induced degradation. It is well known that EDTA also
inactivates FVIII by chelating metal ions, due to promoting
dissociation of the HCh and LCh (Fay, 1988). Reactivity of the
EDTA-separated chains with anti-FVIII mAbs is retained to
some extent, however, and FVIII activity can be reconstituted
from the isolated both chains by the addition of metal ions. In
the present study, therefore, the reactivity of resin-treated
FVIII with anti-LCh mAbs (anti-A3 and anti-C2) was
abolished, whilst reactivity with anti-HCh mAbs (anti-Al
and anti-A2) was not significantly affected. In particular,
treated C2 domain as well as treated FVIII completely failed to
react with an anti-C2 mAb. These findings indicated that
severe disturbances in conformational structure resulted in the
loss of antigenicity of the C2 domain because of deprivation of
Ca®*, supporting the different mechanism of EDTA-induced
FVIH inactivation.

Western blotting and ELISA demonstrated that imino-
diacetate resin caused disturbances in the LCh structure, in
particular the C2 domain. In addition, both FVIII and C2
domain treated with resin failed to bind to VWF and
phospholipid in SPR-based assays, consistent with changes in
the C2 domain structure. These data supported previous
reports on the high susceptibility of the C2 domain to
structural change. For example, a point-mutation to Cys from
Arg at residue 2159 within the marginal region of the C1-C2
domain was shown to markedly reduce C2 antigenicity in a
moderate haemophilia A patient (Suzuki et al, 1997), enrolled
in the haemophilia A database. Also, the administration of
silica-absorbed and heat-treated FVIII concentrates to patients
with haemophilia A increased the incidence of anti-C2 alloAb
inhibitors, suggesting that structural changes in the C2 domain
results in higher antigenicity (Sawamoto et al, 1998). These
reports support the concept that the C2 domain is highly
vulnerable to conformational change, and our present data also
indicate that instability of the C2 domain is related to a high
dependency of the C2 domain on metal ions. However, the
reason that the HCh containing Ca’*-binding sites was
unaffected by the resin treatment is unclear at present.

A Ca**-binding region with high affinity (Ky: c. 10 pmol/l)
has been identified within segment 110-126 of the Al domain

of FVIII (Wakabayashi er al, 2004). In particular, the acidic
residues Glu''Y, Asp''®, Glu'?, Asp'?®, and Asp'?® appeared
likely to contribute to Ca®* coordination. Furthermore, 2
direct binding method using isothermal titration calorimetry
indicated that multiple Ca®* binding sites with low affinity (Ky
¢. 4 mmol/l) were present in the LCh (Wakabayashi er al,
2004). More recently, Shen et al (2008) has reported the crystal
structure of FVIII (Shen et al, 2008), and that Ca’* is probably
also coordinated by two Asp residues (Asp™® and Asp>*?) in
the A2 domain. However, in the present study, the presence of
a Ca’*-binding site in the C2 domain is raised by several data.
Resin-treated C2 completely failed to bind to VWF and
phospholipid. Western blotting demonstrated that treated C2
alone was poorly detected by an anti-C2 mAb, but the treated
C2/VWF complex was readily visualized. Ca®* competitively
blocked resin-induced impairment of the C2 structure. All data
are in keeping with the presence of important Ca*-binding
site(s) in the C2 domain.

Moreover, the ability to generate FVIII activity appears to be
related to the Ca’*-dependent conformational structure of the
C2 domain. The VWF-protection mechanism might be
explained by the Ca®*-binding site in the C2 domain being
buried by binding to VWF, and being inaccessible to the resin. It
is possible, therefore, that the Ca“—binding site(s) in the C2
domain may overlap the VWF-binding site, although the
possibility of steric hindrance cannot be completely excluded.
Interestingly, we have observed that the VWE-binding site in the
C2 domain juxtaposes to the common epitopes recognized by
anti-C2 antibodies (Shima et al, 1995; Nogami et al, 1999b).
Studies are in progress to determine the contribution of specific
residues involved in Ca”*-binding and required to maintain the
conformational antigenic structure of the LC in FVIIL
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Summary

We have recently demonstrated that protein S impairs the in-
trinsic tenase complex, independent of activated protein C, in
competitive interactions between the A2 and A3 domains of fac-
tor Villa and factor [Xa. In the present study, we have identified
a protein S-interactive site in the A2 domain of factor Vllla.
Anti-A2 monoclonal antibody recognising a factor IXa-func-
tional region (residues 484-509) on A2,and synthetic peptide in-
hibited the A2 binding to protein S by ~60% and ~70%, respect-
ively, in solid-phase binding assays. The 484-509 peptide directly
bound to protein S dose-dependently. Covalent cross-linking
was observed between the 484-509 peptide and protein S fol-
lowing reaction with EDC (l-ethyl-3-(3-dimethylaminopropy!)-
carbodiimide). The cross-linked adduct was consistent with 1:1

Keywords
Factor Vlli(a), protein S, A2 domain, binding-site, EDC cross-
linking

stoichiometry of reactants. Cross-linking formation was block-
ed by addition of the 484—497 peptide, but not by the 498-509
peptide. Furthermore, N-terminal sequence analysis of the
484-509 peptide-protein S adduct showed that three sequential
residues (5488, R489, and R490) in A2 were not identified, sug-
gesting that these residues participate in cross-link formation.
Mutant A2 molecules where these residues were converted to
alanine were evaluated for the binding of protein S.The S488A,
R489A, and R490A mutants demonstrated ~four-fold lower af-
finity than wild-type A2. These results indicate that the 484509
region in the A2 domain of factor Villa, in particular sequential
residues at positions 488-490, contributes to a unique protein
S-interactive site.

Thromb Haemost 2009; 102: 645-655

Introduction

Factor VIII functions as a cofactor in the tenase complex respon-
sible for anionic phospholipid surface-dependent conversion of
factor X to Xa by factor IXa (1). Factor VIII is synthesised as a
multi-domain, single chain molecule (A1-A2-B-A3-C1-C2)
consisting 0f 2,332 amino acid residues with a molecular mass of
~300kDa (2, 3). It is processed into a series of metal ion-depend-
ent heterodimers by cleavage at the B-A3 junction, generating a
heavy chain consisting of the Al and A2 domains, plus hetero-
geneous fragments of a partially proteolysed B domain, linked to
a light chain consisting of the A3, C1, and C2 domains (2-4).
Factor VIII circulates as a complex with von Willebrand factor
(VWF), which stabilises the cofactor activity of factor VIII (5).

Critical sites for VWF interaction in factor VIII have been loca-
lised to the N-terminal acidic region of the A3 domain (6) and the
C-terminal region of the C2 domain (7).

The procofactor of factor VIII is activated by cleavage at
Arg372, Arg740, and Arg1689 by either thrombin or factor Xa,
converting the dimer into the factor VIia trimer composed of the
Al, A2, and A3C1C2 subunits (8). Proteolysis at Arg372 and
Arg1689 is essential for generating factor VIIla cofactor activity
(9). Cleavage at the former site exposes a factor [Xa-functional
site within the A2 domain that is cryptic in the unactivated mol-
ecule (10). Cleavage at the latter site liberates the cofactor from
its carrier protein, VWF (11), contributing to the overall specific
activity of the cofactor (12). Conversely, factor VIIIa cofactor ac-
tivity is down-regulated in the presence of serine proteases such
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as activated protein C (APC) (8), factor Xa (8), factor IXa (13),

and plasmin (14) by proteolytic inactivation following cleavage
at Arg336 within Al subunit.

Protein S, a vitamin K-dependent anticoagulant protein,
functions as a cofactor of APC (15), which catalyses the proteo-
lytic inactivation of both factor VIIIa and factor Va on phos-
pholipid membranes (16). The physiological importance of pro-
tein S is evident by the clinical observation that its deficiency is
associated with a high risk of thrombosis (17, 18). Protein S has
also been reported to exhibit anticoagulant activity in the ab-
sence of APC. This APC-independent anticoagulation is likely
supported by following mechanisms: the inhibition of prothrom-
bin activation via binding of protein S to factor Va (19) and fac-
tor Xa (20), and the inhibition of extrinsic tenase activity via
binding to tissue factor pathway inhibitor (TFPI) of protein S as
a cofactor (21, 22). Furthermore, Koppelman et al. (23) reported
that protein S also exerted an APC-independent anticoagulant
action by inhibiting the intrinsic activation of factor X. On this
mechanism, we have recently demonstrated that protein S di-
rectly impaired the intrinsic tenase complex by competition with
factor IXa for direct binding to both the A2 and A3 domains of
factor VIII(a) with similar high affinities (K ~10 nM) (24). In
the present study, we have identified a protein S-interactive site
within the A2 domain of factor VIIIa using a combination of ap-
proaches employing synthetic peptides, antibodies, and recom-
binant A2 mutants in functional and binding assays. Our results
indicate that the 484509 region in the A2 domain, in particular
sequential residues at position 488-490, contributes to a unique
protein S-interactive site within the factor VIII heavy chain that
promotes protein S docking to the tenase complex.

Materials and methods

Reagents

Recombinant human coagulation factor VIII (Kogenate FS®) do-
nated from Bayer Corporation Japan (Osaka, Japan) was used.
The A2 subunit was isolated from factor VIII as previously re-
ported (10). SDS-PAGE of the purified protein followed by
staining with GelCode Blue Stain Reagent (Pierce, Rockford, IL,
USA) showed >95% purity. Protein concentrations were deter-
mined using the Bradford method (25). An anti-A2 mAb,
mAb413, which is specific for residues 484-509 in the A2 do-
main, was obtained as previously described (26). Alternative
anti-A2 mAb, mAbJRS, was obtained from JR Scientific Inc.
(Woodland, CA, USA). IgG F(ab’), fragments were prepared
using immobilised pepsin-Sepharose (Pierce). Human protein S
(Hematologic ~ Technologies, Burlington, VT, USA),
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) (Sigma,
St Louis, MO, USA), and horseradish peroxidase-labeled strep-
tavidin (Chemicon, Victoria, Australia) were purchased from the
indicated vendors. Synthetic peptides corresponding to factor
VIII A2 residues 484-509, and overlapping synthetic peptides
with sequences of 12 to 14 residues encompassing this region
were prepared by BioSynthesis (Lewisville, TX, USA). Biotiny-
lated 484-509 peptide was also prepared by BioSynthesis.
Briefly, the biotin was added to the peptide while all of the side-
chains of amino acids with reactive groups were blocked by pro-
tecting groups. The N-terminus protecting group (FMOC) was

removed and biotin was attached to the N-terminus. The coup-
ling efficiency was checked by Ninhidrin test. Attachment of one
biotin to one peptide was confirmed by MS analysis (data not
shown).

Recombinant factor VIIl A2 molecules

Recombinant wild-type A2 domain (wt-A2) and a set of mutants
were constructed and expressed using the Bac-to-Bac baculovi-
rus systems (27). The mutated residues were Tyrd487, Serd88,
Arg489, and Arg490. Each selected residue was replaced by al-
anine. 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 factor Xa-
cleavage site at the N-terminus. The protein was expressed in Sf9
cells and purified by affinity chromatography using anti-A2
mAD. The eluate was mixed with factor Xa and treated with Xar-
rest agarose (Novagen, Madison, WI, USA). The resultant A2
was >90% pure as judged by SDS-PAGE and western blotting.

Kinetic measurements using real-time biomolecular
interaction analysis

" The kinetics of protein S interaction with factor VIII A2 subunit

were determined by surface plasmon resonance (SPR)-based as-
says using a BIAcore X instrument (BIAcore AB, Uppsala,
Sweden) (24). Protein S was covalently coated to the CMS5 chip
at a coupling density of ~4 ng/mm?. Association of the ligand
was monitored in the running buffer (10mM HEPES pH 7 .4, 0.1
M NaCl, I mM CaCl,, 0.005% polysorbate 20) for 2 min at a
flow rate 20 pl/min. The dissoctation of bound ligand was rec-
orded over a two minutes period by replacing the ligand-contain-
ing buffer with buffer alone. The level of nonspecific binding
corresponding to the ligand binding to the uncoated chip was
subtracted from the signal. Reactions were performed at 37°C.
Rate constants for association (k,;) and dissociation (kg,) were
determined by nonlinear regression analysis using evaluation
software provided by BIAcore AB. Dissociation constants (K;)
were calculated as kg /k,s.

ELISA for binding of the A2 or 484-509 peptide to
protein S

Microtiter wells were coated with protein S (200 nM) in 20 mM
Tris and 0.15 M NaCl, pH 7.4, overnight at 4°C. The wells were
washed with PBS containing 0.01% Tween 20 and were blocked
with PBS containing 5% human serum albumin (HSA) for two
hr at 37°C. Various amounts of the A2 subunit or biotinylated
484-509 peptide were then added in Hepes-buffered saline
(HBS)-buffer (20 mM HEPES, pH 7.2, 0.1 M NaCl, 0.01%
Tween 20) containing I mM CaCl,, and 1% HSA for 2 hours at
37°C. Bound A2 or peptide was quantified by the addition of bio-
tinylated anti-A2 mAb and/or horseradish peroxidase-labeled
streptavidin and O-phenylenediamine dihydrochloride sub-
strate. Reactions were quenched by the addition of 2 M H,SO,,
and absorbances were measured at 492 nm using microplate
reader. The amount of non-specific binding of anti-A2 mAb or
streptavidin in the absence of A2 or biotinylated peptide, respect-
ively, was <3% of the total signal. Specific binding was recorded
after subtracting the nonspecific binding.
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Cross-linking with EDC

Cross-linking reactions were run in HBS buffer containing 1 mM
CaCl2 at 22°C for the indicated times. Reactions were termin-
ated by addition of SDS electrophoresis sample buffer and boil-
ing for three min.

Electrophoresis and Western blotting

SDS-PAGE was performed using eight percent gels at 150 V for
one hour (28). For Western blotting, the proteins were transferred
to a polyvinylidene difluoride (PVDF) membrane at 50 V for two
hours in buffer containing 10 mM 3-(cyclo-hexylamino)-1-pro-
panesulfonic acid (CAPS), pH 11 and 10% (v/v) methanol. Pro-
teins were probed using horseradish peroxidase-labeled strep-
tavidin. The signals were detected using an enhanced chemi-
luminescence system (PerkinElmer Life Science, Boston, MA,
USA). Densitometry scans were quantitated using Image J 1.34
(National Institute of Health, USA).

Amino acid sequencing of cross-linked 484-509 peptide
and protein S

Protein S (150 nM) was incubated with the unlabeled 484509
peptide (200 pM) for 30 min at 22°C. EDC (2 mM) was added to
the reactant and incubation was further continued for 1 hr at
22°C. After the addition of SDS sample buffer and boiling, the
mixture was subjected to electrophoresis on 8% gels. Proteins
were transferred to PVDF membrane at 50 V for 2 hr in buffer
containing 10 mM CAPS, pH 11 and 10% (v/v) methanol, and
0.5 M dithiothretiol. The blots were stained with 0.2%
Coomassie brilliant blue in 40% methano! and 10% acetic acid
for 10 minutes. Individual bands were excised and sequenced
using an Applied Biosystems Model 491 Sequencer (Foster City,
CA, USA).

Data analyses

All experiments were performed at least three separate times,
and the average values and standard deviations were shown,
Non-linear least squares regression analyses were performed by
Kaleidagraph (Synergy Reading, PA). Analyses of the inter-
actions between the A2 (or A2 peptide) and protein S in ELISA
were performed by a single-site binding model using Equation 1,

A (8]
Ky + [8]

Absorbance =

where [S] is the concentration of A2 subunit or peptide in the
solid phase binding assay; Kj is the dissociation constant; and
A TEpresents maximum absorbance signal when the site is
saturated by the A2 or peptide.

Data from studies assessing the A2 peptide-dependent in-
hibition of protein S interaction with A2 subunit were fitted by
nonlinear least squares regression by using Equation 2,

% binding= — Duu [A2]
k1ol

+C

1+—

+[A2]

where L represents the concentration of A2 peptide or protein S;
B . tepresents maximum binding; K is the dissociation con-
stant for the interaction between the A2 and protein S; X; is the
apparent inhibition constant for L; and Cis a constant for binding
of the A2 and protein S that was unaffected by L.

Results

Inhibition of the A2 subunit and protein S interaction
by anti-A2 mAb413

We have recently demonstrated that protein S directly impairs the
tenase complex by competition with factor [Xa for direct binding
to both the A2 and A3 domains of factor VIII(a) in APC-indepen-
dent anticoagulant mechanisms (24). Since the A2 domain is
commonly recognised to be more prominent than A3 in the regu-
lation of factor VIII(a) function, we attempted, in the present
study, to localise the protein S-interactive site(s) on the A2 do-
main involved in anticoagulant reactions. A factor IXa-func-
tional site on the A2 domain is located within the 484-509 re-
gion, and an anti-A2 mAb413 recognising this epitope inhibits
the A2-factor IXa association (29). Therefore, we first examined
the effect of this antibody on the A2 binding of protein S in SPR-
based assays. We have recently utilised this approach to confirm
that the A2 domain directly binds to immobilised protein S with
high affinity (24). Isolated A2 subunit preparations (200 nM)
were preincubated with various concentrations of mAb413
F(ab’)2 and added to protein S immobilised on the sensor chip.
In control experiments, this antibody did not directly bind to pro-
tein S (data not shown). The mAb413 inhibited the A2 binding to
protein S in a dose-dependent manner (Fig. 1A, inset). Calcu-
lation of the optimum response at 120 seconds after the addition
of reactant mixture showed that the inhibitory effect was ~60% at
the maximum antibody concentrations (5 uM, Fig. 1A). In
contrast, an anti-A2 mAbJRS, which does not overlap with the
epitope of mAb413, did not significantly inhibit this interaction.
This finding supported that a protein S-interactive site on the A2
domain might overlap or juxtapose the factor IXa-functional site
at residues 484-509.

Effect of the 484-509 peptide on the A2 subunit-
protein S interaction

We further evaluated the A2-protein S interaction using an alter-
native binding assay. Various concentrations of the A2 subunit
were added to protein S (200 nM) immobilised onto microtiter
wells, and bound A2 was detected using biotinylated anti-A2
(JR8) mADb IgG, which did not affect A2-protein S binding. Con-
trol experiments to detect immobilised protein S using an anti-
protein S mAb showed that immobilised protein S was not af-
fected by the ionic strength of the wash buffer, duration of the
wash, and incubation steps subsequent to protein S binding (data
not shown). Reactions of the A2 subunit with protein S yielded
saturable binding curves (Fig. 1B), and the data were well-fitted
in a single-site binding model. This method is not based on a true
equilibrium binding assay, however, and the K values obtained
represent an apparent K, for the interactions. Nevertheless, the
K4 value (25.5 + 4.2 nM) obtained for this interaction was simi-
lar to that obtained from the SPR-based assay (~12 nM [24]). To
confirm the specificity of this binding, various concentrations of
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Figure |: Effect of anti-A2 mAb or A2 peptide on the A2 sub-
unit binding to protein S. A) Effect of anti-A2 mAb in SPR-based
assay: The A2 subunit (200 nM) was preincubated with various concen-
trations of anti-A2 mAb413 (O) or mAbJR8 (®) for | h, followed by the
addition of reactant mixtures to protein S immobilised on the sensor
chip in an SPR-based assay. Inset shows the association curves of A2 sub-
unit incubated with mAb413 (Lines 1-5; 0, 0.5, 1.0, 2.5 and 5 uM, re-
spectively). Data represent relative responses in the presence of anti-A2
mADb, based on the association curve obtained by this assay. A maximal
response value in the absence of anti-A2 mAb was used to represent
the 100% level. B) ELISA for A2 binding to protein S:Various concen-
trations of isolated A2 were reacted with protein S (200 nM) immobi-
lised onto micro-titer wells. Bound A2 was detected using biotinylated
anti-A2 mAbjR8. Data were fitted using the Equation | according to a

protein S were preincubated with the isolated A2 (40 nM) in the
fluid phase prior to addition to the immobilised protein S. Pro-
tein S significantly blocked the A2-protein S interaction (Fig.
1B, inset). The K; value (22.4 £ 3.9 nM) was similar to the K
value obtained from direct binding, confirming the specificity of
this assay. Furthermore, to assess the specificity of the 484-509
region in A2 for the protein S interaction, we examined the in-
hibitory effect of the 484--509 peptide on this fluid-phase inter-
action (Fig. 1C). This peptide inhibited the A2-protein S interac-
tion in a dose-dependent manner. Inhibition was ~70% at the
maximum concentration employed (100 uM), and the K; value
obtained was 18.6 = 5.5 uM. In contrast, control experiments
using peptides with scrambled sequences (RPY-
DIPVFEHRLSLKLKRPLGFIGKP) based on 484-509 showed
little inhibition of binding. These findings confirmed that resi-
dues 484-509 in the A2 domain participated in protein S inter-
action.

Direct binding of the 484-509 peptide to protein S

To obtain direct evidence that residues 484-509 in the A2 do-
main contains a protein S-interactive site, direct binding between
this peptide and protein S was quantified using two approaches:
SPR-based assay and ELISA. Peptide-protein S interaction was
low affinity, and it was difficult to determine reliable K values
from the kinetic parameters obtained by SPR-based assays. In

single-site binding model. Inset) The mixtures of A2 (40 nM) and various
concentrations of protein S were incubated with immobilised protein S.
Absorbance value corresponding to A2 binding to protein S in the ab-
sence of competitor was defined as 100%. The plotted data were fitted
by non-linear least squares regression according to Equation 2. C) Effect
of the 484-509 peptide in ELISA: The A2 subunit (40 nM) was mixed
with various concentrations of the 484-509 peptide (O) or scrambled
peptide (®) and the mixtures were then incubated with immobilised
protein S (200 nM). Bound A2 was detected using biotinylated mAbjJR8.
Absorbance value corresponding to A2 binding to protein S in the ab-
sence of competitor was defined as 100%. The plotted data were fitted
(dashed line) by non-linear least squares regression according to
Equation 2.

these circumstances, therefore, maximum responses (RU) were
determined by the addition of various concentrations of peptide.
These RU values were shown to be dose-dependent, and the data
were well-fitted using a single-site binding model (Fig. 2A). The
K value obtained was 29.8 £2.6 pM, similar to the K| value (~20
uM) for peptide on the A2-protein S interaction as described
above. In contrast, a control peptide with scrambled sequences
demonstrated little binding. In the ELISA, 484—509 peptide la-
beled with biotin was utilised in place of native peptide for detec-
tion of bound peptide. The labeled peptide also bound to im-
mobilised protein S directly in a dose-dependent manner (Fig.
2B), with an apparent K value of 107 £ 11 uM. These results
strongly suggested that residues 484-509 in the A2 domain con-
tributed to protein S binding. However, the unlabelled peptide
possessed a ~four-fold higher affinity for protein S in SPR-based
assays compared to that of the biotinylated reagent in ELISA.
Although different assays were used, the findings might indicate
some inhibition of the intermolecular interaction by the biotin
label.

Restriction of a protein S-interactive site within the
484-509 region

To further localise the protein S-interactive site within the
484-509 region, a competitive binding ELISA was developed
using overlapping synthetic peptides encompassing amino acid
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Figure 2: Direct binding of the 484-509 peptide to protein S.

A) SPR-based-assay: Various amounts of the 484-509 peptide (O) or
scrambled peptide (@) were added to immobilised protein S on a sensor
chip, followed by a change of running buffer for 2 min. Maximum values
for association of the 484-509 peptide were plotted as a function of A2
peptide concentration, and the plotted data were fitted using the
Equation | according to a single-site binding model. B) ELISA: Various
concentrations of biotinylated 484-509 peptide were incubated with im-
mobilised protein S (200 nM). Bound peptide was detected using per-
oxidase-labeled streptavidin, The plotted data were fitted using the
Equation | according to a single-site binding model. C) Schematic repre-

sequences within these residues (Fig. 2C). Various amounts of
overlapping peptides were mixed with the biotinylated 484-509
peptide (200 uM) in the fluid phase, prior to addition to the im-
mobilised protein S. Control experiments showed that the unla-
beled 484-509 peptide significantly blocked (by ~90%) the
binding of labeled peptide to protein S (Fig. 2D), confirming the
specificity of this assay. The 484-497 peptide, the former region
of 484-509 sequences, also blocked this binding in a dose-de-
pendent manner by ~80% at maximum concentrations em-
ployed. The ICsy(half maximal inhibitory concentration) value
was ~220 uM, although this level of inhibition was somewhat
weaker than that of the 484509 peptide (ICso; ~110 uM). How-

sentation of the synthetic A2 peptides: The sequences of the A2 peptide
in the residues 484-509 are represented by their 1-letter abbreviations.
D) Inhibitory effects of A2 peptides on the 484-509 peptide-protein S
binding in ELISA: The mixtures of biotinylated 484-509 peptide

(200 puM) and various concentrations of unlabeled A2 peptides were in-
cubated with immobilised protein S (200 nM). Bound biotinylated pep-
tide was detected using peroxidase-labeled streptavidin. Absorbance
value corresponding to biotinylated 484-509 peptide binding to protein
S in the absence of competitor was defined as 100%. The symbols used
are as follows: 484-509 peptide (O), 484497 peptide (®), 488-500
peptide (), 493505 peptide (@), and 498-509 peptide (A).

ever, the 498-509 peptide, corresponding to the latter region, did
not significantly inhibit this binding. In addition, the 488—500
and 493-505 peptide did not affect binding even at the maximum
concentrations employed. The results suggested that the
484-497 sequence in particular within the A2 484-509 region
could represent a protein S-interactive site.

Zero-length cross-linking of the 484-509 peptide and
protein S

Nogami et al. (30) reported that the 337372 peptide in the C-ter-
minus of Al formed a covalent, cross-linked product with factor
Xa. To monitor the direct interaction between the 484-509 pep-
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Figure 3: EDC cross-linking of the 484-509 peptide and protein
S. A) Protein S (150 nM) was incubated with biotinylated 484509 pep-
tide (200 M) in the presence of various amounts of EDC (lanes {-7; 0,
0.2,0.5, 1, 2, 5, and 10 mM, respectively) for 2 hrs, followed by immun-
oblotting using streptavidin. B) Cross-linked products formed with pro-
tein S (150 nM) and various concentrations of the 484-509 peptide
(lanes 1-7; 0, 12, 25, 50, 100, 200, and 400 M, respectively) with EDC
(2 mM). C) Cross-linked products formed with protein S (150 nM) and

tide and protein S in a fluid phase, we performed experiments
using the zero-length cross-linking reagent EDC. This reagent
initially reacts with the carboxyl group on a carboxylic acid resi-
due to form an unstable O-acylisourea adduct which can react
with a nearby e-amino group of Lys or hydroxyl group of nucleo-
phile such as Ser or Thr to form an isoamide or ester linkage, re-
spectively (31). Protein S (150 nM) in the presence of biotiny-
lated 484-509 peptide (200 uM) was incubated with various
concentrations of EDC at 22°C for two hours. Following this
cross-linking protocol, samples were subjected to SDS-PAGE,
transferred to PVDF, and immunoblotted with streptavidin. Re-
sults (Fig. 3A) showed a dose-dependent formation of an ~85 kD
product, indicating a covalent cross-link between the 484-509
peptide and protein S. The mass of the adduct (~85 kD) was con-
sistent with a one-to-one stoichiometry of the peptide (~4 kD)
and protein S (~80 kD). At higher amounts of EDC (>5 mM),
however, we observed loss of band density. The reason for this is
unknown but may result from formation of covalent aggregates
that fails to resolve in the gels and/or transfer. In addition, vari-
ous concentrations of biotinylated 484-509 peptide were incu-
bated with protein S (150 nM) with EDC (2 mM) under same
conditions. Cross-linked adducts were again observed in a dose-

biotinylated 484-509 peptide with EDC (2 mM) in the presence of
NH40H (fanes [-5; 0, 50, 100, 200, and 400 pM, respectively). D) Pro-
tein S (150 nM) and biotinylated 484-509 peptide (200 M) reacted with
EDC (2 mM) in the presence of unlabeled 484-509 peptide (lanes 1-7; .
0, 25, 50, 100, 200, 400, and 600 uM, respectively) and were immun-
oblotted. E) Densitometry was used to quantify inhibition of the reac-
tion run in panel D with unlabeled 484-509 peptide (O), 484497 pep-
tide (@), and 498-507 peptide (LJ).

dependent manner (Fig. 3B). Control experiments showed that
no cross-linked product was formed between biotinylated
484-509 peptide and bovine serum albumin (data not shown).

The nature of the chemical linkage of the peptide-protein S
product was investigated by treating samples with NH,OH sub-
sequent to the cross-linking procedure. Cross-linking dimin-
ished in intensity by the alkaline treatment, compared to the un-
treated samples, as determined by Western blot analysis (Fig.
3C). Isoamide linkages formed by cross-linkage with e-amino
group of Lys are base-resistant, and these findings indicated the
likely presence of ester linkages between the carboxyl groups of
acidic residues and hydroxy! group of nucleophile residues. The
number of possible ester linkages and the presence isoamide
bonds in the cross-linked adduct remain to be determined.

The specificity of the interaction between the 484-509 pep-
tide and protein S as monitored by cross-linking was examined
using unlabeled peptide to block formation of the biotinylated
peptide-protein S compound. Various concentrations of unla-
beled peptides were combined with fixed concentrations of pro-
tein S (150 nM) and biotinylated 484-509 peptide (200 pM), and
the mixtures were reacted with EDC (2 mM) as above. Figure 3D
illustrates the loss of biotinylated product following titration
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Figure 4: Sequence analysis of the cross-linked product be-
tween 484-509 peptide and protein S. Results are presented as
subtraction chromatograms wherein the yield (in picomoles [pmol]) for
a given residue (except the initial residue) was reduced from the value
for that residue in the previous cycle. Experiments were performed
twice, and the bar graph shows the average value of residue yield for

with the unlabelled 484-509 peptide, and this response was
quantitated by densitometry (Fig. 3E). Unlabelled 484-509 pep-
tide (600 uM) completely inhibited formation of the EDC cross-
linking product between the biotinylated 484509 peptide and
protein S. The ICyq value for this inhibition was ~120 pM. The
484-497 peptide modestly inhibited the formation of this prod-
uct (by ~40%), whilst the 498-509 peptide showed little in-
hibition. These data were keeping with the specificity of the in-
teraction between the A2 484-509 region and protein S and the
restriction of the interactive site within residues 484-497.

N-terminal sequence analysis of peptide-protein S
cross-linked product

In an attempt to determine the specific residues in the 484-509
peptide that form cross-links with protein S, N-terminal peptide
sequence analysis of the peptide-protein S adduct was perform-
ed, as described by O’Brien et al (32). Cross-linked materials
were obtained following reaction of unlabelled peptide (200
UM), protein S (150 nM), and EDC (2 mM). After transferring to
PVDF, the bands corresponding to cross-linked product were ex-
cised and subjected to sequence analysis. Since the peptide-pro-
tein S compound contains two N-termini, each cycle of sequenc-
ing releases a residue from each chain. The residues identified by
this analysis matched the predicted residues for the N-termini of
the 484-509 peptide and protein S. Figure 4 shows the sequence
data (in picomole residue recovered) with results obtained for
peptide in Figure 4A and protein S in Figure 4B. Two analyses
using different preparations of material were performed and the
average data are shown. Residues were not resolved beyond 13
cycles, however, possibly due to similar yields of the two resi-

each cycle. A) Residue yields attributed to the 484-509 peptide se-
quence; B) Residue yields attributed to the protein S sequence. For
panel A, the peptide sequence for 13 cycles, using the single letter code,
corresponds to RPLY(S)(R)(R)LPKGVK. For panel B, the protein S se-
quence is ANSLLEETKQGNL. Ser (S), Arg (R), and Arg (R) were not
identified at cycles 5-7, respectively, of the 484-509 peptide sequence.

dues, limited amount of material available for this analysis and/
or high background levels resulting from simultaneous analysis
of two N-termini. The similar yields of residues from each of the
two N-termini supported the view that the peptide and protein S
were associated in a 1:1 stoichiometry. Interestingly, Ser488,
Arg489, and Arg490 (expected in sequencing cycles no.5-7, re-
spectively) were not detected in the peptide during the sequenc-
ing of the two cross-linked preparations. Sequence analysis of
the native peptide (data not shown) had confirmed that Ser488,
Argd89, and Arg490 were obtained in cycles number five to
seven with yields consistent with other identified residues. In
contrast, yields of all expected residues for the 13 cycles of pro-
tein S were detectable. Residues involved in a covalent linkage
resulting from cross-linking were not detected, this resulting in a
gap in the sequences of that chain (32). Therefore, we tentatively
concluded that Ser488, Arg489, and Argd90 in the peptide could
form the cross-links with a yet unidentified carboxylic acid resi-
due in protein S, although interpretation of this data is limited.

Protein S interaction with the A2 mutantsin a
SPR-based assay

To further confirm that the three sequential residues, Ser488,
Arg489, and Arg490, in the A2 domain were responsible for in-
teraction with protein S, a series of recombinant mutant A2 mol-
ecules were prepared using a baculovirus expression system
(27). These residues were converted to alanine, generating a
panel of three single-point A2 mutants. The secretion levels and
conformational stabilities of the A2 mutants, and specific activ-
ities of factor VIIla obtained from reconstituted mutated A2 and
A1/A3CIC2 dimers have been previously described (27). Inter-
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Figure 5: Binding of recombinant A2 mutants to protein S in an
SPR-based assay. Recombinant wt-A2 or its mutants (200 nM) were
incubated with protein S immobilised on a sensor chip, followed by a
change of running buffer for two minutes. Curves |—4 show the repre-
sentative association/dissociation curves of wt-A2, and its mutants,
S488A, R489A, and R490A, respectively.

Table |: Binding parameters determined for the interaction of
A2 mutants and protein S in an SPR-based assay. Reactions
were performed as described under “Materials and methods”.
Parameter values were calculated by nonlinear regression analysis using
the evaluation software provided by Biacore AB. #: Values were calcu-
lated as kg, / k,s. *: not determined.

A2 mutant ks Kgiss K

x10f mls! xI03s! nM
Wild e 12317 1206 96
Y487A 11931 1.5£06 125
S488A 84+ 14 26+04 319
R489A 60%1.2 23108 40.4
R430A 67+13 25404 40.4

actions between the A2 mutants and protein S were evaluated
using SPR-based assays (Fig. 5 and Table 1). The data were com-
paratively well-fitted by non-linear regression using a one-to-
one binding model with mass transfer. The binding affinity of
wild-type A2 (wt-A2) for protein S was equivalent to that ob-
tained for plasma-derived isolated A2 (9.6 nM [24]), indicating
that the arrangement of the protein S-interactive site was similar
in both preparations. Binding of S488A, R489A, and R490A
mutants to protein S (Ky: 31.9, 40.4, and 40.4 nM, respectively)
demonstrated ~four-fold lower affinities than that of wt-A2, con-
firming that the A2 residues 488-490 play a major role in protein
S binding. The data were consistent with the results obtained
above using EDC cross-linking. A control experiment showed

that the Y487A mutant, the neighbouring Tyr487 residue con-
verted to alanine, bound to protein S with an affinity similar to
that of wt-A2. Furthermore, we tried to prepare recombinant mu-
tant A2 molecule, generating a triple mutation of Ser488,
Arg489, and Arg490 to alanine. However, the triple mutant failed
to be expressed. Collectively, these results suggested that the se-
quential residues of Ser488, Arg489, and Argd90 were signifi-
cantly involved in A2 binding to protein S.

Discussion

Residues 484509 in the factor VIII A2 domain comprise a
highly basic spacer region exposed on the molecular surface and
are known to contain a functionally critical region participating
in several protein-protein (or protein-protease) interactions. In
the present context, this sequence is implicated in the association
with factor IXa and the regulation of factor Xase activity (26).
This region also represents a major epitope for factor VIII in-
hibitor antibodies developed in multi-transfused haemophilia A
patients (26), and hence plays an important role in factor VIII
function. Antibodies recognising residues 484-509 block the as-
sociation between the A2 domain and factor IXa (29). Fur-
thermore, clearance of activated factor VIII (factor VIIIa) from
the circulation is promoted by the binding of this region to the he-
patic clearance receptor, low-density lipoprotein receptor-re-
lated protein (LRP) (27). In addition, we have recently reported
that this region in the A2 domain contributes significantly to
plasmin (33) and thrombin (34) docking, mediating proteolytic
activity. These diverse studies show that residues 484-509 in A2
play a vital role in factor VIII metabolism in vivo. Results pres-
ented in the current study employing a combination of functional
approaches demonstrated that this basic region also constitutes
an interactive site for protein S-binding.

Direct binding between the 484-509 peptide and protein S
was evident using two independent experimental techniques, uti-
lising ELISA and SPR-based principles, and the specificity of
binding was confirmed in competitive inhibition assays using
unlabelled peptide. Furthermore, a range of overlapping (or sub-
stituted) peptides, zero-length cross-linking methods and site-di-
rected mutagenesis showed that a unique protein S-binding site
within 484-509 was restricted, in particular, to residues
488-490. Interestingly, competitive assays showed that the
484-497 peptide containing the sequence SRR partially in-
hibited binding, whilst the 488-500 peptide with SRR failed to
moderate the reaction. These results using overlapping peptides
suggested that the association between the 484-509 A2 region
and protein S might be governed by sites spanning the 488-490
residues and/or might be dependent on a conformation exhibited
only in the full length peptide (484497 peptide).

Our recent findings indicated that protein S, the A2 domain
of factor VIIIa and factor IXa competitively interacted in an
APC-independent anticoagulant mechanism (24). In addition,
earlier studies had demonstrated that mAb413 with a 484-509
epitope overlapping the factor IXa-functional site, inhibited
A2-protein S interaction, and for these reasons we attempted the
identification of the protein S-binding site using synthetic pep-
tide corresponding to this sequence. Interestingly, residues
Argd89 and Argd90 among the identified three residues were
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consistent with the crucial residues in factor IXa-functional site.
Recent evidence by Jenkins et al. (35) suggested that two sequen-
tial residues play a significant role in factor IXa-interactions,
modulating the basic electrostatic potential in facilitating cataly-
sis (kcat) rather than affinity (Km). Alternative factor [Xa-inter-
active sites in the A2 domain have been localised within the resi-
dues 556565 (36) and 708-715 (37) on the extended A2 sur-
face. In our study, however, A2 peptides corresponding to these
latter regions had little effect on the A2-protein S interaction
(data not shown). Our observations indicated, therefore, that the
484-509 region contains a major protein S-interactive site in A2,
although the presence of unidentified binding regions cannot be
excluded.

The formation of covalent bonds between the 484-509 pep-
tide and protein S in the presence of the zero-length cross-linking
reagent, EDC, is in keeping with our recent suggestion that inter-
actions between A2 and protein S are highly sensitive to ionic
strength and primary electrostatic forces (24). Furthermore,
cross-linking was base-sensitive, indicating an ester linkage be-
tween carboxylic acid and the hydroxyl group of nucleophile
amino acids such as Ser or Thr. The 484-509 sequence in A2 in-
cludes clustered basic residues and two scattered acidic residues
(see Fig. 4). In addition, using sequence analyses, we identified
the three sequential residues discussed above (Ser488, Arg489,
Arg490) as pivotal in the cross-liked product. Based on these
data, we suggest that Ser488 provides the central hydroxyl resi-
due in A2 for EDC cross-linking with carboxylic acid(s) in pro-
tein S. However, the presence of a base-resistant, isoamide-type
linkage, in addition to the ester-type linkage, cannot be com-
pletely excluded. The binding affinity (K; ~10 nM) for the
A2-protein S interaction correlates with the estimate of
thermodynamic stability (~11.3 kcal/mol), whereas the free
energy of a charged or ion pair of hydrogen bonds ranges from 3
to 6 kcal/mol (38). It seems likely, therefore, that an ionic (salt)
bridge contributes a significant part of the binding energy in
A2-protein S interactions. Unfortunately, the direct EDC cross-
linking of whole A2-protein S failed to detect (data not shown).
A steric hindrance caused by protein-protein interaction may in-
terfere with the formation of cross-linking, since the spacer arm
of EDC is too short.

LRP-, plasmin- and thrombin-binding site(s) have been loca-
lised in the A2 domain using single point A2 mutants (27, 33,
34). This study, three A2 mutants, S488A, R489A, and R490A,
reduced the affinity of A2 binding to protein S by ~four-fold
compared to wt-A2. In addition, peptide 484-509
488/489/490Ala, in which Ser488, Arg489, and Argd90 were
each converted to alanine, minimally inhibited interaction be-
tween A2 and protein S. These observations were consistent with
the three residues identified by sequence analysis of the cross-
linked product. Significant conformational disturbances are un-
likely in mutants of this nature (27), and the data strongly sug-
gested, therefore, that residues Serd488, Arg489, and Argd90
were the major functional determinants for the protein S-binding
site in A2. All three residues together may have a synergistic ef-
fect. However, we could not confirm this in this study, since we
failed to prepare the triple mutant.

The factor VI domain structure based on the homology with
ceruloplasmin (39) indicates that these residues are exposed on

the A2 surface. It may be significant that comparisons of amino
acid sequences among human, porcine, murine, and canine fac-
tor VIII molecules (http://europium.csc.mre.ac.uk) suggest that
Arg490 is well-conserved and that Ser488 and Arg489 have less
inter-species homology (Ser/Arg, Pro/Gly, Ala/Arg, and Thr/Gly,
respectively). It is possible, therefore, that specific interaction
mechanisms involving protein S and the factor VIII A2 domain
may be species-dependent, and other species may have compen-
satory changes in sequence for the binding site on protein S.

Factor VIIIa and factor Va are structurally and functionally
homologous (40). Protein S interacts with both factor Va and fac-
tor VIlla through APC-independent anticoagulant mechanisms
(19, 23). However, the region in factor Va corresponding to the
484-509 region in factor VIIIa possessed a low level of homo-
logy. Heeb et al. (41) demonstrated that a protein S-binding site
in factor Va was localised within the 493-506 residues in the A2
domain. This region (GLLLICKSRSLDRR) is rich in basic resi-
dues and juxtaposes the APC-cleavage site at Arg506. The
549-564 region in factor VIIIa (GPLLICYKESVDQR) involves
the APC-cleavage site at Arg562 and possesses a similar se-
quence to 493-506 in factor Va. The previous report suggested,
however, that the 549564 region in factor VIIIa did not consti-
tute a binding site for protein S (41), and our studies also demon-
strated that the peptide corresponding to this sequence in factor
VIiIa failed to bind significantly to protein S (data not shown).
The 484-509 peptide that did bind to protein S is composed of a
different sequence. It seems likely, therefore, that the protein
S-binding reaction involving the A2 domain in factor VIIIa is
distinct from that in factor Va, although both factors function in
APC-independent anticoagulant mechanisms.

Approximately 50% of the protein S in plasma is bound to
C4b-binding protein. Sites for the interaction with C4b-binding
protein have been reported in the steroid hormone-binding do-
main of protein S at residues 413-433 (42) and 447-460 (43).
The A2-protein S interaction does not appear to be significantly
affected by the presence of C4b-binding protein (unpublished

What is known about this topic?

— Protein S functions as a cofactor of APC, which catalyses
the proteolytic inactivation of factor VIIIa.

— Protein S has also been reported to serve as an APC-inde-
pendent direct anticoagulant. This mechanism is due to
impairment of the tenase complex by competitive inter-
actions between the A2 and A3 domains of factor VIlla
and factor IXa.

What does this paper add?

— We have identified a protein S-interactive site in the A2
domain of factor VIila using a combination of ap-
proaches employing synthetic peptides; antibodies, and
recombinant A2 mutants in functional and binding assays.

— We demonstrate that the 484-509 region in the A2 do-
main, in particular residues 488-490, contributes to a
unique protein S-interactive site within the factor VIII
heavy chain.
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data). In addition, N-terminal sequence analysis of EDC cross-
linked product showed residues 1-13 (ANSLLEETKQGNL) in
protein S did not bind to the 484-509 region, supporting that
these three regions in protein S are unlikely essential for inter-
action with the A2 domain. On the other hand, Heeb et al. (44) re-
ported that C-terminal residues 621635 of protein S comprise a
binding site for factor Va heavy chain. A direct interaction be-
tween this site and the 493-506 region in factor Va seems un-
likely, however, since both sites have a substantial net positive
charge. Overall, the evidence indicates that protein S and factor
Va probably have more than one site of molecular interaction.
Since the 484-509 region in factor VIIla A2 domain also has a
net positive charge, this region would interact with the acidic re-
gion involving carboxylic acid(s), except for the 621-635 region.

In the present study we have identified a novel protein S-in-
teractive site within the A2 domain of factor VIIla. Protein S
moderates the interaction between factor VIlla and factor [Xa in
the down-regulation of factor Xa in the tenase complex, and the
present findings provide further information on this direct anti-
coagulant mode of action. The physiological role of the 484-509
region of factor VIIIa in the function of protein S as a cofactor of

APC (APC-dependent mechanism) remains to be determined,
however. In addition, protein S also inhibits interactions between
the factor VIlla light chain, particularly the A3 domain, and fac-
tor IXa (24). Further studies are warranted to clarify the precise
interactions of protein S with factor VIlla.
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