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Abstract

Background: The identity of the amino acid regions of factor VIII (FVIII) that contrib-
ute to factor IXa (FIXa) and von Willebrand factor (VWF) binding has not been fully
resolved. Previously, we observed that replacing the FVIII C1 domain for the one of
factor V (FV) markedly reduces VWF binding and cofactor function. Compared to
the FV C1 domain, this implies that the FVIIl C1 domain comprises unique surface-
exposed elements involved in VWF and FIXa interaction.

Objective: The aim of this study is to identify residues in the FVIII C1 domain that
contribute to VWF and FIXa binding.

Methods: Structures and primary sequences of FVIII and FV were compared to iden-
tify surface-exposed residues unique to the FVIII C1 domain. The identified residues
were replaced with alanine residues to identify their role in FIXa and VWF interac-
tion. This role was assessed employing surface plasmon resonance analysis studies
and enzyme kinetic assays.

Results: Five surface-exposed hydrophobic residues unique to the FVIII C1 domain,
ie, F2035, F2068, F2127, V2130, 12139 were identified. Functional analysis indicated
that residues F2068, V2130, and especially F2127 contribute to VWF and/or FIXa
interaction. Substitution into alanine of the also surface-exposed V2125, which is
spatially next to F2127, affected only VWF binding.

Conclusion: The surface-exposed hydrophobic residues in C1 domain contribute to
cofactor function and VWF binding. These findings provide novel information on the

fundamental role of the C1 domain in FVIII life cycle.
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1 | INTRODUCTION

Coagulation factor VIII (FVIII) is a large heterodimeric protein that
serves its role in the coagulation cascade as a cofactor for activated
factor IX (FIXa) during the proteolytic conversion of factor X (FX)
into activated FX (FXa). FVIII is essential for proper functioning of
the coagulation cascade as its functional absence has been associ-
ated with the X-linked bleeding disorder hemophilia Al

FVIIl is synthesized as a single chain protein of 2332 amino
acids, which are organized into three homologous A domains, a B
domain, and two homologous C domains. Short acidic amino acid
regions comprising sulphated tyrosine amino acid residues are at the
C-terminal side of A1 and A2 domains and at the N-terminal side of
the A3 domain.>® Prior to secretion, FVIII is processed into a heavy
chain (domains: A1-A2-B) and a light chain (domains: A3-C1-C2),
which remain associated via electrostatic and metal ion-depen-
dent interactions.® Because of limited proteolysis of the B domain,
the molecular weight of FVIII in plasma ranges between 170 and
300 kDa.>*”7 The crystal structures of FVIII show that the A domains
are ordered in a triangular shape stacked on top of two C domains
aligned in parallel 10

FVIII circulates in plasma in a tight complex with von Willebrand
factor (VWEF). In this complex, FVIII is protected from premature
ligand binding, proteolytic degradation, and rapid plasma clear-
ance.'2 Upon initiation of the coagulation cascade, FVIII is acti-
vated by thrombin, which cleaves specific sites next to the acidic
regions of FVIII.2 This leads to the release of the B domain, discon-
nection of the A1 and A2 domains, and dissociation of the FVIII:VWF
complex. After activation, FVIII can bind with high affinity to pro-
coagulant phospholipid membranes that expose phosphatidylserine
(PS) in the outer leaflet. Activated FVIII (FVIlla) that is bound to the
phospholipid surface provides a platform for effective interaction
with FIXa resulting in the activated FX-generating complex.

Because of the high structural similarity between FVIII and fac-
tor V (FV), chimeric variants of FVIII and FV have been utilized in
a number of studies to gain insight into the structure and function
of FVIIl and FV.**% Factor V (FV) is the cofactor for FXa in the co-
agulation cascade and can form together with FXa and procoagu-
lant phospholipid membranes the prothrombinase complex that
efficiently converts prothrombin into thrombin.2%” Using FVII/FV
chimeric proteins, the phospholipid binding role of the hydrophobic
surface loops at the bottom of the C domains has, for instance, been
addressed.®131821 Another example is that contribution of the C do-
mains to the intracellular trafficking of FVIII to the Weibel-Palade
bodies has been studied in endothelial cells using chimeric FVIII/FV
variants.®

Several FIXa and VWEF interaction sites have been identified in
FVIIl. Competition studies with FVIlI-derived peptides or isolated
subunits indicated that the C2 domain may comprise a binding site
for FIXa.?? Using site-directed mutagenesis studies, interaction
sites for FIXa have further been identified in the A2 and A3 do-
main.?®?* For the interaction with VWF, convincing evidence has

been provided that the acidic region at the N-terminal side of the
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Essentials

e Factor VIII C1 domain comprises unresolved factor IXa
and von Willebrand factor binding sites.

e A factor Vlll/factor V C1 chimera has decreased affinity
for factor IXa and von Willebrand factor.

e In contrast to factor V, factor VIII C1 domain has unique
surface-exposed hydrophobic residues.

e The exposed hydrophobic residues contribute to factor

IXa and von Willebrand factor binding.

A3 domain is critical.?>%’ It has also been proposed that the C1 and
C2 domains contribute to VWF binding as well 182829 However, a
FVIII variant in which the C2 domain was replaced by the C2 do-
main of FV (FVIll,c,) displayed only a small reduction in VWF
binding and nearly normal cofactor function.'® This shows that the
main interaction sites for VWF and FIXa are, most likely, outside
the C2 domain.

In a previous study, we established that replacing the C1 do-
main of FVIII with that of FV (FVIll.,c,) has a major impact on
VWEF binding and FVIII cofactor function.!® This suggests that the
C1 domain of FV lacks surface-exposed structural elements that
can support the interaction with FIXa and VWF. In the present
study, we now compare the C1 domains of FVIII and FV to iden-
tify the unique surface-exposed elements on the FVIII C1 domain
that contribute to cofactor function and VWF binding. Results re-
vealed five surface-exposed hydrophobic residues that were ei-
ther more polar or more buried in the C1 domain core of FV, ie,
F2035, F2068, F2127, V2130, 12139. Site-directed mutagenesis of
FVIII followed by functional studies showed that these residues
differentially contribute to FIXa and/or VWF binding. In particular
F2127 proved to be important for both the interaction with VWF
and FIXa.

2 | MATERIALS AND METHODS
2.1 | Materials

Fine chemicals were from Merck, unless otherwise stated.
DMEM-F12 medium was from Lonza, Foetal Calf Serum (FCS) was
from Bodinco. DMRIE-C reagent and Opti-MEM medium were from
Thermo Fisher Scientific. Chicken egg L-a-phosphatidylcholine
(PC), L-a-phosphatidylethanolamine (PE), and porcine brain L-a-
phosphatidylserine (PS) were from Avanti Polar Lipids Inc. Geneticin
G-418 sulphate, precast SDS/PAGE gels, and Brilliant Blue Coomassie
were from Invitrogen. Tris-HCI was from Invitrogen, NaCl was ob-
tained from Fagron, and HEPES was from Serva. Human serum
albumin (HSA) was from the Division of Products of Sanquin. The
FXa substrate S-2765 with the thrombin inhibitor 1-2581 was from
Chiralix.
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Variant Primer sequence
F2035A
Sense 5'-AGCGGCCACATCCGGGACGCCCAGATCACCGCCTCCGGC-3'
Anti-sense 5-GCCGGAGGCGGTGATCTGGGCGTCCCGGATGTGGCCGCT-3'
F2068A
Sense 5'-TGGTCCACCAAAGAGCCCGCCAGCTGGATCAAGGTGGAC-3’
Anti-sense 5'-GTCCACCTTGATCCAGCTGGCGGGCTCTTTGGTGGACCA-3'
V2125A
Sense 5'-AGCACCGGCACCCTGATGGCCTTCTTCGGCAACGTGGAC-3'
Anti-sense 5-GTCCACGTTGCCGAAGAAGGCCATCAGGGTGCCGGTGCT-3'
F2127A
Sense 5-GGCACCCTGATGGTGTTCGCCGGCAACGTGGACAGCAGC-3'
Anti-sense 5-GCTGCTGTCCACGTTGCCGGCGAACACCATCAGGGTGCC-3'
V2130A
Sense 5-ATGGTGTTCTTCGGCAACGCCGACAGCAGCGGCATCAAG-3’
Anti-sense 5'-CTTGATGCCGCTGCTGTCGGCGTTGCCGAAGAACACCAT-3'
1213%9A
Sense 5-AGCGGCATCAAGCACAACGCCTTCAACCCCCCCATCATT-3'
Anti-sense 5-AATGATGGGGGGGTTGAAGGCGTTGTGCTTGATGCCGCT-3'

TABLE 1 Primers used in this study
to obtain single substitutions of the C1
domain

2.2 | Alignment of the FVIII and FV models

The crystal structure of the human B-domain deleted FVIII was
aligned with the one of the bovine inactivated FVa with Pymol
(PyMOL, Molecular Graphics System, v1.3, Schrédinger, LLC). Values
of the accessible surface areas (ASA, A?) were obtained from the
“Protein Interfaces, Surfaces and Assemblies Service” (PISA) at the
European Bioinformatics Institute (EBI, http://www.ebi.ac.uk/pdbe/
prot_int/pistart.html) using the PDB codes 2r7e for the FVIII crystal
structure and 1sdd for the FVai crystal structure and then compared
with each other. Hydrophobicity of amino acid residues residing
on the C1 domain was evaluated according to the hydrophobicity
scale.”%%32 Alignments of the human FVIII to the bovine and human

FV were taken from Liu et al.®

2.3 | Proteins

B-domain deleted FVIII (GenBank accession number ABV90867.1) was
codon optimized and purchased from Thermo Fisher Scientific (USA)
in a pcDNAS3.1(+) expression vector using Nhel and Notl restriction.
FVIII B domain-deleted variants with single amino acid substitutions
F2035A, F2068A, V2125A, F2127A, V2130A, and 12139A were ob-

tained by site-directed mutagenesis. Site-directed mutagenesis was

performed using the QuikChange kit (Agilent Technologies) using ap-
propriate primers (Table 1). DNA sequences were verified by sequenc-
ing analysis of the FVIII encoding parts on the mutated plasmid using
BigDye Terminator Sequencing kit (Applied Biosystems). Stable trans-
fection of Human Embryonic Kidney 293 cells (HEK293) and protein

d.34 Recombinant FVIIl mutants

production was performed as describe
and wild-type were purified using VK34 monoclonal antibody®® as de-
scribed by Meems et al.®® SDS-PAGE of the purified FVIII variants is
shown in Figure S1 in supporting information. Recombinant VWF was
prepared as described previously.’” Human plasma derived FIXa, FX,

and a-thrombin were purified as indicated.384°

2.4 | Surface plasmon resonance

Binding studies were performed by surface plasmon resonance anal-
ysis employing Biacore T-200 biosensor system (GE Healthcare) as
described.*! For assessment of the FVIII-VWEF interaction, recombi-
nant VWF was immobilized at the density of 900 response units (RU)
onto a CM5 sensor chip using the amine coupling method according
to the manufacturer’s instructions. Varying concentrations of FVIII
and mutations thereof were passed over immobilized VWF at a flow
rate of 30 puL/min in a buffer containing 20 mmol/L HEPES (pH 7.4),
150 mmol/L NaCl, 5 mmol/L CaCl,, and 0.05% Tween 20 at 25°C.

FIGURE 1 Comparison between C1 domains of FV and FVIII. A, On the left is displayed the crystal structure of FVIII [PDB entry: 2r7¢]
and on the right the structure of inactivated bovine FVa (FVai) [PDB entry: 1sdd].>* The transparent surfaces of the C1 domains are colored
according to the local level of hydrophobicity.! B, The solvent accessible surface area is plotted as a function of the amino acid position in
the C1 domain of FVIII (top) and FVai (bottom). The white to red color code represents the hydrophobicity of the amino acids.®! C, Selected
hydrophobic residues from panel B are indicated in the structures of the FVIII C1 domain and FVai C1 domain. D, Sequence alignment of
human FVIII C1 domain (hFVIII C1), human FV C1 domain (hFV C1), and bovine FV C1 domain (bFV C1). Selected hydrophobic residues from

panel B are indicated in the sequence
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FIGURE 2 Binding of FVIII variants to VWF using SPR analysis. Panels A to G, Various concentrations (6-200 nmol/L) of the indicated
FVIII variants were passed over VWF that was immobilized onto a CM5 sensor chip. The binding response is indicated as response units
(RU) and was assessed in 20 mmol/L HEPES (pH 7.4), 150 mmol/L NaCl, 5 mmol/L CaCl2, 0.05% (v/v) Tween 20 at a flow rate of 30 pL/min
at 25°C. Binding to VWF was corrected for the binding to a channel without VWF. H, The maximum RU plotted as a function of employed
concentration of the FVIII variants
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The sensor chip was regenerated after each protein injection using a
regeneration buffer containing 20 mmol/L HEPES (pH 7.4), 1 mol/L
NaCl, 20 mmol/L EDTA. FVIII binding to VWF was corrected for
binding to an empty channel. Responses at equilibrium were plotted

as a function of the FVIII concentration to estimate the K, values.

2.5 | Factor X activation studies

FXa generation assays were performed in the presence of soni-
cated lipids as described.?! Briefly, 25 pmol/L of 15% PS, 20% PE,
and 65% PC phospholipid vesicles were added to a mix containing
0.3 nmol/L FVIIl and 0.2 pmol/L FX. FIXa was mixed in a concentra-
tion range from O to 16 nmol/L in a buffer containing 50 mmol/L Tris-
HCI, 150 mmol/L NaCl 0.2% (w/v) Bovine Serum Albumin (BSA), pH
7.8. Complex formation was allowed as the result of the addition of
1 nmol/L of thrombin and 1.5 mmol/L of CaCl, at 25°C. The reaction
was terminated by addition of 8.8 mmol/L EDTA. Quantity of FXa
generated was assessed as described.?

3 | RESULTS

3.1 | The FVIII C1 domain comprises unique
hydrophobic residues that are exposed to the surface

To identify the surface-exposed structural elements on the C1 do-
main that are unique to FVIII relative to FV, we compared structures
of the C1 domain of human FVIII and FV. Unfortunately, no structure
of human FV is available that comprises the complete light chain of
human FV. Consequently, detailed information about intra- and inter-
domain contacts is lacking. However, there is a crystal structure of in-
activated bovine FV (FVai) in which the C1 domain shares more than
80% primary sequence identity with the C1 domain of human FV. We
therefore compared the surface exposure of the amino acid residues
of the human and bovine C1 domain in the crystal structure of human
FVIII and bovine FVai (Figure 1A,B). Results revealed a unique set of
five surface-exposed hydrophobic residues, ie, F2035, F2068, F2127,
V2130, 12139 that are either more buried or more polar in FVai than
in FVIII (Figure 1C). Sequence alignment of the bovine FV C1 domain
with human FV C1 domain showed that the polar nature of these resi-
dues is maintained in human FV C1 domain (Figure 1D). The findings
together imply that the FVIII C1 domain comprises unique hydropho-
bic residues that are potentially in contact with the solvent rather
than with the interior of the C1 domain core.

3.2 | Amino acid residues V2125 and F2127 are
crucial for high affinity binding to VWF

To assess the putative role of the surface-exposed hydrophobic
residues for VWF binding, five new recombinant FVIII variants

were constructed and purified. In these variants, each one of the
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identified hydrophobic residues was replaced by an alanine residue,
ie, F2035A, F2068A, F2127A, V2130A, 12139A. Surface plasmon
resonance (SPR) analysis was employed to evaluate the effect of the
substitutions on VWF binding. To this end, increasing concentration
of the FVIII variants were passed over VWF that was immobilized
on a CM5 sensor chip (Figure 2). Results showed that the interac-
tion between FVIII and VWF could not be accurately described by a
single site binding model. This may be compatible with the observa-
tion that multiple contact sites have been identified between FVIII
and VWF. 18252942 Tq stjl| gain insight into the binding efficiency, we
plotted the maximum binding response as a function of the employed
FVIII concentration. The concentration at which half-maximum
is reached is used as a measure for this binding efficiency. Results
showed that replacement of F2035, V2130, and 12139 by an alanine
residue had little, or no effect at all, on the interaction with VWF.
In contrast, the substitution at position 2068 resulted in reduced
VWEF binding. A marked reduction in VWF binding was observed
for the F2127A variant. This was reflected by a ~4-fold increase in
FVIII concentration that was required to reach half-maximum bind-
ing (Figure 2H and Table 2). Notably, V2125 is in close proximity to
F2127 (Ca-Ca distance = 6.9 A according to the crystal structure by
Shen et al’) and is also exposed to the solvent. We therefore decided
to assess whether a FVIII V2125A variant exhibits reduced VWF
binding as well. SPR analysis showed that replacement of V2125 to
alanine indeed markedly reduces the binding to VWF. The FVIII con-
centration, at which half maximum binding is reached, was increased
more than 6-fold compared to that required for FVIII-WT (Figure 2H
and Table 2). These data suggest that F2068 and especially F2127
and V2125 contribute to the interaction with VWF.

3.3 | Replacement of surface-exposed hydrophobic
residues by alanine affects cofactor function

The FXa generation efficiency of the FVIII variants was assessed
to verify the role of the exposed hydrophobic residues for cofac-
tor function. FXa generation was evaluated at increasing concentra-
tions of FIXa in presence of the thrombin-activated FVIII variants,
phospholipids, and calcium ions (Figure 3). The concentration of
FIXa at which the half-maximum rate (half-Vmax) of FXa generation
is reached can be used as an estimation of the apparent FIXa binding
affinity of the FVIII variant (Table 2). The results show that V2125A
and 12139A substitutions did not affect the efficiency of FX conver-
sion in the presence of increasing concentrations of FIXa. F2035A
presented only a minor reduction in its ability to stimulate FIXa com-
pared to FVIII-WT, whereas for the F2068A and V2130A variant FXa
generation was moderately impaired. The F2068A variant mainly
displayed a reduced maximum rate of FXa generation. The variant
F2127A showed the strongest defect in cofactor function. For this
variant, the FIXa concentration to reach half-Vmax was more than
6-fold higher than required for FVIII-WT. These results suggest that
the residues F2068 and V2130 and especially phenylalanine at posi-
tion 2127 contribute to the interaction with FIXa.
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TABLE 2 Apparent equilibrium dissociation constants (Kp) of
FVIII variants in interaction with FIXa (Figure 3) and VWF (Figure 2)

Apparent K (nmol/L)
FVIII Variant VWEF binding FIXa interaction
Fvil 57+18 0.6+0.1
F2035A 55+1.4 0.8+0.1
F2068A 9.7+19 1.2+0.2
V2125A 299 +49 04+0.1
F2127A 19.6+29 3.9+04
V2130A 54+1.6 1.5+0.1
1213%9A 6.6+1.7 0.6+0.1

Abbreviations: FIXa, activated factor IX; FVIII, factor VIII; VWF, von
Willebrand factor
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FIGURE 3 FXa generation by FIXa in presence of FVIII

variants. A, B, FX was converted into FXa in presence of increasing
concentrations of FIXa (0.5-16 nmol/L), phospholipids, Ca®* ions,
and 0.3 nmol/L of the FVIII variants as described in the Materials
and Methods section. FVIII wild-type is represented in light blue,
F2035A in blue, F2068A in red, V2125A in green, F2127A in purple,
V2130A in orange, and 12139A in black. Data represent the mean
value + SD of three independent experiments

4 | DISCUSSION

There is a strong structure and function relationship between FVIIl and

FV. This aspect has provided the unique opportunity in this and other

FVIII C2 domain

FVIII C1 domain
~

FIGURE 4 Comparison of the C1 and C2 domain of FVIII. On the
left is displayed the crystal structure of the FVIII C1 domain [PDB
entry: 2r7e°] and on the right the FVIII C2 domain. The analyzed
surface exposed hydrophobic residues of the C1 residues and the
corresponding residues in the C2 domain are indicated in the figure

studies to gain insight into the ligand-interactive regions of FVIII and
FV.2315517 |5 the present study, we built upon the previous observation
that replacement of the C1 domain of FVIIl with that of FV (FVIIl<;¢yc,)
affects cofactor function.’® These findings together suggest that the
role of the C1 domain of FVIII is more important and complex than
previously assumed. Wakabayashi et al*® have come to a similar con-
clusion employing a FVIII variant comprising two FVIII C2 domains
(FVIllypyiuco)- Intriguingly, the impaired cofactor function as a func-
tion of the FIXa concentration of the FVIIl ¢, ,c, variant was remark-
ably similar to that of the FVIll ;¢ ¢, variant.*>* The partial functional
defect of both chimeras may be explained by a putative misalignment
of the non-native FVIII A3 - FV C1 and FVIII A3 - FVIII C2 domain inter-
face.® Although we do not exclude this possibility, we assessed in this
study whether there may be unique structural elements in the FVIII C1
domain that mediate the interaction with FIXa and VWF.

The identification of the five surface-exposed hydrophobic amino
acids in the FVIII C1 domain is remarkable in that hydrophobic residues
are usually not interacting with the surrounding solvent (Figure 1).*4
Like in the FV C1 domain, structure and primary sequence comparison
between the C1 and C2 domain of FVIII shows that the corresponding
residues are also polar in the FVIII C2 domain (Figure 4). This further
demonstrates the uniqueness of the surface-exposed hydrophobic res-
idues in the FVIII C1 domain. Our study now reveals that the residues
F2068, F2127, V2130 are of functional importance for FVIII biology
as these residues contribute to VWF and/or FIXa interaction (Figures
2 and 3). No apparent role for FVIII cofactor function or VWF binding
could be attributed to the other surface-exposed residues. Why the
FVIII C1 domain comprises these hydrophobic residues remains there-
fore a topic for further investigation.

A previous Hydrogen Deuterium eXchange Mass Spectrometry
(HDX-MS) study on FVIII in complex with the FVIII-binding D’'D3 frag-
ment of VWF revealed altered hydrogen-deuterium exchange in three
FVIII regions in presence of D'D3, ie, W2062-52069, T2086-52095,
and S2157-L2166.%8 Based on this observation, the authors concluded
that these regions contribute to VWF binding. The VWF binding
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residue F2068 is indeed part of one of these regions, which is compat-
ible with this conclusion (Table 2, Figure 2). Although the authors did
find reduced deuterium incorporation in region M2124-Y2148, it was
excluded from the analysis because of inconsistent results. Yet, resi-
due F2127, which is part of this region, contributes the most to VWF
binding among the identified residues in this study (Table 2, Figure 2).
We propose that region M2124-Y2148 comprises a VWF binding re-
gion after all. It should be considered, however, that HDX-MS mainly
records perturbations in deuterium uptake at the amide backbone
level and does not provide any information on the side chains of amino
acid residues. A direct interaction between the side chain of F2127 of
FVIII and VWF without minimal alterations of the hydrogen bonding
network of the protein backbone may, therefore, remain undetected
by HDX-MS. This may provide an alternative explanation about why
HDX-MS did not consistently identify M2124-Y2148 as a region that
comprises VWF binding residues. Irrespective of these notions, our
study and the HDX-MS study provide complementary information
about the role of the C1 domain in VWF binding.

Multiple binding sites have been identified in FVIII for FIXa and
VWEF in this and other studies.®®?>?? The relative contribution of
each of the identified residues for the overall interaction between
FVIII and FIXa/VWF remains to be established. F2127, however,
proves to be important for the interaction with both FIXa as well as
for VWF binding. This observation is compatible with the protective
role of VWF in preventing premature FIXa binding to FVIIl. Most
likely, VWF not only sterically hinders the interaction between FVIII
and FIXa, it may partially share the binding regions on FVIII with
FIXa. The proximity of F2127 to the hydrophobic V2125 suggests
the involvement of the latter in VWF binding and cofactor function
as well. Surprisingly, the variant V2125A displayed a marked reduc-
tion in VWF binding, but had no effect in FIXa interaction (Figures 2
and 3). As displayed in Figure 4, the counterpart of C1V2125,in C2is
also a valine residue (V2282) suggesting that hydrophobicity at this
level may be a conserved feature among the C domains. Therefore,
while F2127 appears to be specific for VWF and FIXa interaction,
V2125 could be rather of support in the interaction with VWF. The
importance of F2127 for FVIII function is also demonstrated by the
notion that substitution of this residue into a serine residue is asso-
ciated with hemophilia A.*>*%? The results of our study now provide
a possible mechanistic explanation for the cause of the bleeding ob-
served in the patients with a F2127S variant of FVIII. VWF and/or
FIXa binding to this FVIII variant may be affected in the patients.

Taken together, our findings provide novel information about the
role of the C1 domain in supporting both VWF and FIXa binding. In
this view, these findings also stress the importance of the FVIII C1
domain for enhancing the enzymatic activity of FIXa. We propose
that activation of FVIII, followed by FVIII-VWF complex dissocia-
tion, liberates the now surface-exposed hydrophobic residues for
optimal interaction with FIXa.
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