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ABSTRACT

n the complex with von Willebrand factor (VWEF) factor VIII (EVIII) is
Iprotected from rapid clearance from circulation. Although it has been

established that the FVIII binding site resides in the N-terminal D’-D3
domains of VWE detailed information about the amino acid regions that
contribute to FVIII binding is still lacking. In the present study, hydrogen-
deuterium exchange mass spectrometry was employed to gain insight
into the FVIII binding region on VWE To this end, time-dependent deu-
terium incorporation was assessed in D’-D3 and the FVIII-D’-D3 complex.
Data showed reduced deuterium incorporation in the D’ region Arg/782-
Cys799 in the FVIII-D’-D3 complex compared to D’-D3. This implies that
this region interacts with FVIIL Site-directed mutagenesis of the six charged
amino acids in Arg782-Cys799 into alanine residues followed by surface
plasmon resonance analysis and solid phase binding studies revealed
that replacement of Asp796 affected FVIII binding. A marked decrease in
FVIII binding was observed for the D’-D3 Glu787Ala variant. The same
was observed for D’-D3 variants in which Asp796 and Glu787 were
replaced by Asn796 and GIn787. Site-directed mutagenesis of Leu786, which
together with Glu787 and Cys789 forms a short helical region in the crystal
structure of D’-D3, also had a marked impact on FVIII binding. The com-
bined results show that the amino acid region Arg782-Cys799 is part of a
FVIII binding surface. Our study provides new insight into FVIII-VWEF com-
plex formation and defects therein that may be associated with bleeding
caused by markedly reduced levels of FVIIL

Introduction

The multimeric glycoprotein von Willebrand factor (VWEF) acts as a carrier pro-
tein for coagulation factor VIII (FVIII) in the circulation.! In the complex with VWE,
FVIII is protected from rapid clearance from plasma.*® Multiple amino acid substi-
tutions have been identified in VWF that impair FVIII-VWEF complex formation.
The associated reduced plasma levels of FVIII can result in the bleeding disorder
referred to as von Willebrand disease type 2 Normandy (VWD type 2N).* Most of
the aberrant mutations in VWF involve substitutions of amino acid residues that
have been proposed to affect the structural integrity of VWE>*These substitutions
provide therefore only limited information about the identity of the FVIII binding
site on VWE

Distinct protein domains can be identified in the primary amino acid sequence of
VWE These domains are arranged in the order: D’-D3-A1-A2-A3-D4-B-C1-C2-C2-
CK. Zhou et al. have refined the domain organization within VWE For D’-D3, they
proposed that these domains can be further divided into TIL-E’-VWD3-C8_3-TIL3-
E3 subdomains.’ In plasma, VWF circulates as an ensemble of multimeric proteins
of varying size. In these multimers, the VWF monomers are head-to-head and tail-
to-tail connected via disulphide bridges between two D3 domains and two CK
domains.” FVIII also comprises multiple domains that together constitute a light
chain of the domains A3-C1-C2 and a heavy chain comprising the domains A1-A2-
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B."Because of limited proteolysis of the B domain, FVIII is
heterogeneous in size with molecular weights ranging
from 160 kDa to 330 kDa."*

For effective binding to FVIII, VWF requires the pres-
ence of a short acidic amino acid region at the start of the
FVIII A3 domain. This region, which includes sulphated
tyrosine residues, is referred to as the a3 region.”"* Next to
this VWF binding region, hydrogen-deuterium exchange
mass spectrometry (HDX-MS) and previous site-directed
mutagenesis studies have identified binding sites for VWF
in the C1 and C2 domain of FVIII as well.”" During acti-
vation of FVIII, the a3 region is removed from FVIII lead-
ing to the dissociation of the FVIII-VWEF complex.
Additional cleavages by thrombin generates activated
FVIII that can perform its role in the coagulation cascade
as a cofactor for activated factor IX ultimately leading to
fibrin formation.”

It has previously been established that the N-terminal
D’-D3 domains of VWF comprise the binding site for
FVIIL In 1987, limited proteolysis studies of VWF revealed
that a VWF fragment comprising the residues 764-1036
harbors the interaction site for FVIIL.”' Based on cryoelec-
tron microscopy (cryo-EM) structures of FVIII in complex
with D’-D3, it has later been shown that the main interac-
tive region for FVIII resides in the D’ domain."” Recently,
we have found that the presence of the VWD3 subdomain
of the D3 domain is required to optimally support the
interaction between D’ and FVIIL* Using a primary
amine-directed chemical foot printing approach combined
with mass spectrometry analysis, we have further demon-
strated that Lys773 contributes to FVIII binding.” In the
present study, we have employed HDX-MS combined
with site-directed mutagenesis and protein binding stud-
ies to further explore the FVIII binding regions on VWE
The combined results show that the D’ domain region
Arg782-Cys799 is part of the FVIII binding interface.

Methods

Materials

Tris-HCl was from Invitrogen (Breda, the Netherlands), NaCl
was obtained from Fagron (Rotterdam, the Netherlands) and
HEPES was from Serva (Heidelberg, Germany), FreeStyle 293
expression medium was obtained from Gibco (Thermo Fisher
Scientific). Tween-20 and D,0O was from Sigma-Aldrich (St Louis,
MO, USA). Human serum albumin (HSA) was obatined from the
Division of Products at Sanquin (Amsterdam, the Netherlands). All
other chemicals were from Merck (Darmstadt, Germany), unless
indicated otherwise.

Proteins

Antibody CLB-EL14 (EL14), CLB- Rag20, CLB-CAg12 (CAg 12)
and HPC4 have been described before.”*** D’-D3 fragment, FVIII
lacking the B domain residues 746-1639 (referred to as FVIII
throughout this paper) and VWEF were obtained essentially as
described before.”® Purified proteins were dialyzed against a
buffer with 50 mM HEPES (pH 7.4), 150 mM NaCl, 10 mM CaCl,,
50% (v/v) glycerol and stored at -20°C. Site-directed mutagenesis
of the D’-D3 fragment was employed using Quik Change (Agilent
Technologies) according to the manufacturer's instructions.

HDX-MS
D’-D3 was pre-incubated in presence or absence of FVIII in 1:1
molar ratio for 5 min at 4°C. Samples were subsequently diluted

ten times in deuterated binding buffer (98% D,O) or standard
binding buffer and incubated for 10 sec, 100 sec or 1,000 sec at
24°C. A detailed description is available in the Ounline
Supplementary Materials and Methods.

Solid-phase competition assays

Recombinant VWF (1 ug/mL) was immobilized overnight at
4°C in a buffer containing 50mM NaHCO; pH 9.8 in a 96-wells
microtiter plate (Nunc Maxisorp). Increasing concentrations (0.3-
900 nM) of D’-D3 and variants with single mutations were pre-
incubated with 0.3 nM FVIII in a buffer containing 50 mM Tris,
150 mM NaCl, 2% human serum albumin, 0.1% Tween 20, pH
7.4 for 30 min at 37°C. These mixtures were transferred to the
VWE coated plate and incubated for 2 hours at 37°C. Then, the
plate was washed three times with 50 mM Tris (pH 7.4), 150 mM
NaCl, 5mM CaCl,, 0.1% Tween 20 after which FVIII bound to
VWEFE was detected with an HRP-labeled monoclonal antibody
(CAg 12).%°

Surface plasmon resonance analysis

Surface plasmon resonance (SPR) analysis was carried out using
a Biacore T-200 biosensor system (GE Healthcare) as previously
described.”” A monoclonal antibody to FVIII (EL14) was coupled to
a CMS5 sensor chip (GE Healthcare) to 5,000 response units (RU)
density using the amino coupling activation method according to
manufacturer’s suggestions (GE Healthcare). Subsequently, 3,000
RU of FVIII were immobilized to the chip via EL14 antibody. Next,
increasing concentrations of D’-D3 fragments were passed over
the chip at a flow rate of 30 uL/min in a buffer containing 20 mM
HEPES (pH 7.4), 150 mM NaCl, 5 mM CaCl, and 0.05% Tween 20
at 25°C. An empty channel was utilized to correct for non-specific
binding to the dextran matrix.

Results

HDX-MS on the isolated D’-D3 fragment of VWF

To facilitate identification of the FVIII binding residues
within the D’ domain (TILU-E’ subdomains), we made use
of the D’-D3 monomer in which the cysteine residues
involved in dimerization of the D3 domains (VWD3-
CB8_3-TIL3-E3 subdomains) were replaced by serine
residues.” The D’-D3 fragment was transferred from H,O
to D,O-containing buffer to assess time-dependent deu-
terium incorporation into the protein backbone. 178 pep-
tides were identified covering 92% of the D’-D3 sequence
(Figure 1A and Online Supplementary Table S1). For each
peptide, we plotted the percentage of deuterium incorpo-
ration of the identified peptides at three different time
points (Figure 1B). The overall result showed that almost
all peptides from the N-terminal TIL subdomain of D’-D3
exhibit limited to no change in deuterium incorporation at
these time points. Only the peptide that includes the N-
terminus of the TIL' subdomain showed increased deuteri-
um incorporation. Apart from several peptides in the C8_3
subdomain of the D3 domain, most of the peptides in the
other subdomains showed incorporation of deuterium in
time. Peptides with the most marked change in deuterium
incorporation correspond to unstructured regions in the
recently published crystal structure of D’-D3.* This find-
ing confirms that amino acid backbone hydrogens in
unstructured regions exhibit an enhanced rate of hydro-
gen-deuterium exchange compared to structured regions.
It further implies that these regions are unstructured in
solution as can be predicted by the crystal structure.
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D’ region Arg782-Cys799 shows reduced deuterium different time points. The obtained results were compared g
incorporation in the presence of FVIil. HDX-MS was to the time-dependent deuterium incorporation in D’-D3
employed on the FVIII-D’-D3 complex in the absence of FVIIL. Most peptides originating from the

The complex was transferred to D,O-containing buffer FVIII-D’-D3 complex did not show a change in deuterium
and the incorporation of deuterium was assessed at three  uptake compared to isolated D’-D3 (Figure 2 and Online
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Figure 1. Hydrogen-deuterium exchange mass spectrometry analysis of the D’-D3 fragment. D’-D3 was incubated for 10 sec, 100 sec and 1000 sec in a deuterium
buffer consisting of 20 mM HEPES (pH 7.4), 150 mM NaCl and 5 mM CaCl,. D-D3 was processed for hydrogen-deuterium exchange mass spectrometry (HDX-MS)
analysis as described in the methods. (A) Shows the identified peptides as blue lines underneath the primary sequence of D’-D3. (B) Shows the percentage of deu-
terium incorporation for the individual identified peptides for the different incubation times with deuterium buffer. The sequence of the peptide’s numbers, shown
on the x-axis, is displayed in the Online Supplementary Table S1.
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Supplementary Figure S1). Several overlapping peptides in
the TIL subdomain of D’, however, did show a reduced
deuterium incorporation in the complex. The peptide
region that is shared by the overlapping peptides includes
the amino acids Arg782-Cys799 (Figure 2B-C). The HDX-
MS results suggest that the local hydrogen bonding net-
work is altered in this VWF region upon FVIII binding
implying that this region contributes to FVIII binding.

SPR analysis reveals that charged residues in D’ region
Arg782-Cys799 contribute to FVIII binding

Site-directed mutagenesis of the D’-D3 fragment was
employed to verify the contribution of the region Arg782-
Cys799 to FVIII binding. As electrostatic interactions have
been proposed to mediate FVIII-VWEF complex assem-
bly,* the charged amino acids in this region were
replaced by alanine residues resulting in six new D’-D3
variants i.e. Arg782Ala, Glu784Ala, Glu787Ala, Lys790Ala,
Asp796Ala and Glu798Ala. SPR analysis was performed
to assess their FVIII binding efficiency. To this end,
increasing concentrations of the D’-D3 variants were
passed over FVIII that was immobilized via antibody EL14
to the surface of a CMJ5 sensor chip (Figure 3A-G). The
Arg782Ala, Glu784Ala and Glu798Ala variants revealed
association and dissociation binding responses that closely
resembled those of the wild-type (WT) D’-D3. The
Lys790Ala and Aps796Ala variants showed decreased
binding responses compared to WT D’-D3. Almost no
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binding was observed for the Glu787Ala variant. The
association and dissociation responses revealed complex
binding kinetics comprising at least two components. To
estimate the binding affinities, we plotted the maximum
binding response as a function of the D’-D3 variant con-
centration (Figure 3H). The concentration at which the
half-maximum binding response is reached, represents an
estimation of the average binding affinities (<Kd>) of the
involved components. Compared to the <KD> obtained
for the WT D’-D3 (~50 nM), results showed a more than
four-fold increase in <KD> for D’-D3 Asp796Ala (~190
nM) and a five-fold increase for D’-D3 Lys790Ala (~240
nM). These findings together show that charged amino
acid residues in the region Arg782-Cys799 contribute to
FVIII binding. A glutamic acid at position 787 appears
most critical for effective interaction between FVIII and
D’-D3.

A solid phase competition assay reveals that charged
residues contribute to FVIII binding. The efficiency by
which the D’-D3 variants were able to compete with VWEF
for FVIII binding was assessed using a competitive binding
assay as also employed in previous studies.””” FVIII was
incubated with immobilized VWF in the presence of
increasing concentrations of the D’-D3 variants. Residual
FVIII binding to immobilized VWF was assessed using an
antibody against FVIII that does not interfere with the
complex formation between FVIII and VWE (Figure 4).
Results showed that about 50 nM of WT D’-D3 was
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Figure 2. Hydrogen-deuterium exchange mass spectrometry analysis of the FVIII-D’-D3 complex. The D’-D3 was incubated for 10 sec, 100 sec and 1000 sec in a
deuterium buffer consisting of 20 mM HEPES (pH 7.4), 150 mM NaCl and 5 mM CaCl, in the presence and absence of coagulation factor VIII (FVIII). The proteins
were processed for hydrogen-deuterium exchange mass spectrometry (HDX-MS) analysis as described in the methods. (A) Shows the percentage of deuterium incor-
poration of the identified peptides of the D’-D3 at the indicated incubation times in deuterium buffer in the presence and absence of FVIII. The sequence of the pep-
tide numbers, shown on the x-axis, is displayed in the Online Supplementary Table S1. (B) Shows the percentage of time-dependent deuterium incorporation for the
15 identified peptides that cover part of the TIL' subdomain of D’. The sequence of the peptide numbers, shown on the x-axis, in displayed in (C).
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required to reduce FVIII binding to immobilized VWF by
50%. For the Arg782Ala, Glu784Ala, and Glu798Ala vari-
ants of D’-D3 about 100 nM was required to reach the
same effect. A markedly reduced competition efficiency
was observed for the Asp796Ala variant as more than 800
nM was required to reduce the binding to 50%. Almost no
competition was observed for D’-D3 Glu787Ala. The data
further reveal a biphasic competition curve for the
Lys790Ala variant. This implies that D’-D3 Lys790Ala
may exist in two conformations that differentially inter-
fere with complex formation between FVIII and VWE We
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The FVIII binding site on VWF

therefore cannot make any reliable conclusions about the
putative role of Lys790 for FVIII binding. Based on the
results, we also constructed two new D’D3 variants f.e.
Glu787GlIn and Asp796Asn and assessed their FVIII bind-
ing efficiency using SPR analysis. Results showed that
changing the charged amino acids with their neutral coun-
terpart also affected FVIII binding (Online Supplementary
Figure S2). Changing Glu787 for a Gln in full-length VWEF
also revealed a major impact on FVIII using a solid phase
binding assay (Online Supplementary Figure S3). The data
together confirm the observation that amino acid residues
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Figure 3. Surface plasmon resonance analysis of D’-D3 variants in interaction with FVIII. (A-G) Multiple concentrations (0-200 nM) of the indicated D’-D3 variants
were passed over the coagulation factor VIII (FVIII) that was immobilized via antibody EL14 to the surface of a CM5 sensor chip. The binding response is represented
in response units (RU) and was assessed in 20 mM HEPES (pH 7.4), 150 mM NaCl, 5 mM CacCl,, 0.05% (v/v) Tween 20 at a flow rate of 30 uL/min at 25°C. (H) Shows
the maximum binding response in RU of the D’-D3 variants at a function of the employed concentration.
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in the region Arg782-Cys799 are involved in FVIII binding.
In particular, the glutamic acid residue at position 787
seems critical for the interaction between FVIII and D’-D3.

A leucine at position 786 is important for effective
interaction with FVIII

Analysis of the crystal structure of D’-D3 shows that
Glu787 is part of a short helical region that also includes
Leu786 and Cys788 (Figure 5A).* We speculate Leu786
and Cys788 are critical to maintain the structural integrity
of this helix, and therefore the spatial position of Glu787
in D’-D3. We therefore decided to destabilize this helical
structure by replacing Leu786 for an alanine residue and
study the effect thereof on FVIII binding. SPR analysis
showed a markedly reduced FVIII binding response of the
Leu786Ala variant with an estimated <Kd> of ~500 nM
(Figure 5C). The competitive binding assay revealed that
about 400 nM of the variant was required to reduce FVIII
binding to VWF by 50% (Figure 5B). These findings
together demonstrate an impaired FVIII binding efficiency
of D’-D3 Leu786Ala. We propose therefore that the stabil-
ity of the helical region may indeed be of importance for
FVIII binding.

Discussion

The particularly high complexity of the molecular archi-
tecture of VWF has always posed a major challenge for the
identification of the FVIII interactive regions within VWE
We therefore decided to utilize a short fragment of VWEF
that includes the FVIII binding site, i.e. D’-D3.? Previously,
we have employed a primary amine-directed chemical
foot printing approach on the FVII-VWF complex and
established that Lys773 contributes to FVIII binding.” This
approach provided only information about the putative

role of the side-chains of lysine amino acid residues for
FVIII-VWEF complex formation. HDX-MS as utilized in
this study has the potential to provide information about
the putative role of all amino acids in D’-D3.%

With HDX-MS, the replacement of amide hydrogen
atoms of the protein backbone by deuterium atoms can be
assessed upon the transfer of a protein complex from H,0O
to D,0O. Sites where proteins interact can show a reduced
time-dependent deuterium incorporation usually because
of local changes in the hydrogen bonding network of the
protein backbone. This methodology has proven to be
particularly powerful in the identification of protein inter-
action sites.” Applying HDX-MS on the FVIII-D’-D3 com-
plex showed reduced deuterium incorporation in amino
acid region Arg782-Cys799 in the presence of FVIII (Figure
2). This result strongly suggest that it is involved in the
interaction with FVIIL This region is also particularly rich
in amino acid residues that are mutated in VWD type 2N
(Figure 6). This corroborates the functional importance of
this region.

The role of Arg782-Cys799 for FVIII binding was fur-
ther confirmed by replacing the charged amino acid
residues by alanine residues. Especially replacement of
Glu787 proved detrimental for the interaction between
D’-D3 and FVIII (Figures 3-4). A major impact on FVIII
binding was also observed for the Glu787Gln variant of
D’DS3 and full-length VWEF (Online Supplementary Figure S2-
3). Patients with VWF type 2N have further been identi-
fied with a Glu787Lys variant of VWE® These observa-
tions together demonstrate the importance of a glutamic
acid at position 787. We cannot exclude that Glu787 may
be critical for maintaining the local conformation of the D’
domain. The crystal structure, however, reveals that
Glu787 is exposed to the solvent and is not part of the
internal protein core (Figure 5A).* We may therefore have
identified one of the critical amino acids that directly

9 - D-D3
;100 = Arg782Ala
= - Glu784Ala
E 80 —— Glu787Ala
: 60 -@- Lys790Ala
E = Asp796Ala
Tg 40 -4 Glu798Ala
=
8 20
e 1 1 || |
200 400 600 800
D’-D3 variant [nM]

Figure 4. D’-D3 variants in competition with immobilized von Willebrand factor for binding FVIIl. Coagulation factor VIII (FVIIl) was incubated with increasing con-
centrations of the indicated D’-D3 variants in a buffer comprising 50 mM Tris (pH 7.4), 150 mM NaCl, 5mM CaCl,, 2% human serum albumin and 0.1% Tween 20 at
37°C. The protein mixtures were next incubated with immobilized von Willebrand factor (VWF) in the same buffer. Residual FVIII binding to immobilized VWF was
assessed employing HRP-conjugated CAg12 antibody as described in the methods. Data represents mean + standard deviation (SD) of three independent experi-

ments.
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interacts with FVIII rather than being important for stabi-  the altered FVIII binding efficiency of the Leu786Ala vari-
lizing the local conformation. Th replacement of Leu786  ant (Figure 5B-C). HDX-MS did not reveal reduced deu-
by an alanine, most likely, alters the conformation of the terium incorporation in peptides that include Lys773. This
short helical region 786-Leu-Glu-Cys-789 thereby reposi- residue is part of a beta-sheet in which the amino back-
tioning Glu787 (Figure 5A). This can explain, in our view, bone hydrogens tightly interact. Apparently, this second-
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Figure 5. The FVIII binding efficiency of D'-D3 Leu786Ala. (A) Part of the crystal structure of D-D3 (PDB entry: 6n29)30 with a zoom-in of the helical region compris-
ing the residues 786-Leu-Glu-Cys-789. (B) Multiple concentrations of D-D3 Leu786Ala were passed over coagulation factor VIII (FVIII) that was immobilized via anti-
body EL14 to the surface of a CM5 sensor chip. The binding response is indicated as response units (RU) and was assessed in 20 mM HEPES (pH 7.4), 150 mM
NaCl, 5 mM CaCl,, 0.05% (v/v) Tween 20 at a flow rate of 30 uL/min at 25°C. (C) FVIIl was pre-incubated with increasing concentrations of D’-D3 and D’-D3
Leu786Ala in a buffer comprising 50 mM Tris (pH 7.4), 150 mM NaCl, 5mM CaCl,, 2% human serum albumin and 0.1% Tween 20 at 37 ° C. The protein mixtures were
next incubated with immobilized von Willebrand factor (VWF) in the same buffer. Residual FVIII binding to immobilized VWF was assessed employing HRP-conjugated
CAg12 antibody as described in the methods. Data represents mean + standard deviation (SD) of three independent experiments.

|\ ASP-796
GLU-798

GLU-787

Figure 6. Amino acid region Arg782-Cys799 and sites involved in von Willebrand disease type 2 Normandy indicated in the crystal structure of TIL subdomain.
Shown is the TIL subdomain of the crystal structure of the D’-D3 (PDB entry: 6n29) in a ribbon representation. (A-C) Present the same structure from different angels.
Region Arg782-Cys799 is displayed in red. The yellow spheres indicated residues that have been mutated in the von Willebrand disease type 2 Normandy (VWD type
2N).%¥
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