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Abstract

von Willebrand factor (VWF) tethers platelets to sites of vascular injury via interaction with the platelet surface receptor,
GPIb. To further define the VWF sequences required for VWF-platelet interaction, a phage library displaying random VWF
protein fragments was screened against formalin-fixed platelets. After 3 rounds of affinity selection, DNA sequencing of
platelet-bound clones identified VWF peptides mapping exclusively to the A1 domain. Aligning these sequences defined a
minimal, overlapping segment spanning P1254-A1461, which encompasses the C1272-C1458 cystine loop. Analysis of
phage carrying a mutated A1 segment (C1272/1458A) confirmed the requirement of the cystine loop for optimal binding.
Four rounds of affinity maturation of a randomly mutagenized A1 phage library identified 10 and 14 unique mutants
associated with enhanced platelet binding in the presence and absence of botrocetin, respectively, with 2 mutants (51370G
and 11372V) common to both conditions. These results demonstrate the utility of filamentous phage for studying VWF
protein structure-function and identify a minimal, contiguous peptide that bind to formalin-fixed platelets, confirming the
importance of the VWF A1 domain with no evidence for another independently platelet-binding segment within VWEF.
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These findings also point to key structural elements within the A1 domain that regulate VWF-platelet adhesion.
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Introduction

von Willebrand factor (VWF) is a multimeric glycoprotein that
is central to development of a hemostatic platelet plug. The Al
domain of VWF has been previously identified as the primary
ligand for the platelet receptor, GPIb (reviewed in [1]). Transient
tethering between the Al domain of VWF and GPIb facilitates
rapid platelet immobilization to sites of vascular injury. Crystal
structures of the Al-GPIb complex show that GPIb forms a
concave pocket with leucine-rich repeats that interface with the
VWF Al domain following conformational changes induced by
biochemical cofactors or by mutations in the Al domain
associated with von Willebrand disease (VWD) type 2B [2,3,4].
In the circulation, hydrodynamic forces stretch VWF from a
compacted to an extended shape, exposing the Al domain to
passing platelets. In diseased blood vessels where shear rates may
exceed 10,000 s, conformational changes in the Al domain of
immobilized, extended VWY result in platelet adhesion via high
affinity binding between Al and GPIb [5,6,7].

The architecture in and around the Al domain regulate VWF
binding to platelets. The Al domain of VWF contains a single
intramolecular disulfide bond between C1272 and C1458 that
may optimize its structure for platelet binding [8,9]. The residues
N-terminal to C1272 have been proposed to allosterically hinder
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binding between the Al domain and GPIb [10,11,12]. The
contribution of other VWF regions to GPIb binding has been less
characterized.

Phage display is a powerful tool for studying protein interactions
and provides an unbiased, comprehensive approach to interrogate
all VWF residues involved in platelet binding. This method, which
expresses large libraries of peptides or proteins (up to ~10°
independent clones) on the surface of a bacteriophage, has been
used for a variety of applications [13]. M13 filamentous phage
infect f-pili-bearing F. coli and exploit the host’s cellular machinery
to propagate phage particles without killing the bacterium.
Typically, the phage genome is engineered to fuse a polypeptide
or the variable region of single chain antibodies to the N-terminus
of the minor coat protein, pIIl. The fusion protein produced in the
cytoplasm is transported into the periplasm where phage particles
assemble at sites of cytoplasmic/periplasmic membrane fusions,
encapsulating the phage DNA containing the cloned insert and
thus, linking the DNA sequence to the protein it encodes. After
affinity selection (“panning”), phage DNA (now enriched) are
recovered by infecting naive bacteria for amplification and
subsequent phage particle production (“phage rescue”). This
process is typically repeated for 34 additional cycles, with
continued enrichment for the specific class of recombinant phage.
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We previously constructed a random VWF fragment, filamen-
tous phage library to map the epitopes for an anti-VWF antibody
[14]. Here, we extend this approach to finely map the platelet-
binding domain of VWF and to identify VWF fragments with
enhanced affinity for platelets.

Materials and Methods

Phage Display Library and Vector Construction

Construction of a filamentous phage display wild type VWF
(WtVWE) cDNA fragment library containing ~7.7 x10° indepen-
dent clones with VWF c¢DNA fragments ranging in size from
~100 bp to ~700 bp has been previously described [14]. The size
of VWF ¢DNA fragments cloned into the phagemid allowed
expression and display of peptide lengths (~33 aa to ~233 aa)
sufficient to encompass the intramolecular C1272-C1458 cystine
loop (187 aa) of the Al domain. Because these cDNA fragments
were randomly inserted between the C-terminus of the signaling
sequence and the N-terminus of plIl, only 1 in 24 independent
clones were expected to produce a properly displayed VWF
peptide (1/2 with correct orientation, 1/3 in frame at the 5’ end,
1/3 in frame at the 3" end, and 3/4 of the VWF plasmid contain
VWEF ¢DNA). Of the predicted ~540,000 unique, VWF peptide
fragments that range in size from ~33 aa to ~233 aa, ~1128
span C1272 and (1458, the cysteines that form the single
intramolecular disulfide bond of the Al domain. Taking these
considerations together, only ~1:11,500 of the ~7.7x10°
independent clones (~670) in the original VWF fragment library
would be predicted to encode a VWF peptide fragment that
includes the C1272-C1458 intramolecular disulfide bond.

To construct a phage display library of randomly mutagenized
Al domains (mtAl) with mutations possible from V1245 to
P1465, the VWF cDNA encoding VWF Q1238 to P1471 was
amplified by error-prone-PCR, as previously described [15], using
primers (5'-TGGCCCAGCCGGCCCAGGAGCCGGGAGGC
CTGGT-3' and 5'-TGCGGCCGCGTGGGGGGGCAGAG-
TAGGAGG-3") and subcloned into the phagemid vector,
pCANTABbSe (GE Life Sciences), at the Sfil and Notl restriction
sites. The ligation mix was electroporated into TG-1 cells (Agilent)
and cultured on LB agar, Lennox (BD Diagnostic Systems) plates
containing 100 pg/mL ampicillin and 2% glucose at 37°C
overnight. All ampicillin-resistant clones were scraped into LB
containing 20% glycerol and stored at —80°C.

For competitive, single round panning experiments, the pAYE
phagemid vector (Figure 1, Text SI, and Table S1) was
constructed from pCANTABSe using standard PCR and cloning
techniques to 1) replace the glII signaling sequence with the TorT
signaling sequence, 2) move the amber stop from the 3’ end of the
cloned ¢cDNA to between the TorT signaling sequence and the 5’
end of the cloned cDNA, and 3) remove the infective domains (N1
and N2) of pIII. The DNA sequence for pAYE has been deposited
in GenBank (KF384455). The TorT signaling sequence facilitates
cotranslational-translocation and stable display of longer peptides
(~300 amino acids) [16]. The VWF cDNA encoding the Al
domain (Q1238-V1476) and the A3 domain (S1671-G1874) were
PCR amplified and subcloned into pAYE at the Ascl or Ascl/Notl
restriction sites, respectively, generating pAYE-A1"" and pAYE-
A3. The cysteines (C1272 and C1458) in pAYE-AI™ were
mutated to alanine by site-directed mutagenesis (Agilent) accord-
ing to the manufacturer’s instructions, generating pAYE-A1¢'%7%/
H98A " The sequences of pAYE-A1™, pAYE-A3, and pAYE-
ALC1272/I8A oo verified by Sanger sequencing. pAYE-AI™,
PAYE-A3, and pAYE-A1¢"772/1%84 yere maintained in XLI-
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Figure 1. Phagemid pAYE. Expression of cloned VWF fragments is
driven by the lac promoter (P,). An amber stop placed between the
TorT signaling sequence (TorTss) and the VWF fragment reduces the
expression rate to prevent compartmentalization into inclusion bodies.
The cloned VWF fragment is C-terminally fused to an E tag and a
tandem, truncated M13 plll coat protein composed of only a glycine-
serine rich linker (glll G2) and the plll anchor domain (glll CT). Relevant
restriction sites are indicated. pAYE confers ampicillin resistance (AmpR)
to host E. coli and contains a high copy number origin of replication
(ColE1 ori) and a bacteriophage origin of replication (M13 ori). See Text
S1 and Table S1 or GenBank (KF384455) for the complete pAYE
sequence.

doi:10.1371/journal.pone.0073518.g001

Blue MRF’ cells (Agilent) and stored at —80°C as 20% glycerol
stocks.

Platelet Panning

Library screens. Phage particles from the above libraries
were generated using the expression module of the RPAS kit (GE
Life Sciences) according to the manufacturer’s instruction.
Formalin-fixed platelets (Bio/Data Corp.) were blocked by
incubating in phosphate buffered saline (PBS) containing 2.5%
(w/v) nonfat powdered milk. Freshly prepared phage particles
(~5x10" phage forming units (pfu)) composed of cither 100%
wtVWF fragment library or 99% wtVWF fragment library +1%
mtAl library in PBS containing 2.5% (w/v) bovine serum albumin
(BSA) were panned against ~107 blocked, formalin-fixed platelets
in the presence or absence of 2 U/mL botrocetin (Centerchem) at
22°C for 30 min. Since botrocetin, unlike ristocetin, is insensitive
to multimer size [17], we reasoned that botrocetin was also likely
to be less sensitive to the absence of other contiguous VWF
domains, as the crystal structure for the ternary complex [4]
suggests, and thus more effective for screening a VWF peptide
fragment library. Also, ristocetin, an antibiotic, would likely impair
phagemid recovery (which requires growth in F. colt). Panned
platelets were separated from unbound phage particles by
centrifugation (10,000 g for 5 min) through a 20% sucrose cushion
and subsequently washed with PBST (PBS +0.1% Tween-20). The
wash stringency was increased for successive rounds of panning:
round 1) twice at 4°C for 15 min, round 2) three times at 22°C for
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15 min, rounds 3 and 4) three times at 22°C for 30 min then once
at 4°C, overnight. Platelet-bound phage particles were recovered
by incubation with log phase (ODggg pm =0.3-0.5) TG1 cells at
room temperature for 15 min. Ampicillin resistance was developed
by culturing the infected TG1 cells at 37°C for 45 min in LB. An
aliquot of ampicillin-resistant TG1 cells was plated on LB-agar
containing 100 pg/mL ampicillin and 2% glucose for colony
screens. The remaining cells were infected with helper phage
MI13KO7 (GE Life Sciences), according to the manufacturer’s
mnstructions, to rescue phage particles displaying selected VWF
fragments for subsequent rounds of panning.

Colonies harboring recovered phagemid were further screened
for platelet binding using the detection module of the RPAS kit
(GE Life Sciences) according to the manufacturer’s instructions.
Briefly, randomly selected colonies were individually cultured and
infected with M13KO7 to rescue phage particles that were
subsequently tested for platelet binding in an ELISA-based assay.
96-well plates were coated with monoclonal anti-human GPIba
(CD42b, Clone SZ2, Beckman Coulter) at 10 pg/ml in PBS and
subsequently loaded with ~2x107 formalin-fixed platelets in PBS.
The interaction between the antibody and GPIb at the surface of
wells would not be expected to affect phage binding to GPIb that
are situated within the well and away from the surface of the
ELISA plate. After removing unbound platelets, wells were
blocked with 2.5% nonfat milk/PBS. Individually rescued phage
i 2.5% BSA/PBS were then incubated with the immobilized
formalin-fixed platelets at 22°C for 30 min in the presence of 2 U/
mL botrocetin. Bound phage were detected with HRP conjugated,
monoclonal anti-M13 filamentous phage coat protein pVIII
antibody as previously described [14]. The phagemid inserts from
ELISA positive clones were PCR amplified and Sanger sequenced
with primers (5'-CAACGTGAAAAAATTATTATTCGC-3' and
5-GTAAATGAATTTTCTGTATGAGG-3").

Competitive, single round panning. XLI1-Blue MRF’ cells
harboring pAYE-A1"', pAYE-A3, or pAYE-A1G1272/14584 epe
cultured in 2XYT (10 mg/mL yeast extract +17 mg/mL tryptone
+5 mg/mL NaCl) containing 100 pg/mL ampicillin +2% (w/v)
glucose to log phase (ODgog nm =0.3-0.5) at 37°C and then
infected with M13KO7 at a multiplicity of infection of ~200 at
37°C for 1 hr. Infected cells were collected by centrifugation at
2,000 g for 15 min at room temperature, resuspended in 2xY'T
containing 100 ug/mL  ampicillin ~ +50 ug/mL  kanamycin
+0.1 mM IPTG and cultured at 30°C overnight. Phage particles
were separated from E. coli by centrifugation (2,000 g, 4°C,
15 min) followed by sterile-filtration (0.2 um filter). Phage
preparations were concentrated by precipitation twice with 1/5™
volume of 20% polyethylene glycol-8000/2.5 M NaCl on ice for
at least 30 min prior to centrifugation (16,000 g, 4°C, 30 min); the
phage pellet was resuspended in sterile TBS (50 mM Tris-HCI,
pH =7.4; 150 mM NaCl) after the final centrifugation. To titrate
phage stocks, XL1-Blue MRI” cells were grown to mid-log phase,
infected with serial dilutions of the resuspended phage pellet at
37°C for 1 hr, and plated on LB-agar containing 100 pg/mL
ampicillin and 2% glucose.

In competitive, single round panning experiments, ~2x10’
formalin-fixed platelets blocked in 2.5% BSA/TBS-T (TBS
+0.05% Tween-20) were first incubated with A3 phage at room
temperature for 1 hr and then panned against A", A1¢'%7%
14984 o1 equal amounts of both in the presence or absence of 1 U/
mL botrocetin for another hour at room temperature. The total
input phage particles amounted to 4x10"" pfu in 400 uL
composed of 95% A3+ balanced titrations of A1™ or A19'27%/
4982 " Panned platelets were separated from unbound phage
particles by centrifugation at 16,000 g for 5 min and then washed
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5 times with TBS-T and once with TBS. Phagemids were
recovered by incubating washed platelets with XL1-Blue MRF’
cells (cultured to ODggg nm = 0.3—0.5) at 37°C for 1 hr. Infected E.
coli were plated on LB-agar containing 100 ug/mL ampicillin
+2% (w/v) glucose for phage titrations and colony screens.
Ampicillin-resistant colonies were randomly selected for PCR
analysis using primers flanking the phagemid cloning site (5'-
CCATGATTACGCCAAGCTTTGGAGCC-3" and 5'- CGGC
ACCGGCGCACCTG-3"); A3 phage gave 770 bp PCR products
while AI" and A191272/1%84 phage gave 884 bp PCR products.
AI™ and A19'27% 1584 amplicons were distinguished by Sanger
sequencing  (primer=5"- TTTGGAGCCTTTTTTTTGGA-
GATTTT-3") or by restriction fragment length polymorphism
(RFLP) analysis with Pstl.

Disulfide Structure Analysis

For periplasmic expression of VWF fragments, pAYE was
converted into an expression plasmid (pAYEX) by subcloning an
adaptor (5'- GATCCGCTGGAACCGCGTTAATAAG-3" and
5"- AATTCTTATTAACGCGGTTCCAGCG-3') at the BamHI
and EcoRI sites to remove glIII and introduce a stop codon after
the E tag. XL1-Blue MRF’ cells bearing pAYEX-A1", pAYEX-
A1CGI27258A 1L L AYEX-AS were cultured in 2xYT containing
100 pg/mL ampicillin +0.1 mM IPTG at 30°C, overnight.
Periplasmic protein was 1) harvested by osmotic shock using
PeriPreps (Epicentre), 2) quantified using the Coomassie protein
assay kit (Pierce), 3) fractionated (2 pg total protein per sample) by
electrophoresis in SDS-PAGE under reducing (20 mM DTT) or
non-reducing conditions, and 4) transferred onto PVDF mem-
branes (Bio-Rad) using native-gel transfer conditions (25 mM Tris
+25 mM glycine, pH =9.3; 20% methanol). The membrane was
blocked with 5% nonfat milk/TBS-T, probed with 1:30,000 goat-
anti-E Tag-HRP (Abcam) in 5% nonfat milk/TBS-T, and
developed with ECL (Thermo Scientific).

Statistics

Significance was tested by calculating the probability from the
hypergeomteric distribution or from the chi-square (7 distribu-
tion, where indicated.

Results

Phage Expressing VWF A1 Domain Peptide Fragments
Exhibit Specific Platelet-binding

The wtVWF phage library was screened against formalin-fixed
platelets, and recovered phage were individually selected at
random to confirm platelet binding by ELISA and for subsequent
identification by DNA sequencing. Following 3 rounds of panning
in the presence or absence of botrocetin, 30% (46/154) and 0%
(0/36), respectively, of the selected phage bound to formalin-fixed
platelets. None of 48 randomly selected, input (i.e., unscreened)
phage exhibited platelet binding in this assay. DNA sequencing
revealed that 44 of the 46 ELISA positive phage encoded a VWF
fragment in the correct orientation and reading frame for
expression as a fusion protein with plIIl; the remaining 2 phage
did not yield a PCR product and were excluded from further
analyses. These 44 phage were composed of 14 unique sequences
which all aligned to the Al domain of VWF (Figure 2) and ranged
in length from 254 aa (E1235-1.1488) to 220 aa (A1250-1.1469),
demonstrating that the smaller fragments (~33 aa—219 aa) within
the library have a markedly reduced or absent capacity for platelet
binding. Although an antibody to GPIb was used to capture
platelets for the confirmatory platelet-binding ELISA, the positive
signal for all 44 VWF Al phage clones demonstrates minimal
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interference of the capture antibody with VWF Al phage binding
to platelet GPIb. The most over-represented VWEF fragment
(n=17) spanned E1235-1.1488, suggesting that this particular
peptide adopts an optimal structure for GPIb binding or was
preferentially expressed or displayed. Alignment of these 14
unique sequences identified a minimum sequence for GPIb
binding spanning P1254-A1461, which encompasses the cyste-
ine-cysteine intramolecular loop (C1272-C1458, Figure 2).

Only ~1:11,500 phage in the wtVWF library would be
expected to display a VWE peptide spanning C1272 to C1458
by chance (see Materials and Methods). The observation that 44 of
154 randomly sampled phage following 3 rounds of platelet
panning map to this VWF segment indicates a significant
(hypergeometric p<<0.0001) enrichment of ~3,200-fold, corre-
sponding to ~15-fold enrichment per round of phage selection.
These data are consistent with enrichment factors described for
other phage display experiments [16].

Optimal VWF Phage/Platelet Binding Requires the
C1272-C1458 Intramolecular Disulfide Bond

The observation that all the phage clones identified above
encode a VWF peptide fragment spanning C1272 and C1458
(Figure 2), suggests that the intramolecular disulfide bond known
to form between these two cysteines in native VWF [1] is required
for optimal platelet binding in this phage display system. To test
this hypothesis, a phage clone displaying the VWF A1" domain
from Q1238 to V1476 (Al) was mixed with a derivative of this
phage in which both cysteines in the Al loop had been mutated to
alanine (A101272/1458A). This mixture was then competitively
panned against formalin-fixed platelets in the presence or absence

of botrocetin with an excess of a control phage displaying the
VWF A3 domain (A3). The VWF A3 domain contains an
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intramolecular disulfide bond similar to that of the Al domain,
and a recombinant VWF A3 fragment has previously been shown
not to compete with native VWF for platelet binding [18].
Consistent with this latter report, A1 phage showed significant
enrichment (~20-fold, %* p<<0.0001) following one round of
affinity selection to formalin fixed platelets in the presence of
botrocetin and excess A3 phage (Table 1). Similarly, A C1272/14584
was significantly enriched (12-fold, %? p<<0.0001), though less
marked compared to A1™. No enrichment of either phage was
seen in the absence of botrocetin. This result demonstrates that
formation of the intramolecular disulfide bond within the Al
domain is not absolutely required for platelet binding, consistent
with previous reports that a reduced/alkylated VWF Al fragment
can inhibit VWF-mediated platelet aggregation [9,19]. However,
competitive panning between equal amounts of the A" and
AC1272/14584 phage against platelets in the presence of botrocetin
and excess A3 phage (Table 1) demonstrates minimal enrichment
of A1CI72/1458A Lhage (1.4-fold) compared to wild type AT™
phage (34-fold, ¥ p<<0.0001). Titration of A1** against A1'27%/
9982 bhage in the presence of botrocetin (Figure 3) showed
equivalent enrichment of AI™ at an ~1:60 A1Y:A]C1272/14584
ratio, further highlighting the optimal platelet-binding structure
which the C1272-C1458 disulfide bond confers.

E. coli are known to form disulfide-bonded, recombinant
products that reside primarily in inclusion bodies [9,20]. However,
replacement of the glII signaling sequence with a cotranslational-
cotranslocation signaling sequence (TorTss) has been previously
shown to improve display of insoluble peptides on filamentous
phage [16]. To test whether the modifications to pAYE enabled
ATV AJCI272/M58A 4 0d A3 to remain soluble in the periplasm
and to form intramolecular disulfide bonds in this oxidative
environment, the corresponding phagemids were converted into
periplasmic expression plasmids (see Materials and Methods).

E1235 L1488 17
A1250 11469 6
V1230 A1464 4
P1254 G1489 4
Q1238 L1469 2
E1239 Al461 2
V1245 P1465 2
N1231 Al464 1
Q1238 L1488 1
G1241 L1488 1
G1242 V1478 1
D1249 L1488 1
A1250 M1473 1
A1250 L1488 1

1200 1250 1300 1350 1400 1450 1500 1550

VWEF Position (aa)

Figure 2. Alignment of platelet-binding VWF fragments. Amino acid segments encoded by VWF cDNA fragment-displaying phage that bound
platelets and mapped to the VWF A1 domain. The minimum overlap spans P1254 to A1461 (underlined) and encompasses the two cysteines, C1272
and C1458 (both marked by X), that form the disulfide loop of the A1 domain. The number of times (n) each unique clone was identified is indicated

in the right column.
doi:10.1371/journal.pone.0073518.9g002
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Figure 3. Preferential enrichment of A1" over A1€1272/1458A

A1 phage were titrated against A1<'2721%%8" phage in a mixture
composed of 95% A3 phage and 5% total A1 phage (A1"%+A1'%%
14584 Following a single round of selection in the presence of
botrocetin, randomly picked individual phage clones (48 per condition)
were distinguished by RFLP analysis in which A1"t but not A1¢1272/1458A
was cleavable with Pstl. In all conditions, the population of total A1
phage was significantly greater than A3 phage (x> p-value<0.0001). The
observed selected A1"* percent of the total A1 population (mean =
S.D., n=2) were non-linearly regressed to a 2-site binding model.
doi:10.1371/journal.pone.0073518.g003

Western analysis of periplasmic protein harvested by osmotic
shock showed an electrophoretic mobility shift for A1™" and A3
(reduced vs. non-reduced) but not for the A]C!272/11984
demonstrating that the cysteine-cysteine loop structure of Al
and A3 were formed and maintained in the periplasm of E. coli

(Figure 4). Reduced AI™ exhibited equivalent mobility to
A]C1272/1458A

wt

Mutants of VWF A1 Domain with Enhanced Platelet
Binding

To explore the spectrum of potential amino acid substitutions
within the VWF Al domain on platelet binding, a randomly
mutagenized phage display library was constructed by error-prone
PCR. This library (mtAl) contained ~2x10°® independent phage
clones, sufficient to cover all 4,420 single amino acid substitutions
and ~20% of 9,724,000 double substitutions. Sequence analysis of
16 randomly selected clones identified 2-6 nucleotide substitutions
per clone. To select for specific amino acid substitutions with
enhanced platelet binding, the mtA1l phage library was mixed with
the wtVWF fragment library at a ratio of 1:100 and competitively

Functional Display of the VWF A1 Domain
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Figure 4. Formation of intramolecular disulfide bonds in £ coli.
Western blot analysis of periplasmic protein under reducing and non-
reducing conditions. Intramolecular disulfide bond formation is
indicated by a faster migration under non-reducing condition vs.
reducing condition. Faint bands (non-reduced) of A3 at ~45 kDa and
~60 kDa may be due to intermolecular disulfide bonds.
doi:10.1371/journal.pone.0073518.g004

screened for binding to formalin-fixed platelets. Both the wtVWF
and the mtAl libraries contained wild type fragments of the VWF
Al domain against which mutants compete. The input library
(5x10'" pfu) was composed of 99% wtVWF library
(4.95x10'" pfu, representing ~7.7x10°% individual clones) +1%
mtAl library (5x10% pfu, representing ~2 x10° individual clones).
Of the ~7.7 x10° independent clones in the wtVWF library, ~670
independent clones represented the wild type Al domain (see
Methods and Materials) at ~6,400-fold coverage (4.95x10'%/
7.7x10%. Given the input composition, each independent mutant
from the mtAl library was represented ~250-fold. Taken
together, we estimated that each independent mutant is competing
against an ~17,000-fold excess (~6,400x670/~250) wild type Al
fragments. After 4 rounds of affinity selection, recovered phage
were analyzed by ELISA and DNA sequencing. Seventy-two
ELISA positive phage (43 from the +botrocetin selection and 29

Table 1. Percent population after single round, competitive panning.

Input Without Botrocetin With Botrocetin

A3 A.lwt A1C1272[1458A A.lw( or XZ P' A1C1272/1458A
Condition (%) (%) (%) A3 (%) A1€1272/1458A (95)  yalue A3 (%) A1™ (%) (%) ¥2 p-value
A1"'+A3 950 500 O 98.4+1.44 165+1.44 0.125 1.39+241  98.6+241 NA <0.0001
A1€1272/1458A, p3 950 0 5.00 954+2.38 4.61+2.38 0.857 37.0+386  NA 63.0+38.6 <0.0001
ATVHA1C127211958A a3 950 250 250 97.7+042 234%0.42 0223 *11.1+158 *853*12.8 *3.63+3.25 <0.0001

analyzed.
*|dentities were determined by DNA sequencing because A1"*
doi:10.1371/journal.pone.0073518.t001
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and A1 C1272/1458A

Values reported (mean = standard deviation) are averaged from 3 independent screens. Per screen, 38-48 clones randomly selected from each condition were

produce the same sized PCR product (884 bp).
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—botrocetin) were analyzed by DNA sequencing. All 72 aligned to
the VWF Al domain, and only 2 of the 72 contained wild-type
sequence. Of the 70 mutant phage, 68 carried mutations resulting
in at least 1 amino acid substitution (Table 2). Affinity maturation
through multiple rounds of panning reduced the complexity of
recovered phage as observed by the decrease in the number of
independent clones from 25 (round 3, data not shown) to 10
(round 4). Only 2 amino acid substitutions (S1370G and 11372V)
were identified independently in both the presence and absence of
botrocetin. These were also the two most highly represented
mutations, with 11372V ~50% of the phage isolates under both
conditions and S1370G at ~10-20%.

Discussion

The interaction between VWEF and GPIb on the platelet
membrane surface is a critical early step in hemostasis. Adherence
of native, circulating VWF to platelet GPIb requires a conforma-
tional change that exposes the VWF Al domain. We demonstrate
that VWF fragments displayed on the surface of filamentous phage
can bind platelets, and use this system to interrogate the full VWF
sequence for platelet binding function. Our results confirm that
the Al domain is primarily responsible for VWF-platelet
interaction and demonstrate that this unbiased approach fails to
detect an interaction of any other region of VWF with formalin
fixed platelets. We also show that formation of the C1272-C1458
disulfide bond is required for optimal platelet binding, though
residual binding is maintained in the absence of this structure. By
coupling random mutagenesis with phage display, we identify
additional residues modulating the VWZF-platelet interaction,
including gain-of-function mutations within the VWF Al domain.

The architecture of the VWF Al domain and adjacent
structures is critical to regulating the VWZF-platelet interaction.
Mapping VWF residues involved in GPIb interaction by
filamentous phage relies on faithful emulation of native protein
structures by recombinant proteins expressed in . coli. In previous

Table 2. A1 mutations selected after 4 rounds of panning.

Without Botrocetin With Botrocetin

Mutation Count (n)  Mutation Count (n)

L1296Q/K1348/S1378A/ 2 L1257P 2

Q1449L

D1302G/11309V 1 L1257P/D1261G 4

M1303V/F13661/11410T/ 1 $1273G 1

11412V

S1310Y 1 R1287G/F1397L 1

A1317(Silent mutation)/ 1 S1370G 9

S$1370G

S1345T 1 11372V 22

Y1363H/11372N/L1446P 1 V1401L 1

S1370G 2 11452V 1

11372V 13 Y1456T 1

11380V/K1423E/E1445G 1 WT (silent 1
mutation)

11412V 1

N14215/Q1448L 1

WT 2

WT (silent mutation) 1

doi:10.1371/journal.pone.0073518.t002
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reports, bacterially expressed VWF Al peptide purified from
inclusion bodies required renaturation/refolding for functional
competency [8,9,20]. Our results demonstrate that directing VWF
peptide fragments to the periplasm, either by fusion to the phage
pIII coat protein or by addition of a cotranslational-translocation
signaling sequence, facilitates solubility and formation of the
physiological disulfide bond within the Al domain (Figures 2, 3, 4
and Table 2). Though not required for binding, the C1272-C1458
intramolecular disulfide bond optimizes the structure of the VWF
Al domain for binding to platelet GPIb [18]. Our results also
confirm previous reports demonstrating that glycosylation of VWF
residues surrounding the Al domain is not required for platelet
binding [8,21]. The minimal overlapping VWT sequence (P1254—
A1461, Figure 2) found in this study suggests that residues N-
terminal to the Al domain may participate in the VWF-platelet
interaction whereas C-terminal flanking residues may be less
important. Enrichment of the most over-represented fragment
(E1235-1.1488, Figure 2) for platelet binding contrasts with the
previously reported inhibitory effect of Q1238-E1260 on platelet
binding by a VWF fragment recombinantly expressed from
mammalian cells [11]. Taken together, these results suggest that
glycosylation of N-terminal flanking residues within the Q1238—
E1260 segment may hinder VWF-GPIb interaction. However, we
cannot exclude the possibility that the longer N-termini may also
contribute to improved phage solubility/recovery/production
during the additional rounds of panning required for signal
amplification. Although previously reported recombinant VWF
Al fragments spontaneously bind platelets [20,22], no binding of
Al phage to platelets was detected in the absence of botrocetin
(Table 1). The latter observation could result from the low effective
concentrations of the Al fragment in the phage context (<1 nM)
or due to conformational changes resulting from the phage fusion
protein.

In type 2B VWD, mutation(s) that enhance the affinity of the Al
domain for GPIb (cataloged at www.vwf.group.shef.ac.uk/index.
html) result in spontaneous VWF-platelet binding, causing loss of
high molecular weight VWF multimers and thromobocytopenia
due to clearance of VWF-platelet complexes. Most type 2B VWD
mutations lie within the VWF Al domain and are thought to
destabilize interactions within the Al domain that regulate its
tertiary structure inhibiting formation of the interface with GPIb
[2,23]. S1370G and 11372V lie in the a3P4 loop of the Al
domain, a component of both ~1,700 A% and ~900 A?
noncontiguous surfaces that contact GPIb (Figure 5), and may
directly enhance the affinity of the interface [2]. The similar
frequency of 11372V in the presence and absence of botrocetin
suggest that the latter cofactor does not markedly enhance the
affinity of this mutant Al domain for GPIb. Interestingly, whereas
S1370G enhance platelet binding, S1370R has previously been
reported to block binding of recombinant Al to platelets by either
ristocetin or hydrodynamic forces [24], implicating a critical role
for S1370 in regulating VWF-GPIb binding. Characterization of a
larger set of mutants by phage display may further define the
contributions of each amino acid of the Al domain to platelet
binding.

Preventing platelet adhesion and subsequent aggregation at sites
of wvascular injury by blocking the VWF/GPIb interaction
represent an attractive target for the treatment of important
human diseases including thrombotic thrombocytopenic purpura,
acute coronary syndrome, and stroke. Potential therapeutic
approaches include antibodies against GPIb [25] or VWF [26],
recombinant VWF fragments [9,27], and DNA aptamers [22,28].
The phage display approach described here may identify novel

September 2013 | Volume 8 | Issue 9 | e73518



Functional Display of the VWF A1 Domain

Figure 5. Location of A1 mutations (S1370G and 11372V) found to enhance platelet binding in the presence and absence of
botrocetin. In space filled crystal structures of both the ternary A1-GPIb-botrocetin ternary complex (PDB 1UON, left) and the binary A1-GPIb binary
complex (PDB 15SQQ, right) visualized in PyMOL, S1370 (red) of the A1 domain (yellow) directly contacts GPlb (green) whereas 11372 (red), though also
located at the A1-GPIb interface, does not [2,4]. The botrocetin heterodimer (blue and gray) is shown as part of the ternary complex (left).

doi:10.1371/journal.pone.0073518.g005

VWT-related peptides with potential for applications as novel
antithrombotic therapeutics.

Supporting Information

Table S1 Phagemid features.
(DOCX)

Text S1 Sequence of pAYE. The sequence of pAYE with the
cDNA encoding the Al domain of wild type VWF (Q1238—
V1476) inserted.

(DOCX)

References

1. Sadler JE (1998) Biochemistry and genetics of von Willebrand factor. Annu Rev
Biochem 67: 395-424.

2. Huizinga EG, Tsuji S, Romijn RA, Schiphorst ME, de Groot PG, et al. (2002)
Structures of glycoprotein Ibalpha and its complex with von Willebrand factor
Al domain. Science 297: 1176-1179.

3. Dumas JJ, Kumar R, McDonagh T, Sullivan F, Stahl ML, et al. (2004) Crystal
structure of the wild-type von Willebrand factor Al-glycoprotein Ibalpha
complex reveals conformation differences with a complex bearing von
Willebrand disease mutations. J Biol Chem 279: 23327-23334.

4. Fukuda K, Doggett T, Laurenzi IJ, Liddington RC, Diacovo TG (2005) The
snake venom protein botrocetin acts as a biological brace to promote
dysfunctional platelet aggregation. Nat Struct Mol Biol 12: 152-159.

5. Ruggeri ZM, Orje JN, Habermann R, Federici AB, Reininger AJ (2006)
Activation-independent platelet adhesion and aggregation under elevated shear
stress. Blood 108: 1903-1910.

6. Nesbitt WS, Westein E, Tovar-Lopez FJ, Tolouei E, Mitchell A, et al. (2009) A
shear gradient-dependent platelet aggregation mechanism drives thrombus
formation. Nat Med 15: 665-673.

7. Kim J, Zhang CZ, Zhang X, Springer TA (2010) A mechanically stabilized
receptor-ligand flex-bond important in the vasculature. Nature 466: 992-995.

8. Cruz MA, Handin RI, Wise R] (1993) The interaction of the von Willebrand
factor-Al domain with platelet glycoprotein Ib/IX. The role of glycosylation
and disulfide bonding in a monomeric recombinant Al domain protein. J Biol
Chem 268: 21238-21245.

9. Prior CP, Chu V, Cambou B, Dent JA, Ebert B, et al. (1993) Optimization of a
Recombinant Vonwillebrand-Factor Fragment as an Antagonist of the Platelet
Glycoprotein-Ib Receptor. Bio-Technology 11: 709-713.

PLOS ONE | www.plosone.org

Acknowledgments

We thank Fan Meng, Yiorgo Skiniotis, and Colin Kretz for critical reading
of this report.

Author Contributions

Conceived and designed the experiments: AY F-LT DG. Performed the
experiments: AY F-LT. Analyzed the data: AY F-LT DG. Contributed
reagents/materials/analysis tools: AY F-LT DG. Wrote the paper: AY
DG.

10. Ulrichts H, Udvardy M, Lenting PJ, Pareyn I, Vandeputte N, et al. (2006)
Shielding of the Al domain by the D'D3 domains of von Willebrand factor
modulates its interaction with platelet glycoprotein Ib-IX-V. J Biol Chem 281:
4699-4707.

11. Auton M, Sowa KE, Behymer M, Cruz MA (2012) The N-terminal flanking
region of Al domain in Von Willebrand Factor stabilizes the structure of the
AlA2A3 complex and modulates platelet activation under shear stress. J Biol
Chem.

12. Nakayama T, Matsushita T, Dong Z, Sadler JE, Jorieux S, et al. (2002)
Identification of the regulatory elements of the human von Willebrand factor for
binding to platelet GPIb. Importance of structural integrity of the regions
flanked by the CYS1272-CYS1458 disulfide bond. J Biol Chem 277: 22063
22072.

13. Kehoe JW, Kay BK (2005) Filamentous phage display in the new millennium.
Chem Rev 105: 4056-4072.

14. Tan FL, Ginsburg D (2008) What a polyclonal antibody sees in von Willebrand
factor. Thromb Res 121: 519-526.

15. Lawrence DA, Olson ST, Palaniappan S, Ginsburg D (1994) Engineering
plasminogen activator inhibitor 1 mutants with increased functional stability.
Biochemistry 33: 3643-3648.

16. Steiner D, Forrer P, Pluckthun A (2008) Efficient selection of DARPins with sub-
nanomolar affinities using SRP phage display. J Mol Biol 382: 1211-1227.

17. Brinkhous KM, Read MS, Fricke WA, Wagner RH (1983) Botrocetin (venom
coagglutinin): reaction with a broad spectrum of multimeric forms of factor VIII
macromolecular complex. Proc Natl Acad Sci U S A 80: 1463-1466.

18. Cruz MA, Yuan H, Lee JR, Wise RJ, Handin RI (1995) Interaction of the von
Willebrand factor (VWF) with collagen. Localization of the primary collagen-

September 2013 | Volume 8 | Issue 9 | e73518



20.

21.

22.

binding site by analysis of recombinant vVWF A domain polypeptides. J Biol
Chem 270: 19668.

. Fujimura Y, Titani K, Holland LZ, Russell SR, Roberts JR, et al. (1986) von

Willebrand factor. A reduced and alkylated 52/48-kDa fragment beginning at
amino acid residue 449 contains the domain interacting with platelet
glycoprotein Ib. J Biol Chem 261: 381-385.

Miura S, Li CQ, Cao Z, Wang H, Wardell MR, et al. (2000) Interaction of von
Willebrand factor domain Al with platelet glycoprotein Ibalpha-(1-289). Slow
intrinsic binding kinetics mediate rapid platelet adhesion. J Biol Chem 275:
7539-7546.

Nowak AA, Canis K, Riddell A, Laffan MA, McKinnon TA (2012) O-linked
glycosylation of von Willebrand factor modulates the interaction with platelet
receptor glycoprotein Ib under static and shear stress conditions. Blood 120:
214-222.

Gurevitz O, Goldfarb A, Hod H, Feldman M, Shenkman B, et al. (1998)
Recombinant von Willebrand factor fragment AR545C inhibits platelet
aggregation and enhances thrombolysis with rtPA in a rabbit thrombosis model.
Arterioscler Thromb Vasc Biol 18: 200-207.

. Emsley J, Cruz M, Handin R, Liddington R (1998) Crystal structure of the von

Willebrand Factor Al domain and implications for the binding of platelet
glycoprotein Ib. J Biol Chem 273: 10396-10401.

PLOS ONE | www.plosone.org

27.

Functional Display of the VWF A1 Domain

. Cruz MA, Diacovo TG, Emsley J, Liddington R, Handin RI (2000) Mapping

the glycoprotein Ib-binding site in the von willebrand factor Al domain. J Biol
Chem 275: 19098-19105.

. Cauwenberghs N, Meiring M, Vauterin S, van Wyk V, Lamprecht S, et al.

(2000) Antithrombotic effect of platelet glycoprotein Ib-blocking monoclonal
antibody Fab fragments in nonhuman primates. Arterioscler Thromb Vasc Biol

20: 1347-1353.

5. Kageyama S, Yamamoto H, Yoshimoto R (2000) Anti-human von willebrand

factor monoclonal antibody AJvW-2 prevents thrombus deposition and
neointima formation after balloon injury in guinea pigs. Arterioscler Thromb
Vasc Biol 20: 2303-2308.

Sixma JJ, Ijsseldijk MJ, Hindriks G, van Zanten GH, Gorecki M, et al. (1996)
Adhesion of blood platelets is inhibited by VCL, a recombinant fragment
(leucine504 to lysine728) of von Willebrand factor. Arterioscler Thromb Vasc
Biol 16: 64-71.

Gilbert JC, DeFeo-Fraulini T, Hutabarat RM, Horvath CJ, Merlino PG, et al.
(2007) First-in-human evaluation of anti von Willebrand factor therapeutic
aptamer ARC1779 in healthy volunteers. Circulation 116: 2678-2686.

September 2013 | Volume 8 | Issue 9 | e73518



