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We have examined the effect of the
O-linked glycan (OLG) structures of VWF
on its interaction with the platelet recep-
tor glycoprotein lba. The 10 OLGs were
mutated individually and as clusters
(Clus) on either and both sides of the A1
domain: Clus1 (N-terminal side), Clus2
(C-terminal side), and double cluster (DC),
in both full-length-VWF and in a VWF
construct spanning D’ to A3 domains.
Mutations did not alter VWF secretion by

HEK293T cells, multimeric structure, or
static collagen binding. The T1255A,
Clus1, and DC variants caused increased
ristocetin-mediated GPlba binding to
VWEF. Platelet translocation rate on OLG
mutants was increased because of re-
duced numbers of GPlba binding sites
but without effect on bond lifetime. In
contrast, OLG mutants mediated in-
creased platelet capture on collagen un-
der high shear stress that was associated

with increased adhesion of these variants
to the collagen under flow. These findings
suggest that removal of OLGs increases
the flexibility of the hinge linker region
between the D3 and A1 domain, facilitat-
ing VWF unfolding by shear stress,
thereby enhancing its ability to bind colla-
gen and capture platelets. These data
demonstrate an important functional role
of VWF OLGs under shear stress condi-
tions. (Blood. 2012;120(1):214-222)

Introduction

von Willebrand factor (VWF) plays a critical role in facilitating
primary hemostasis by supporting platelet adhesion and aggrega-
tion at sites of vascular injury.’> VWF is synthesized and stored in
endothelial cells and megakaryocytes and is released into the
plasma as a series of multimers, with the largest being the most
hemostatically active.?

After vascular injury, globular VWF binds to the exposed
subendothelium, principally collagen, that in concert with condi-
tions of shear stress, enables VWF to assume an extended
conformation, resulting in exposure of its A1 domains, allowing
them to interact with platelet receptor glycoprotein (GP) Iba. This
transient binding initiates platelet capture, a crucial step in a
sequence of signaling and adhesion events that leads to formation
of primary platelet plug.

The GPIba-Al bond lifetime is determined by the degree of
shear applied, with flow enhancing the interaction similarly to the
interaction between leukocyte selectins and sialyl Lewis*—
containing ligands.* Initially, as force increases, bond lifetime
increases and cell rolling velocity decreases until a maximal value
is reached (catch regime). As the force increases further, bond
lifetimes decrease and platelet rolling velocities consequently
increase (slip regime).*

Pro-VWF undergoes co- and posttranslational modifications,
including addition of 16 N- and 10 O-linked glycans (OLGs) that
comprise 18.7% of the total molecular weight.>¢ O-linked glycosyl-
ation is initiated by a-O-linking of N-acetylgalactosamine to the
3-hydroxyl group of either a serine or a threonine of the polypep-
tide chain and takes place in Golgi apparatus.” After addition of the
first residue, OLGs are synthesized by sequential addition of

monosaccharides by specific transferases to produce various “core”
structures that can be extended by addition of further sugars such as
sialic acid or modified by sulfation or acetylation. Although there is
no consensus sequence, the likelihood of O-glycosylation can be
predicted from comparative studies, based on the amino acid
sequence surrounding the Ser/Thr residue. OLGs perform a variety
of functions. First, they can block the accessibility of the peptide
backbone to proteases and thus alter the plasma half-life of
proteins.®!! Second, they mediate intracellular trafficking and are
ligands for cell surface receptors; for example, they modulate
leukocyte adhesion and rolling at sites of inflammation and on the
endothelial surface.'>!3 Finally, O-linked oligosaccharides influ-
ence the structure of the protein by introducing steric hindrance to
folding and confer a more rigid, extended conformation to the
peptide backbone.!*!3

VWF N-linked glycans have been studied extensively, although
the data on the role of VWF OLGs are limited and often
contradictory.'®” VWF lacking O-glycans is synthesized, multim-
erized, secreted, and binds heparin and collagen type I in the same
way as the fully glycosylated form.'® We recently published a
detailed study of the VWF O-glycome composition showing the
presence of unusual disialosyl motifs and ABH-bearing core
2 structures.!® However, the ability of VWF deficient in OLGs to
interact with platelets has not been fully explored. VWF lacking
OLGs exhibited diminished reactivity with GPIb and ristocetin-
induced platelet agglutination but exhibited normal platelet binding
potential in the presence of botrocetin.'® Conversely, isolated
VWEF-A1 domain devoid of OLGs exhibited increased platelet
aggregation potential.”’ There are also limited data regarding the
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correlation between VWF levels and its O-glycome. Recombinant
VWEF devoid of OLGs displayed a reduced half-life when adminis-
tered in rats,?! and an inverse correlation has been observed
between VWF plasma levels and the presence of the most abundant
VWF O-glycan, the sialylated core 1 structure.?> The OLGs are
positioned near the regions designated as important for platelet
binding, suggesting they might be part of the mechanism regulating
the exposure of the GPIba binding site. Specifically, the O-glycan
clusters might stabilize the potentially flexible linker regions
flanking the A1 domain and thus modulate its interactions with
vicinal domains. The aim of this study was to elucidate the role of
the O-linked glycome and specific OLG residues in mediating
VEFW interaction with platelets.

Methods

VWF constructs and expression

Ten single VWF OLG variants—T1248A, T1255A, T1256A, S1263A,
T1468A, T1477A, S1486A, T1487A, T1679A, and T2298 A—and 3 cluster
OLG variants—cluster 1 and cluster 2, lacking all 4 glycans flanking the
N-terminal and C-terminal side of the Al domain, respectively; and a
double cluster [DC] variant lacking all glycans around the A1 domain—
were generated in either full-length (FL)-VWF or VWF-D'A3 using the
QuikChange XL site-directed mutagenesis kit (Stratagene). Details of
vector construction and protein expression and purification can be found in
supplemental Methods (available on the Blood Web site; see the Supplemen-
tal Materials link at the top of the online article). VWF ELISA, multimer
analysis, and collagen and heparin binding were all performed as described
previously.'6:23-25

Binding to recombinant GPIba binding under static conditions

Binding of VWF to recombinant GPIba (rGPIba) was performed essen-
tially as described previously.?® In brief; microtiter plates were coated with
an anti-GPIba (anti-CD42b) antibody (Santa Cruz Biotechnology) that has
been shown not to inhibit GPIba binding to the VWF A1 domain, at a final
concentration of 5 wg/mL in 50mM carbonate buffer, pH 9.6, overnight at
4°C. After washing with phosphate-buffered saline supplemented with
0.1% Tween (PBS-T), wells were blocked with PBS/2.5% BSA and
incubated with 1 pg/mL rGPIba for 60 minutes at room temperature. The
wells were washed with PBS-T and incubated with 1 wg/mL FL-VWF in
the presence or absence of ristocetin (Helena Labs) for 1 hour. After
washing, bound VWF was detected with horseradish peroxidase (HRP)—
conjugated rabbit polyclonal anti-VWF antibodies (Dako United Kingdom)
and color fast OPD substrate (Sigma-Aldrich).

Flow assays

All flow assays were performed using VI®! flow slides (Ibidi) coated with
either VWF or its variants or human type III collagen (Southern Biotechnol-
ogy Associates). Washed platelets and erythrocytes were prepared essen-
tially as described previously (supplemental Methods) and were perfused
through the channels of the flow slide using a syringe pump (Aladdin-1000;
World Precision Instruments) set to pump at defined flow rates giving a
corresponding shear rate according to manufacturer’s specifications. Flow
slides were mounted on an epifluorescent microscope (CKX41; Olympus),
and real-time recordings were captured via a Rollera XR camera (QImaging)
and StreamPix6 4 software. Video images were analyzed offline using
freely available Virtual Dub (http://www.virtualdub.org/) and MacBiopho-
tonics ImagelJ software (National Institutes of Health).

Measurement of platelet attachment and rolling velocity

Ibidi flow slides were coated with purified VWF-D’A3 and its variants at a
final concentration of 30 wg/mL in carbonate buffer, pH 9.6, for 1 hour at
room temperature. The flow channels were washed with PBS and blocked
for 30 minutes with PBS-BSA. Reconstituted blood with a final platelet
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count of 140 000 cells/pLL was then perfused through the channels at 400 to
2000 s~!, and real-time videos (10 seconds) were captured after 4 minutes
at 20 frames per second. The number of platelets after 4 minutes that
remained stationary for 0.15 seconds was determined using ImagelJ. Platelet
translocation velocity was calculated by tracking individual platelets
frame-by-frame using the ImageJ plug-in MtrackJ. The time that 1 platelet
spent continuously moving (over a distance larger than the platelet
diameter) while maintaining contact with the VWF-coated surface was
defined as the rolling duration, and the rolling velocity was calculated by
Image] from the distance that the platelet translocated during this period.
For each VWF-D'A3 variant, 25 to 40 platelets were tracked in 3 fields of
view for at least 3 separate experimental runs. To ensure that there was
equal coating of all D’A3-VWF fragments onto the flow slides, immobi-
lized proteins were recovered by filling the slide channels with stripping
buffer (10mM Tris, ImM EDTA, 2% SDS, 8M urea, and 0.01% bromphe-
nol blue, pH 8.0) and incubating for 20 minutes at 60°C. The solution was
aspirated from the channels and resolved using SDS-PAGE under reducing
conditions, followed by Western blot and immunostaining with HRP-
conjugated polyclonal anti-VWF antibody (Dako United Kingdom) or
monoclonal mouse anti—c-myc (Santa Cruz Biotechnology) followed by
secondary goat anti-mouse HRP (Dako United Kingdom).

Analysis of individual platelet tethering events under flow

The transient tether time between individual platelets and VWF-D’A3
molecules was determined essentially as described previously.?’-?® Ibidi
slides were coated with 2 pg/mL VWF-D’A3 and reconstituted blood with
a final platelet count of 140 000 cells/pL perfused through the channels at
400 to 2000 s~!. A transient tether was defined as a flowing platelet that
suddenly arrested, without translocation and then resumed a velocity
equivalent to that of a noninteracting platelet. Only platelets that paused but
did not roll were measured, and only 1 tethering event per platelet (in the
field of view) was counted during the observation period. The duration of
tethers was determined by recording images at a rate of 22 frames per
second and measuring the time each platelet remained bound to the surface
at a given shear rate. The dissociation rate constants were then determined
by plotting the natural logarithm of the number of platelets that interacted as
function of duration of tethering.?”-*>3" For first-order dissociation kinetics, the
resultant plot is a straight line, and the slope of the line = —k.. On average,
150 tethering events were measured to determine ko in each independent
experimental run. In addition, the number of transient tethering events over
5 seconds was calculated for each variant at 3 random fields of view.

VWF-mediated platelet capture on collagen

Ibidi flow slides were coated with 100 pg/mL human type III collagen
overnight at 4°C and then washed and blocked as described in “Flow
assays.” Reconstituted blood was supplemented with 10 pg/mL recombi-
nant FL-VWF or its variants and perfused through the flow channels at
1500 s~! for 5 minutes. Short real-time videos were captured every
60 seconds, and the number of platelets captured, expressed as the per-
centage of the collagen surface that was covered, was determined using
ImageJ. VWF adhesion to collagen was probed by perfusing FL-VWF
in HEPES-Tyrode buffer, pH 7.4, supplemented with 1.5% BSA and
7% Ficoll at 1500 s! for 5 minutes. Flow through was collected, and the
amount of unbound VWF measured by ELISA proteins bound to collagen
were subsequently recovered by filling the slide channels with stripping
buffer and incubating for 20 minutes at 60°C. The solution was then
aspirated from the channels and resolved using SDS-PAGE under reduc-
ing conditions, followed by Western blot and immunostaining with
HRP-conjugated polyclonal anti-VWEF antibody (Dako United Kingdom).
The density of bands (of size corresponding to VWF) was compared using
MacBiophotonics ImagelJ software.

Statistical analysis

Data analysis was performed using the Prism Software for Science software
package (Version 4.0; GraphPad Software). Results are expressed as means
+ SEM. The statistical significance of differences between 2 groups was
assessed using Student ¢ test. Differences between more than 2 groups were
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Figure 1. Binding of VWF O-glycosylation variants to recombinant GPlba and
platelets in the presence of ristocetin. (A) Binding of wt and OLG VWF variants to
immobilized GPIba in presence of increasing ristocetin concentrations. A GPlba-
coated plate was incubated with 4nM wtVWF or VWF variants in the presence of
increasing ristocetin concentrations (0-1 mg/mL), and bound VWF was detected with
polyclonal anti-VWF-HRP antibodies. Results were analyzed by ANOVA followed by
Dunnett posttest. At 1 mg/mL, no significant difference in binding to GPIba between
wtVWF and OLG variants was observed. At all concentrations of ristocetin between
0.5 and 0.9 mg/mL, bindings were significantly different for wtWF and the T1255A,
Clus1, and DC variants, with P values less than .03. (B) Ristocetin cofactor activity
(VWF:RCo) of wt and OLG VWF variants measured by platelet agglutination with
1 mg/mL ristocetin (P = .02). Results are mean = SEM of minimum 3 independent
experiments performed in duplicate. (C) Schematic illustration of VWF monomer with
positions of O-linked glycosylation sites indicated, and mutants generated.

evaluated using ANOVA and a Dunnett test for multiple comparison as well
as Bonferroni adjustment. Statistical significance was set at P < .05.

Results

O-linked glycosylation of VWF does not influence expression,
multimeric structure, or collagen binding

To investigate the functional role of VWF OLGs, we created a
series of point mutations to prevent glycosylation at the 10 sites
demonstrated by Titani et al’ to be O-glycosylated. In addition, we
generated 3 cluster variants to prevent O-linked glycosylation on
either or both sides of the Al domain (Figure 1C). All these
variants were expressed and secreted at similar levels to wild-type
(wt)VWF from HEK293T cells and demonstrated a similar multi-
meric structure to recombinant wtVWEF (supplemental Figure 1).
Furthermore, all the OLG variants had normal binding to collagen
type I and III and heparin under static conditions (supplemental
Figures 2-3). Finally, mass spectroscopy analysis of recombinant
wtVWF showed that the O-linked glycome of VWF derived from
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HEK?293T cells contained a similar range of structures to plasma-
derived VWF (supplemental Figure 4; Table 1).

N-terminal OLG cluster modulates VWF interaction with GPlba
under static conditions

Previous studies have suggested that the OLGs flanking the Al
domain can influence the interaction with GPIba; however, these
data have often been conflicting and performed on isolated
domains. We first assessed the binding of the OLG variants to
rGPIba in a plate-based ELISA assay in the presence of increasing
ristocetin concentrations. No binding of wtVWF or any of the OLG
variants was detected in the absence of ristocetin, demonstrating
that removal of the OLG chains does not promote spontaneous
GPIba binding. In the presence of ristocetin, binding of wtVWF to
GPIba was evident at 0.6 mg/mL ristocetin and increased with
increasing ristocetin concentration (Figure 1A). Interestingly, the
T1255A, Clusl, and DC variants showed greater GPIba binding
compared with wt at all ristocetin concentrations between 0.5 and
0.9 mg/mL (P < .05), indicating that the OLG located N-terminal
to the A1 domain normally impair GPIba binding, at least when
induced by ristocetin. Conversely, the T1468A mutant showed
slightly reduced binding to GPIba at ristocetin concentration of
0.7 t0 0.9 mg/mL. Similar results were obtained using the ristocetin
cofactor assay (Figure 1B). For all other OLG variants, the binding
pattern was indistinguishable from wtVWF (data not shown).

VWF OLGs modulate platelet translocation over VWF

To further investigate the modulation of VWF interaction with
GPIba by OLGs, we determined the ability of the VWF OLG
mutants that had altered GPIba binding in the static assay to
capture platelets and mediate platelet translocation under shear.
Flow slides were saturated with VWF-D'A3 or its variants, and the
numbers of platelets captured and their rolling velocity measured at
a range of shear rates. The D'A3 fragment was chosen because it
does not form multimers; therefore, it can be used for kinetic
studies in which spatial separation of the A1 domains is essential,
while still encompassing the OLGs and structural elements that
have been suggested to influence accessibility of the Al do-
main.3"32 We first confirmed that all the D’ A3 mutants bound to the
flow slides to a similar extent as wtD’A3. Immobilized proteins
were recovered from the slides and analyzed by SDS-PAGE
followed by Western blotting and immunostaining with both
polyclonal anti-VWF antibody (Figure 2C) and anti—c-myc tag
antibodies (Figure 2D). Densitometric analysis of bands correspond-
ing to wtD’A3 and mutated D'A3 (115kDa) confirmed that all
proteins used in the study were immobilized onto the slides with
the same efficiency (Figure 2E; P = .6).

Table 1. Dissociation rate values for the tether bond between GPlba
receptor and wild type or mutated D'A3

Kot
Shear rate, s~ 400 600 1000 2000
wtD'A3 6.7 =413 (ARSI 7114 92+1.6
DC-D'A3 54 +0.9 4.7 0.6 57 +0.9 3.7+04
T1255A-D'A3 6.6 +.0.1 6.6 + 0.8 6 +0.2 7417
Clus1-D'A3 55*1.0 6412 51+05 75+16
T1468A 5.9+ 09 6.9 0.8 6.9+ 0.9 79 =15

kot values were calculated based on the duration of transient tethers at shear
rates between 400 and 2000 seconds~'. Values are mean + SEM of 3 separate
experiments. Results were analyzed by ANOVA followed by Bonferroni adjustment
for multiple comparisons.
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Figure 2. Comparison of platelets attachment and translocation velocities on
immobilized VWF-D’A3 under shear stress. Fluorescently labeled platelets were
perfused over immobilized wtD’A3 or its variants at shear rates from 400 to 2000 s~
for 4 minutes. (A) After 4 minutes, the number of platelets that remained stationery for
the duration of 3 frames (0.15 seconds) on the indicated substrates as a function of
shear rate determined using ImagedJ. (B) Translocation velocities (um/s~') were
measured by tracking individual platelets frame by frame at an interval of 0.05 sec-
ond, in the direction of flow (n = 30 platelets for each 3 fields of view). Values shown
are mean + SEM of at least 4 independent experiments performed in duplicate.
(C-D) To ensure equal D'A3 VWF coating, wtD’A3 OLG variants were immobilized
onto flow slides. Next, after perfusion of PBS through the slides at 1000 s~ ', the
bound protein was recovered from the channels using 2x SDS-PAGE reducing buffer
and heating for 30 minutes, and then analyzed by SDS-PAGE followed by Western
blotting with polyclonal anti-VWF-HRP—conjugated antibodies (C) or anti—c-myc
antibodies (D). (E) Intensity of the bands (corresponding to VWF, ~ 260 kDa) was
determined using MacBiophotonics ImageJ software and expressed as a proportion
of wtD'A3 (P = .6).

Similar numbers of platelets were captured by either wt or
mutant FL-VWF or D’ A3 at all shear rates tested (data not shown).
Platelets were captured by VWF in a shear-dependent manner and
translocated along the surface in the direction of flow. The wtD'A3,
T1255A-, Clusl-, and DC-D’A3 variants captured a similar
increasing number of platelets from 400 to 1000 s~!, which then
fell slightly between 1000 and 2000 s~ ! (Figure 2A). Furthermore,
the T1468A variant that demonstrated reduced GPIba binding
under static conditions captured similar numbers of platelets to
wtD’A3 at all the shear rates tested. (Figure 2A), and so did other
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mutants (data not shown). The differences in platelet capture were
only statistically significant for Clus1 (P = .02) and DC (P = .016)
at 2000 s~!. Next, we analyzed platelet translocation velocity over
the VWF variants between 400 and 2000 s~! (Figure 2B). In
keeping with previous studies, platelet translocation varied in a
broadly biphasic manner, with the rolling velocity decreasing
between 400 and 1000 s~ ! before increasing again up to 2000 s .
The T1468A-D’A3 mutant demonstrated similar rolling velocities
to wtD'A3 at all shear rates tested, indicating that this mutation
does not affect GPIb binding under flow conditions. Significantly,
although platelets translocated across the T1255A, Clusl, and
DC-D’A3 variants in a broadly biphasic manner, the rolling
velocity at each shear was increased compared with wtD’A3
(Figure 2B). All other mutants were able to support platelets rolling
at the same velocity as wtD'A3 (data not shown).

VWF OLGs do not affect the duration of the GPIba-VWF A1
bond but affect the number of bonds formed

Because platelets were observed to translocate faster across the
T1255A, Clusl, and DC-D’A3 variants, we hypothesized that this
may be because of either reduction in the duration of the VWF
A1-GPIba bond or an increase in the distance between each VWF
binding point in the rolling path. To examine individual VWEF-
platelet bond lifetimes, we coated flow slides with a low concentra-
tion of D'A3-VWEF that could mediate transient tethering but not
translocation. The dissociation rate (k.;) was calculated as de-
scribed previously by plotting the natural log of the number of
tethering events against the duration of the tether (Figure 3A).27-2
No significant difference was seen between the k. values obtained
for wtD'A3 and the OLG variants (P = > .05) at all the shear rates
tested (DC at 2000 s~'; P = .03 but not significant after Bonferroni
correction for multiple comparisons), suggesting that the N-terminal
OLGs do not affect bond duration (Table 1). Interestingly, we noted
that with the T1255A, Clusl, and DC-D’A3 variants fewer
tethering events took place over the duration of the assay. We
therefore determined the number of transient tethering events that
occurred over a set time period across a range of shear stress. The
formation of transient tethers on wtD’A3 was inversely correlated
with shear stress, with the maximal number of tethers formed at
400 s~! (Figure 3B). Interestingly, the number of transient tethers
formed on the T1255A, Clusl, and DC variants was greatly
decreased at all shear rates, with the T1255A and Clus] variants
only able to tether minimal numbers of platelets. The DC variant
was able to support marginally more tethering events at all shear
rates compared with the T1255A and Clus] variants (Figure 3B).

N-terminal O-glycans determine the A1 domain availability for
GPIb binding

Although slides saturated with the T1255A, Clus1, and DC variants
were able to capture similar numbers of platelets as wtD’A3 when
the flow slides were coated at a low (2 pwg/mL) concentration, many
fewer platelet tethering events were observed on the variants
compared with wtD’-A3. To investigate this further, we coated flow
slides with increasing concentrations of VWF-D'A3 and analyzed
platelet movement over these surfaces. At a coating concentration
of 2 wg/mL, transient tether formation was the only type of
interaction observed on either wtD'A3 or T1255A-, Clusl, or
DC-D’'A3, with significantly more tethers seen on wtD'A3. At 3,7,
and 15 pg/mL, more platelets interacted with wtD’A3, and a
transition from transient tethers to rolling events was observed
(Figure 4). In contrast, although T1255A-, Clusl-, and DC-D’A3
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Figure 3. Kinetics of GPIba-A1 interaction. (A) Disassociation rate constants were
estimated at wall shear stresses between 400 and 2000 s~ using a 2 ug/mL coating
concentration of recombinant protein based on the duration of transient tether events.
Kinetics of transient tethering between platelets and DC-D’A3 variant at a shear rates
of 400, 600, and 1000 s~ is demonstrated as an example. The natural logarithm of
the number of tethering events (~ 150 individual interactions) was plotted against the
duration of tethering and the negative slope of the lines is the k. Disassociation rate
values at each shear rate are indicated (R? values were ~ 0.9). (B) Rate of platelet
tethering to either wtD-A3 or OLG variants was plotted a function of shear rate. The
graph shows the number of platelets that transiently tethered to each substrate at a
given shear rate, during 5 seconds at 3 different fields of view (0.4 X 0.3 mm). Values
are shown as mean + SEM of 3 independent experiments.

also supported a greater number of tethering events as the
concentration increased from 3 to 15 pg/mL, it remained lower
than for wtD'A3, and it was only at 30 pg/mL that OLG variants
were able to support platelet rolling and capture to the same extent
as wtD'A3 (Figure 4). Thus, at subsaturating conditions, loss of the
glycans at T1255, the entire N-terminal glycan cluster or all
8 OLGs flanking the Aldomain reduces the ability of surface-
bound VWF to interact with platelets. In light of this observation,
we hypothesized that when directly coated to the flow slide surface
the VWF OLG variants adopt a conformation such that a smaller

wtD’A3|

T1255A-D’A3|

DC-D’A3
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proportion of A1-GPIb sites are available for platelet binding.
Therefore, platelets translocate faster because although the bond
lifetime is unchanged, the distance between available binding sites
is greater. To assess this, we performed a detailed analysis of
platelet translocation over wtD’A3 and the OLG variants. By
taking Z-projections of 35 individual frames the pattern of platelet
translocation could be observed (Figure 5). Interestingly, individual
platelets movement across wtD’A3 seemed relatively smooth with
minimal “gaps” in the translocation, whereas platelet movement
across the T1255A, Clus1 and DC variants was less uniform with
gaps present in the Z-projection so that platelets were observed to
“jump” (Figure 5). These data suggest that when translocating over
the mutant VWF surface, the distance between available Al
domains is increased and the resulting translocation velocity of
platelets is increased.

T1255A, Clus1, and DC VWF O-glycan variants enhance VWF
mediated platelet capture to collagen under flow

We next analyzed the ability of the OLG variants to mediate
platelet capture to collagen under shear stress. Reconstituted blood
was supplemented with recombinant VWF, perfused over collagen-
coated slides at 1500 s~!, and platelet capture was recorded in real
time. As expected, in the absence of VWEF, minimal platelet binding
was observed, but with the addition of wtVWEF the amount of
bound platelets increased with time (Figure 6A). Significantly,
platelet capture was enhanced to a greater extent when the T1255A,
Clus1, or DC variants were added to reconstituted blood (Figure
6A). This may reflect either enhanced binding of platelets to these
variants or an increased ability of these variants to bind to collagen
under flow conditions. To investigate the latter hypothesis, VWF
was diluted to a final concentration of 10 pg/mL in HEPES-Tyrode
buffer and perfused over collagen-coated flow slides in the absence
of platelets or erythrocytes. The bound protein was stripped from
the flow slide and analyzed by Western blotting. Increased amounts
of the T1255A, Clusl, and DC variants were recovered from the
collagen surface compared with wtVWF (Figure 6B-C), suggesting
that increased binding to collagen or self-association under flow
conditions is at least in part, the explanation for enhanced platelet
capture observed with these OLG variants. Because the OLG
mutants did not affect collagen binding under static conditions,
collagen-coated flow slides were incubated with wtVWF or mutant
VWEF under static conditions before the perfusion of plasma-free
blood. Under these conditions, similar numbers of platelets were

Figure 4. Interaction of platelets with increasing
concentrations of wtD’A3 T1255-, Clus1, and DC-
D’A3. Flow slides were coated with wtD'A3 and T1255A,
Clus1 and DC-D’A3 at concentrations from 2 to 30 ug/
mL, and labeled platelets were perfused at 1500 s~ for
4 minutes. Videos were recorded in real time at a rate of
20 frames per second and 35 frames were superim-
posed using the high-intensity Z-projection function in
ImageJ to visualize the nature of interaction between
platelet and VWF. Representative images are shown.
Examples of transient tethering events are indicated with
white arrowheads, and platelet rolling is indicated with
double black arrows. Platelets flowing near the surface,
but not interacting, are visible as a white smears (white
long arrow).
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witD’A3

T1255A-D'A3
:

Figure 5. Platelet translocation pattern on immobilized wtD’A3 and T1255-,
Clus1-, and DC-D’A3 glycosylation variants. Purified platelets were perfused over
slides with D’A3 fragments immobilized at a concentration of 30 wg/mL at shear rate
of 1000 s~ for 4 minutes. Thirty-five subsequent frames were superimposed
(~ 1.75 seconds) to track the translocation of individual platelets. Examples of
platelets translocation paths on wt and mutated proteins are shown. When platelets
jump rather than roll larger gaps between points of binding are seen; whereas when
platelet roll uniformly and bind frequently no gaps are observed. Images were
acquired at X20 magnification and analyzed following X3 zoom using ImageJ.

Y

able to bind to collagen slides coated with wtVWF and T1255A-,
Clus1-, and DC-VWF (P = .62; Figure 6D). These results indicate
that loss of these OLGs increases the ability of VWF to bind to
collagen under shear stress.

Discussion

The existing data regarding the function of VWF OLGs, especially
their role in mediating VWF-platelet interactions, are conflicting
and inconclusive; therefore, in the present study, we have investi-
gated their role in the interaction of VWF with GPIba and platelets
under static and flow conditions. All the recombinant VWF OLG
variants generated were expressed normally. The multimeric pat-
tern and collagen and heparin binding activity of the mutants were
similar to that of recombinant wtVWE, although they all show a
reduction in high-molecular-weight multimers compared with
plasma VWEF. Thus, a specific contribution from mutations in
high-molecular-weight cannot be excluded by these comparisons.
The analysis of VWF binding to recombinant GPIba under static
conditions demonstrated that the T1255A, Clusl, and DC variants
had significantly increased sensitivity to ristocetin-mediated GPIba
binding. Similar results were obtained using the ristocetin cofactor
assay, and together these data suggest that the OLGs clustered on
the N-terminal side of the A1 domain have an inhibitory effect on
GPIba binding, at least in the presence of ristocetin. In contrast, the
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T1468A variant showed slightly decreased GPIba binding and
platelet aggregation. This result is in keeping with previous
observations in which membrane expressed VWF-A1 domain with
the same mutation demonstrated reduced ristocetin-induced plate-
let agglutination.?? However, under flow conditions, in the absence
of ristocetin, this mutation did not affect platelet capture. The
likeliest explanation for this result is that the reduced GPIba
binding observed in the static assay arises from destabilization of
the ristocetin binding site encompassing the glycosylated T1468
residue.??
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Figure 6. Platelet adhesion to collagen type Il in the presence of wtVWF and
VWEF glycosylation variants under high shear stress. (A) Platelets resuspended
in plasma-free blood supplemented with 10 pg/mL wtVWF or VWF OLG variants
were perfused over a collagen type lll—coated surface at 1500 s~ for 5 minutes.
Videos were processed off-line, and platelets that remained attached over the
duration of 3 subsequent frames (0.15 seconds) were counted. The number of bound
platelets is expressed as the percentage of surface coverage and is plotted against
time after the start of perfusion. To ensure the specificity of the interaction, platelets
without VWF were used. Values shown are mean = SEM of minimum 3 independent
experiments performed in duplicate. (B) wtVWF and VWF variants were perfused
over collagen type lll-coated surface at a shear rate of 1500 s~ for 5 minutes. Bound
proteins were recovered from the slides using 2X SDS-PAGE reducing buffer and
heating at 60°C for 30 minutes and then analyzed by SDS-PAGE followed by
Western blotting with polyclonal anti-VWF-HRP—-conjugated antibodies. (C) Intensity
of the bands corresponding to VWF (~ 260 kDa) was determined using ImageJ and
expressed as a proportion of wtVWF (mean = SEM of 3 independent experiments).
(D) wtVWF and OLG variants at a concentration of 10 wg/mL were bound under static
conditions to flow slides coated with collagen type Ill. Next, platelets resuspended in
plasma-free blood were perfused over at 1500 s~ for 5 minutes, and videos were
processed off-line as described in panel A. The number of bound platelets is expressed as
the percentage of surface coverage after the 5 minutes from initiation of perfusion. Values
shown are mean * SEM of minimum 3 independent experiments. One-way ANOVA was
used to determine differences, and the P value was calculated to be .62.
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To analyze the effect of the OLG variants under more physi-
ologic conditions, in vitro flow assays were used. Platelets bound to
wtD'A3 or the OLG variants in a generally similar, shear-
dependent manner. In accordance with previously published stud-
ies, platelet rolling velocities on all constructs were dependent on
the shear rate, with a biphasic velocity curve. Interestingly,
platelets translocated almost 2-fold faster on the T1255A-, Clus1-,
and DC-D’A3 variants than on the wt protein. To gain insight into
the kinetics of transient tether events between platelets and VWE,
the flow slides were coated at low protein concentration as
described previously to limit multiple bond formation and to allow
for assessment of individual platelet-VWF binding events.?’3* The
dissociation rate constants of transient tethers to wtD'A3 were of
the same order of magnitude as reported, although previous studies
used isolated bacterial A1 domains at lower shear rates.?”-3336
Interestingly, no significant difference in the dissociation rate
constants for bonds formed between platelets and OLG mutants
were detected compared with wtD'A3. This excludes an effect of
OLG on VWF-platelet dissociation as an explanation for the
increased translocation rates. However, when coated at low concen-
tration it was apparent that the T1255A-, Clusl-, and DC-D’A3
variants supported notably lower numbers of transient tethering
events compared with wtD’A3 between 400 and 1000 s~ 1. Because
we have shown that all variants are equally and efficiently
immobilized onto the slides, this finding implies that a proportion
of immobilized D’'A3 variants cannot form bonds, presumably
because of reduced accessibility of GPIba binding sites in the
absence of OLGs flanking the A1 domain. This effect on platelet
recruitment is not observed when slides are saturated with protein,
because individual platelets can interact with more than 1 Al
domain, thus allowing adhesion, even if a proportion of the GPIba
binding sites are not available. Subsequently, we demonstrated that
T1255A, Clusl, and DC-D’A3 had to be immobilized at concentra-
tions 10 times higher than wtD’A3 to support platelet rolling. We
therefore propose that when the OLG variants are immobilized
onto a surface the distance between available Al domains is
increased. Consequently, under flow, platelets pause less frequently
and cover a greater distance over a given time period, which is
reflected in a faster platelet translocation velocity. The dependence
of rolling velocity on the density of potential interaction sites has
been demonstrated previously by Fredrickson et al in a study using
mammalian cells expressing GPIba and immobilized VWFE.3

Next, we used the flow assay to evaluate VWF-mediated
platelet capture to collagen. Intriguingly, the FL-VWF variants,
T1255A, Clus1, and DC were shown to mediate increased platelet
capture to collagen under flow. By perfusing these mutants over a
collagen surface in the absence of platelets and then stripping the
bound VWF from the surface, we demonstrated that increased
amounts of the VWF OLG variants were bound under shear stress,
either because they bind more readily to collagen in these
conditions or possibly because self-association of VWF molecules
was increased. This would account, in part, for the increased platelet
capture observed. Interestingly, we have shown that when VWF is
bound under static conditions to collagen, and plasma-free blood is
perfused over at high shear stress similar platelet capture is observed for
wtVWEF and OLG variants. Because OLG mutants adhered normally to
collagen under static conditions, we conclude that removal of OLGs
enhances unravelling and subsequent collagen binding under shear
stress, rather than directly altering platelet binding. In this circumstance,
the Al domain seems to be readily available for platelet binding,
whereas when directly immobilized on a surface, VWF devoid of OLGs
seems to be captured in a more tightly folded conformation, with the
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accessibility of the GPIba binding sites being limited. Both instances
may reflect a reduction in stiffness of the D3-A1 linking peptide in the
absence of OLG. This effect also may facilitate the alteration of VWF
conformation by ristocetin, explaining the observed increase in GPIb
binding.

Previous work on OLGs has shown that they introduce steric
hindrance and provide rigidity to peptide backbones; they can
extend and stabilize otherwise flexible regions, thus stabilizing
protein conformations.'+3%-40 It has been shown than on a hydropho-
bic surface VWF adopts a coiled structure, thought to resemble
VWF in solution.*! We conclude that removal of the OLG(s)
adjacent to the A1 domain increases flexibility of the linker regions,
allowing VWF to adopt a more tightly folded conformation, and
thereby increasing interaction of the Al domain with vicinal
domains and limiting exposure of GPIba binding site. Immobiliza-
tion on a hydrophobic surface does not seem to alter this
configuration and the A1 remains hidden. Conversely, for VWF in
solution exposed to shear stress, increased flexibility of the hinge
linker region between the D3 and A1 domains could make VWF
lacking OLG(s) able to more completely unfold, enhancing its
ability to bind collagen. The isolated A1 domain is able to bind to
collagen and platelets, but in FL-VWF it is the interaction of the A3
domain with collagen that is essential to mediate platelet capture.
VWEF binding via A3 domains induces a conformational change in
VWE, exposing its cryptic Al collagen binding site.*>*3 It is
possible that under shear stress and A3 binding to collagen, the
absence of OLG(s) facilitates A1 exposure for collagen binding as
well as platelet capture. Importantly, platelet adhesion to collagen
under high shear stress depends on the presence of both soluble and
collagen bound VWF to form a VWF network, which anchors
circulating platelets.**# It is also possible that the absence of
OLG(s) enhances the ability of VWF to self-associate under
conditions of high shear stress; however, this is unlikely because it
has recently been shown that the A domains are not directly
involved in VWF lateral self-association.*¢

Intriguingly, an individual glycan chain at T1255 has an impact
on the interaction with GPIb comparable with the removal of entire
glycan cluster, whereas other single mutants have none. This might
imply that the observed effect on VWF function results from the
loss of a single O-linked carbohydrate rather than cumulative
response to the loss of several glycans. It has been shown
previously that O-glycosylation occurs in a highly ordered and
hierarchical manner and N-acetylgalactosaminyltransferases can
have highly restricted acceptor substrates. Blocking glycosylation
at T1255A might influence subsequent glycosylation events by
inducing conformational changes in the peptide backbone and
altering the accessibility of particular glycosylation sites for
N-acetylgalactosaminyltransferases.*’-*° However, to date it has not
been possible to ascertain whether mutation of a given OLG site of
VWEF affects glycosylation of nearby residues.

Together, the presented data support the hypothesis that OLG(s)
present in the hinge, linker region connecting the D3-A1 domains,
modulates VWF-platelet interaction both in the presence of ristoce-
tin and shear stress. Importantly, however, the effect of the OLGs
seems to be mediated by altering accessibility of the A1 domain in
these conditions rather than by an effect on VWF A1-GPIba bond.
This is particularly evident under shear and when different forms of
immobilization are used. Moreover, OLGs influence VWF ability
to adhere to collagen, self-associate, or both in the presence of
hydrodynamic shear stress. In view of the presented data, it is clear
that GPIb binding to VWF is a complex event and that distinct
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structural characteristics can control the ability to establish stable

bonds or to initiate platelet tethering. These results also emphasize
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