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Noncovalent association between the von
Willebrand factor (VWF) propeptide (VW-
Fpp) and mature VWF aids N-terminal
multimerization and protein compartmen-
talization in storage granules. This asso-
ciation is currently thought to dissipate
after secretion into blood. In the present
study, we examined this proposition by
quantifying the affinity and kinetics of
VWFpp binding to mature VWF using
surface plasmon resonance and by devel-
oping novel anti-VWF D’'D3 mAbs. Our
results show that the only binding site for

VWFpp in mature VWF is in its D’'D3
domain. At pH 6.2 and 10mM Ca2*, condi-
tions mimicking intracellular compart-
ments, VWFpp-VWF binding occurs with
high affinity (Kp = 0.2nM, ko = 8 X 1075
s~1). Significant, albeit weaker, binding
(Kp = 25nM, kot = 4 x 1072 s~1) occurs
under physiologic conditions of pH 7.4 and
2.5mM Ca?*. This interaction was also ob-
served in human plasma (Kp = 50nM). The
addition of recombinant VWFpp in both flow-
chamber-based platelet adhesion assays
and viscometer-based shear-induced plate-

let aggregation and activation studies re-
duced platelet adhesion and activation par-
tially. Anti-D’'D3 mAb DD3.1, which blocks
VWFpp binding to VWF-D'D3, also abro-
gated platelet adhesion, as shown by shear-
induced platelet aggregation and activation
studies. Our data demonstrate that VWFpp
binding to mature VWF occurs in the circula-
tion, which can regulate the hemostatic po-
tential of VWF by reducing VWF binding to
platelet Gplba. (Blood. 2012;119(20):
4769-4778)

Introduction

The multimeric protein von Willebrand factor (VWF) regulates
hemostatic processes in blood. By acting as a molecular bridge
between extracellular matrix components exposed on the denuded
blood vessel wall and platelets in circulation, VWF recruits
platelets to sites of vascular injury.! This macromolecule also
participates in coagulation by binding and regulating the half-life
of factor VIII (FVIII) in the circulation.

In endothelial cells and megakaryocytes, the 2050-aa mature
VWEF is produced, along with a relatively large VWF propeptide
(VWFpp) that contains 741 amino acids.? The 2813-aa precursor
pre-pro-VWEF protein, which includes the signal peptide, consists
of 4 homologous units arranged in the following sequence:
D1-D2-D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK. A paired diba-
sic amino acid sequence that is susceptible to proteolysis by furin
separates VWFpp (D1-D2) from the remaining domains of mature
VWE. After protein synthesis, disulfide bonding between VWF
monomers at the C-terminus in the endoplasmic reticulum and
N-terminus in the trans-Golgi results in protein multimerization.>?
Because the acidic Golgi compartment does not favor spontaneous
N-terminal disulfide bond formation, the D-domains of VWFpp
contain vicinal cysteines (1°Cys-Gly-Leu-Cys!®? and >2!Cys-Gly-
Leu-Cys>?*) that provide the required protein disulfide isomerase or
oxidoreductase activity.* In support of this, mutations in VWFpp
result in impaired VWF multimerization and storage,*? and the
addition of wild-type VWFpp in frans in some of these systems
restores multimerization.” The addition of bases such as NH,CI or

chloroquine also abolish VWF multimerization in endothelial cells,
likely because of impaired association between the 2 proteins.'?
Once synthesized, VWF multimers are cotrafficked with VWFpp
into cigar-shaped Weibel-Palade bodies (WPBs) in endothelial
cells?>!!"1* and a-granules in megakaryocytes,'>1® which are subse-
quently secreted into circulation in the presence of various
proinflammatory or prothrombotic stimuli.

Whereas intracellular calcium levels and pH are important for
VWF multimer assembly and storage, current evidence suggests
that the pH and calcium conditions prevalent in the circulation (pH
7.4 and 1.5mM Ca>") do not support VWF binding to VWFpp.!718
This assertion is partially based on ultracentrifugation studies
performed with radiolabeled WPBs in different buffers (pH 6.4 or
7.4 in the presence of Ca>" or EGTA), which have demonstrated
cosegregation of VWF with VWFpp in the centrifugal pellet only under
low-pH and high-calcium conditions.!® However, this method lacks
time resolution and is better suited to detecting strong binding interac-
tions. Immunofluorescence studies have also shown that endothelial
granule secretion results in extracellular patches of VWF from
which the propeptide exits rapidly.!”!® In detailed time-course
studies, Hannah et al showed that whereas the propeptide dispersed
from the endothelial surface with a half-life of 3 seconds after WPB
granule release, multimeric VWF persisted on the surface with a longer
half-life of 323.5 seconds.'® Whereas this method reports on the
association between VWFpp and VWF on the endothelial surfaces, it
does not measure VWFpp-VWEF binding in the blood.
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The present study applies surface plasmon resonance (SPR) to
evaluate quantitatively the role of pH and calcium in regulating the
affinity and kinetics of VWFpp binding to VWE. The results
indicate that, apart from the expected high-affinity interaction at
low pH, significant interaction (Kp = 25-50nM) also occurs under
physiologic conditions. VWFpp binding to VWF was also detected
in human plasma. A novel anti-D’'D3 mAb (clone DD3.1) blocked
this interaction completely, suggesting that VWFpp binds specifi-
cally only the D'D3 domain of mature VWFE. In shear-induced
platelet activation (SIPAct) studies and microfluidic flow-cell-
based thrombus formation assays, the addition of either exogenous
VWFpp or DD3.1 reduced the extent of platelet adhesion and
activation. These processes are initiated by VWF-A1l domain
binding to platelet Gplba. Our results suggest that propeptide
binding to VWF likely occurs in the circulation and this interaction
may partially regulate VWF function during primary hemostasis.
Further, the observation that an anti-D’'D3 mAb and VWFpp
reduce the function of the VWF-A1 domain reinforces the impor-
tance of domain-level architecture in regulating protein function.?

Methods
Abs

All mAbs were mouse IgGs unless otherwise noted. Abs included
non-function—blocking anti-VWF mAb AVW-1 directed against the VWF
C-terminus (GTI Diagnostics); mAb AVW-3 against the VWF Al-domain
(GTI Diagnostics); mAb SZ-123 against the VWF A3-domain (kind gift
from Dr Changgeng Ruan, Suzhuo, China)?'; 3 anti-VWFpp mAbs 239.2,
239.3, and 242.222.23; and 3 anti-VWF D’D3 domain mAbs, DD3.1, DD3.2,
and DD3.3. The last 3 mAbs were generated by fusion of splenocytes from
mice immunized with purified human VWF-D'D3 domain expressed in
Chinese hamster ovary (CHO) cells (construct described in the next section)
with myeloma cells. Polyclonal rabbit anti-VWF Ab was from Dako.
Anti-FVIII mAb ESH-4, which blocks VWF binding to FVIII, was from
American Diagnostica. Function-blocking anti-Gplbac Ab AK2 was from
Millipore.

VWF domain expression and purification

Standard molecular biology methods and primers listed in supplemental
Table 1 (available on the Blood Web site; see the Supplemental Materials
link at the top of the online article) were used to create lentiviral vectors that
encode for VWFpp (VWF 23-745) and individual VWF domains: D'D3 (aa
764-1242), A1 (aa 1243-1480), A2 (aa 1481-1668), and A3 (aa 1671-1875).
For protein expression, all constructs were ligated after the VWF signal
peptide in the vector pCS-CG (Addgene). Lentivirus and stable CHO cell
lines encoding for individual VWF domains (VWFpp, D'D3, Al, A2, or
A3) were then established. Individual domains secreted into culture media
were purified using poly-histidine affinity and ion-exchange chromatogra-
phy. Details are provided in supplemental Methods.

Silver staining, Western blot, dot blot, and ELISA

The methods used for silver staining, Western blot, dot blot, and ELISA are
detailed in supplemental Methods.?*2¢

SPR

Binding affinity and kinetics were measured using the Dual Channel Surface
Plasmon Resonance Spectrometer SPR7000DC (Reichert) and a gold biosensor
substrate bearing 10% carboxyl-PEG and 90% PEG mixed in a self-assembled
monolayer.?’ Carbodiimide coupling was performed to conjugate either 10 pg/mL
of anti-VWF mAb AVW-1 or 25 pg/mL of VWF protein domains (VWFpp or
D'D3) directly onto the “active channel” of the SPR device. The “reference
channel” did not have immobilized ligand. In some cases, 40nM VWF (based on
the monomeric VWF molecular mass of 250 kDa) isolated from human plasma
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cryoprecipitate®® was passed through the channel and captured by the immobi-
lized AVW-1 in the active cell. Various concentrations of analyte (1.9-500nM)
were then flown over the sensor at 30 pL/min. Binding measurements at
pH 7.4 were performed in HEPES buffer (30mM HEPES, 110mM NaCl, 10mM
KCl, and 1mM MgCl,), whereas MES buffer [20mM 2-(N-morpholino)ethane-
sulfonic acid] was used at lower pH. All binding buffers contain 0.05%
Tween-20, with CaCl, and EDTA being titrated as indicated. SPR data were
acquired at 2-second intervals. Zeba Spin Desalting Columns (Thermo-Pierce)
were used to match analyte buffer and instrument-running buffer. Binding/
association data were typically collected for 5 minutes, after which time, buffer
lacking the analyte was perfused for > 7 minutes to obtain dissociation data.
HEPES with 1mM EDTA was used for substrate regeneration.

Data processing and model fitting were performed using Scrubber2
(provided by David Myszka, University of Utah, Salt Lake City, UT).
Signal from the reference channel was subtracted from active channel to
obtain the net response as follows: Response = [Signal]aciive channel
— [Signal]greference_channel- The dissociation constant Kpequilibrium) Was calcu-
lated by collating response data over the final 20 seconds of the association
phase at each analyte concentration, which were then fitted to the single-site
or Langmuir-isotherm binding model of Scrubber. Binding on- (k,,) and
off- (kof) rates were determined by globally fitting kinetic/time-course data
at all analyte doses to the simple 1:1 interaction model:

Kon
VWFpp + VWF = VWFpp-VWF

Kogy

Dissociation constant obtained from kinetic data fit, Kpinetic) (Kott /Kon), Was
compared with Kpequitibrium) Obtained from near-equilibrium data analysis.

In addition, a model for multivalent binding between VWFpp and VWF
was simulated using ClampXP? to fit kinetic data in MES buffer (pH 6.2)
containing 10mM Ca?* (see supplemental Methods).

SIPAct and SIPA

For SIPAct and shear-induced platelet aggregation (SIPA), blood was drawn
from healthy human adult volunteers by venipuncture into either 4% wt/vol
sodium citrate, 100uM PPACK (Phe-Pro-Arg-chloromethylketone), or
20 U/mL of heparin following protocols approved by the University at
Buffalo Health Sciences Institutional Review Board. Platelet-rich plasma
(PRP) and platelet-poor plasma (PPP) were prepared by centrifugation.?

SIPAct. In some cases, 107 platelets/mL obtained by mixing PRP and
PPP were subjected to hydrodynamic shear in a cone-plate viscometer
(Thermo-Haake) at a shear rate of 9600 s~ for 3 minutes in the presence or
absence of 50 pg/mL of anti-D’'D3 mAbs. In other runs, 3 U/mL of apyrase
(Sigma-Aldrich) plus various concentrations of VWFpp (2.5-100 pg/mL)
were incubated with blood for 15 minutes in the presence or absence of
approximately 100 pg/mL of anti-VWFpp mAb. Blood was then sheared in
the viscometer at 3500 s~! for 3 minutes, after which time 5 pL of sheared
sample (either whole blood or platelets in plasma) was withdrawn and
incubated with 1 pL of 1:10 diluted CD31 PerCP-eFluor 710 (eBiosci-
ences) and 2 pL of PE-labeled annexin V (BD Biosciences) in HEPES
buffer (pH 7.4) containing SmM CaCl, for 5 minutes at 37°C. Samples were
then analyzed using a FACSCalibur flow cytometer (BD Biosciences). The
percent platelet activation was calculated as the single platelets binding
more than baseline amounts of fluorescent annexin V.2

SIPA. PRP labeled with CD31 PerCP-eFluor 710 was diluted in PPP to
obtain a platelet count of approximately 10%/mL. This solution was
preincubated with VWFpp (100 pg/mL), DD3.1 (100 pg/mL), or AVW-3
(20 pg/mL) for 10 minutes at room temperature. The samples were then
sheared in a cone-plate viscometer at 9600 s~ ! in the presence or absence of
agonist (0.5uM ADP or TRAP-6), after which 5 nL samples withdrawn at
different time points were read in the flow cytometer for fixed amounts of
time. The number of single platelets was measured.® The percent platelet
aggregation was calculated as follows: 100 X (1-singlet platelet number at
sampling time point/initial single platelet number at time = 0 s).
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Figure 1. Expression and purification of individual VWF domains. (A) Mature VWF was purified from human plasma cryoprecipitate. This protein lacks VWFpp because the
Arg 7e3-Serze4 bond is proteolytically cleaved. Propeptide VWFpp (D1-D2 domains) and other domains within the globular section of VWF (D’'D3, A1, A2, and A3) were expressed as FLAG-
and His-tagged proteins in CHO cells. Amino acid numbers provided are based on pre-pro-VWF. APro-VWF is dimeric, full-length VWF. AD’D3-VWF is identical to APro-VWF except it
lacks the D’'D3 domain. (B) Silver staining of purified VWF domains under reducing (with -mercaptoethanol) and nonreducing (absence of B-mercaptoethanol) conditions. (C) Western
blot of the domains using anti-His Ab under reducing conditions. (D) Western blot of APro-VWF and AD'D3-VWF under reducing conditions detected using anti-VWF polyclonal Ab.

Microfluidic flow chamber assay

A 1 X I-mm patch of a 100-mm tissue-culture Petri dish was incubated
with 200 pwg/mL of equine tendon collagen (Chrono-log) diluted in 0.02M
acetic acid for 1 hour at room temperature.3' The surface was blocked with
HEPES buffer containing 1% BSA for 10 minutes. Five milliliters of human
blood drawn in PPACK was labeled with 0.625 pg/pL of 2',7'-bis-(2-
carboxyethyl)-5-(and-6)-carboxyfluorescein for 15 minutes at room tempera-
ture (0-100 pg/mL of VWFpp or anti-VWF mAb was added in some cases).
A custom 1-cm-long microfluidic flow cell made of polydimethylsiloxane with a
cross-section of 400 wm width X 100 wm height was vacuum sealed onto the
collagen substrate and the apparatus was mounted on the stage of a Zeiss
AxioObserver microscope with a Hamamatsu 1394 ORCA camera. Blood was
perfused through the flow cell at a wall shear rate of 3000 s~!. Thrombus
formation on the collagen substrate was monitored by acquiring images every
10 seconds with an exposure time of 110 milliseconds. Thrombus growth was
quantified using ImageJ 1.43u software by measuring the percentage of the
collagen-bearing field of view that had immobilized platelets.

Statistics

Data are presented as means = SD for = 3 experiments. ANOVA was
applied for comparison between multiple treatments. P < .05 was consid-
ered significant.

Results

The D’D3 domain of mature VWF contains the only binding site
for VWF propeptide

While VWFpp has been shown to bind the D'D3 domain of
VWE323 it remains to be determined whether this is the only
binding site for VWFpp interaction with mature VWE. In the
present study, we tested the ability of a panel of mAbs directed

against both VWFpp and D'D3 to block this binding. Recombinant
VWF domains/variants were also expressed for SPR assays.

VWFpp, individual VWF domains D'D3, Al, A2, and A3,
dimeric VWF (APro-VWF), and AD'D3-VWF were expressed and
purified from CHO cells (Figure 1A). Silver staining (Figure 1B)
and Western blot analysis (Figure 1C) confirmed that the isolated
domains were > 95% pure and that the molecular mass corre-
sponded to the primary amino acid sequence. All VWF domains
were monomeric, without intermolecular disulfide bonds, because
protein mobility was not altered by B-mercaptoethanol. APro-VWF
and AD'D3-VWF were expressed as C-terminal dimers (Figure
1D). Recombinant domain function was confirmed using the
FVIII-binding assay for the D'D3 domain, the ristocetin-induced
platelet-binding assay for the Al domain, and the ADAMTSI13
cleavage assay for the A2 domain (supplemental Figure 1). The
presence of FLAG/His tags did not affect protein function in these
studies.

The ability of mAbs directed against VWFpp (239.2, 239.3, and
242.2; Figure 2A) and D'D3 (DD3.1 and DD3.2; Figure 2B) to
inhibit multimeric plasma VWF binding to immobilized VWFpp
was tested using ELISA, both in MES (pH 6.2) and HEPES (pH
7.4) buffer. All anti-VWFpp mAbs inhibited this molecular interac-
tion, with 239.3 being somewhat superior. Anti-D'D3 mAb DD3.1,
but not DD3.2, also blocked VWFpp-VWF binding completely.
Dot blots showed that all anti-VWFpp mAbs and clone DD3.1
bound to native protein more readily compared to denatured
protein (Figure 2C). Further, mouse mAb DD3.1 did not bind
bovine or porcine VWF (Figure 2D). Together with sequence-
alignment analysis of human, murine, bovine, and porcine D'D3
(supplemental Figure 2), we conclude that DD3.1 binds a complex
3D epitope that likely includes some of the following residues:

20z aunr g0 uo 3senb Aq jpd 69,002 1 0208UZ/001.2SE L/69.7/0Z/61 L/ipd-ajoie/poojqAau suoledligndyse//:djy woly papeojumoq



4772  MADABHUSHI et al

BLOOD, 17 MAY 2012 - VOLUME 119, NUMBER 20

A B C D
w16 ] b = NoAb i -
m239. 0DD3.2 =l
E [239.3 ®DD3.1 ® = mDD3.1
2121 02422 7 DD3.2 8 21 O0DD3.2
= DD3.1|® £
508 B -208 i
£ 239.2(@ -
>
804 - ] 239.3| @ & o4
S 222|0 @] > =
O-H 6.2 7.4 H 6.2 7.4 BME -+ <0
p . . p I : ((\0(\ “\(\e 6\(@
\\
\e\\) %0 Qo

Figure 2. Blocking VWF binding to VWFpp. (A) Anti-VWFpp (10 wg/mL) mAbs (239.2, 239.3, and 242.2) was added to microtiter wells bearing immobilized VWFpp for
15 minutes. Next, 2.5 pg/mL of VWF was added in buffer at either low pH (MES buffer, pH 6.2, with 10mM CaCl,) or high pH (HEPES buffer, pH 7.4, with 2.5mM CaCl,). Binding
of multimeric VWF to VWFpp was measured using polyclonal anti-VWF Ab. (B) Studies identical to those in panel A were conducted except that 1 pg/mL of anti-D’'D3 mAbs
(DD3.1 and DD3.2) were incubated with plasma VWF for 15 minutes before the addition of the mixture to wells containing immobilized VWFpp. (C) Fifty nanograms of either
native or denatured (heated with 3-mercaptoethanol at 95°C for 5 minutes) D’D3 or VWFpp was spotted onto nitrocellulose membrane. After membrane blocking, binding of
anti-D’D3 and anti-VWFpp mAbs to these spots was measured using HRP-conjugated goat anti-mouse Ab for detection. (D) Human, porcine, or bovine plasma was
immobilized onto wells bearing anti-VWF polyclonal Ab such that equivalent amounts of VWF were captured in each well as determined using HRP-conjugated anti-VWF
polyclonal Ab. Binding of anti-D’D3 mAbs to VWF was then measured using HRP-conjugated goat anti-mouse Ab. Neither mAb bound porcine or bovine VWF.
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MADbs directed against one section of VWF may alter the
function of neighboring domains.?’2! To determine whether D'D3
is the only domain that interacts with VWFpp, SPR studies were
performed with other domains located in the globular section of
VWEF (Figure 3A). VWFpp was covalently coupled to the biosen-
sor surface and individual VWF domains (D'D3, A1, A2, and A3)
were passed as analytes in MES buffer containing 10mM Ca?*.
Among these, only the D'D3 domain bound VWFpp. Binding
between D'D3 and VWFpp was also observed when D'D3 was
immobilized on the biosensor and VWFpp was the analyte (Figure
3A inset). To exclude a role of the VWF C-terminal domains
(D4-Ck) during the VWF-VWFpp interaction, binding of VWFpp
to multimeric plasma VWF (pVWF) and APro-VWF* was com-
pared with binding to AD'D3-VWF (Figure 3B). AD'D3-VWF is
identical to APro-VWF only it lacks the D'D3 domain. VWFpp
binding to pVWF and APro-VWF was specifically blocked by
anti-D’'D3 mAb DD3.1. VWFpp did not bind AD'D3-VWE.

A 140

The mAb blocking data and the SPR and ELISA studies show
that the D'D3 domain of VWF contains the only binding site for
VWFpp in the multimeric protein.

VWFpp binds VWF in blood plasma

Some of the ELISA studies that measured VWFpp binding to VWF
(Figure 2) were performed under physiologic conditions of pH 7.4.
This suggests that VWFpp and VWF may interact in human blood.
To confirm this, VWF from freshly isolated, heparinized, human
PPP was immunoprecipitated using anti-VWF Ab onto protein-
A/G beads. Coprecipitated VWFpp was then released by chelating
calcium and detected using a sandwich ELISA (Figure 4A). The
specificity of the measured VWF-VWFpp interaction was con-
firmed using mAb DD3.1 to block this binding.

To quantify the Kp of this binding interaction, 0-20 pg/mL
(0-250nM) of recombinant FLAG-tagged VWFpp was titrated into
PPP (Figure 4B). Binding of VWF to VWFpp was then detected
using anti-FLAG mAb bearing wells to immunocapture VWFpp
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Figure 3. D'D3 is the only domain in multimeric VWF
that binds VWFpp. (A) Eight hundred response unit
(RU) VWFpp was covalently coupled onto the SPR
biosensor. Each of the VWF domains (D’'D3, A1, A2, and
A3) at a concentration of 250nM were then injected over
this surface in MES buffer (pH 6.2) containing 10mM
CaCl,. Inset shows the inverse experiment in which
binding of the 250nM VWFpp to 800 RU immobilized
D’D3 was measured. Only D’'D3 binds VWFpp. (B) Bind-
ing of 10 ng/mL of VWF isolated from human plasma
cryoprecipitate (multimeric, pVWF), recombinant dimeric
APro-VWF, and AD'D3-VWF to immobilized VWFpp was
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measured using ELISA. Binding observed in the case of

DD3.1 DD3.3 PpVWF and APro-VWF was eliminated when either the
(Isotype D'D3 domain was deleted (AD'D3-VWF) or when anti-
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APro-VWF in the absence of any mAb.
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Figure 4. VWFpp and VWF interact in plasma. (A) Anti-VWF Ab (30 wg/mL) or
control (antimyosin) was added to immunoprecipitate VWF from 1 mL of heparinized
human PPP in the presence or absence of 30 p.g/mL of DD3.1 overnight at 4°C. The
protein complex was isolated using protein-A/G beads and VWFpp was subsequently
released using HEPES buffer containing 5mM EDTA. Released VWFpp was
detected with a sandwich ELISA using mAb 242.2 for capture and HRP-conjugated
239.3 for detection. *P < .05 with respect to all other treatments. (B) Studies similar
to those in panel A were conducted, only PPP was incubated with 0-20 wg/mL of
FLAG-tagged VWFpp for 10 minutes before addition of the mixture to wells bearing
anti-FLAG mAb (clone M2). Bound plasma VWF was measured using HRP-
conjugated polyclonal anti-VWF Ab. Wells without mAb M2 serve as a negative
control. VWF-VWFpp binding in this assay could be blocked by 50 pg/mL of DD3.1,
but not by control mAb DD3.3 (panel A, panel B inset).

and anti-VWF Ab to detect coprecipitated plasma VWFE. VWF
bound VWFpp in plasma with a Kp of 4 wg/mL (50nM). This
interaction was specifically blocked by DD3.1, but not by control
mAb DD3.3. These data show that VWFpp binding to mature VWF
may be expected in the circulation.
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Stronger binding of VWFpp with mature VWF under low-pH and
high-calcium conditions compared with physiologic conditions

The affinity and kinetics of VWFpp binding to mature VWF was
measured under different buffer conditions using SPR (Figure 5).
Human VWF was captured onto the sensor surface via covalently
coupled anti-VWF mAb AVW-1. Various concentrations of VW-
Fpp were then injected in 3 different buffers: (1) MES (pH 6.2)
with 10mM CaCl, (Figure 5A,D); (2) HEPES (pH 7.4) with 2.5mM
CaCl, (Figure 5B.E); and (3) HEPES (pH 7.4) with 2.5mM EDTA
(Figure 5C). At low pH and high calcium, VWFpp associated
almost irreversibly with VWE. This noncovalent binding was
reversed within seconds by injecting HEPES buffer containing
ImM EDTA (supplemental Figure 3). VWFpp also bound immobi-
lized VWF at pH 7.4, although the interaction dissipated within
5 minutes into the dissociation phase. No binding occurred when
the running buffer was HEPES (pH 7.4) with 2.5mM EDTA.
Independent controls showed that buffer salt composition does not
affect this molecular interaction (supplemental Figure 4).

Affinity and kinetic fits of the above data show that the off-rate
(7.6 X 1072 vs 4.4 X 1073 s 1) and dissociation constants (0.2-
3.8nM vs 25.8-30.9nM) were smaller for the lower pH runs
compared with runs performed at physiologic pH (Table 1).
Further, VWFpp appears to aggregate at low pH. This inference is
consistent with the observation that dissociation constants esti-
mated based on equilibrium data and kinetic fits are in reasonable
agreement in higher (30.9nM vs 25.8nM) but not lower (0.2nM vs
3.8nM) pH runs. In addition, kinetic fits of experimental data using
the 1:1 interaction model (Figure 5A) failed at low pH when
VWEFpp exceeded 15nM. The number of response units (RUs) of
VWFpp binding to multimeric VWF exceeded the maximum
theoretically possible amount based on a 1:1 stoichiometric binding
model. Overall, both VWF-VWFpp binding and VWFpp aggrega-
tion were enhanced at low pH.

Multivalent binding of VWFpp to proximal D’D3 domains in
multimeric VWF augments its binding affinity

Studies were performed with individual VWFpp and D'D3 do-
mains to determine how individual binding events contribute to the
overall interaction between the propeptide and multimeric VWE.
When VWFpp was immobilized on the sensor surface and the same
macromolecule was also the analyte, we observed strong homo-
typic VWFpp binding (Kp = 28nM) in MES (pH 6.2) containing
10mM Ca?* (supplemental Figure 5A and Table 1). No binding was
detected after increasing the pH to 7.4, even in the presence of Ca?*
(data not shown). Therefore, the VWFpp-VWFpp interaction
occurs at low but not high pH.

In studies assaying D'D3 binding to VWFpp, higher-affinity
binding occurred in MES buffer (pH 6.2) with 10mM Ca?"
(supplemental Figure 5B) compared with runs performed with
HEPES buffer (pH 7.4) with 2.5mM Ca?* (supplemental Figure
5C). Kp was 20nM and 49nM, respectively, for these 2 cases (Table
1). The on- and off-rate in the latter case matched the kinetics of
VWFpp binding to multimeric VWF at physiologic pH (Figure
5B). Therefore, monovalent VWFpp binding to VWF accounts for
the SPR signal at physiologic pH.

The off-rate of VWFpp binding to D'D3 in MES buffer
(koig = 110 X 107> s~ 1) was approximately 15-fold higher than that
to multimeric VWF (ko = 8 X 1075 s71). The “apparent Kp”
estimated using the simple 1:1 interaction model under low pH
conditions also decreased from 20nM in the former case to 0.2nM
in the case of the multimer VWE. These differences could be
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Figure 5. Kinetics and affinity of VWFpp binding to immobilized multimeric VWF. (A) Three hundred twenty response unit (RU) VWF was immobilized on the SPR sensor
via anti-VWF mAb. Different concentrations of VWFpp (indicated in nanomolar units in panels A-C) were perfused over the substrate in MES (pH 6.2) binding buffer with 10mM
CaCl,. (B) Studies identical to those in panel A except that 920 RU of VWF was immobilized and the running buffer was HEPES (pH 7.4) with 2.5mM CaCl,. (C) 320 RU of VWF
was immobilized and running buffer was HEPES with 2.5mM EDTA(pH 7.4). Solid lines in panels A through C represent experimental data and dashed lines are fits to the
1:1 interaction model. Kinetic constants from fits are summarized in Table 1. Equilibrium Kp analysis for panels A and B are shown in panels D and E, respectively.

because of the multivalent binding of VWFpp to adjacent D’'D3
units located on adjacent VWF monomers in the multimeric
protein. We modeled this possibility using a “3 reaction ClampXP
model” to fit low pH binding data collected in Figure SA. This
model considered 3 independent processes (supplemental Figure
6): (1) the single site binding of the VWFpp aggregate/cluster to a
single D'D3 domain on the immobilized VWF (reaction 1; rate
constants for this step are shown in supplemental Figure 5B);
(2) The multi-/bivalent binding of VWFpp aggregate to 2 adjacent
D’D3 domains located in VWF (reaction 2); and (3) the attachment

Table 1. Summary of binding constants

of previously recruited VWFpp at a single D'D3 site via reaction
1 to additional D'D3 sites on the immobilized protein (reaction 3).
The model fit shown in supplemental Figure 6 suggests that the
off-rate with which multivalent VWFpp aggregate-VWF interac-
tions are released is likely to be very small (approximately 0 s~ ).
This binding of VWFpp clusters to proximal D'D3 domains in
multimeric VWF is thus likely to be a key feature that enhances the
overall affinity of this molecular binding event at low but not high
pH. In addition, low pH enhances the affinity of VWFpp binding
not only to other VWFpp units, but also to D'D3.

kons koff KD(kinelics) KD(equiIibrium)
Ligand Analyte Buffer M-1s-1 x 105 s~1x 105 nM nM
VWF VWFpp HEPES, pH 7.4, 2.5mM Ca2* 1.7 438 25.8 30.9
VWF VWFpp MES, pH 6.2, 10mM Ca2* 3.6 7.58 0.21 3.84
VWF VWFpp HEPES, pH 7.4, 2.5mM NB NB NB NB
EDTA
VWFpp VWFpp HEPES, pH 7.4, 2.5mM Ca?* NB NB NB
VWFpp VWFpp MES, pH 6.2, 10mM Ca2* 0.356 100.5 28.1
VWFpp D'D3 MES, pH 6.2, 10mM Ca2* 0.55 110 20.1
D'D3 VWFpp HEPES, pH 7.4, 2.5mM Ca?* 1.76 862 49

NB indicates no binding.
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Figure 6. Effect of VWFpp on SIPAct and SIPA. (A) Different concentrations of
VWFpp were added to citrated whole blood before the application of shear in a
cone-plate viscometer at a shear rate of 3500 s~' for 3 minutes. Annexin V-PE
binding to platelets was used to quantify platelet activation. VWFpp partially inhibits
platelet activation (*P < .05 with respect to run without VWFpp). (B) VWFpp
(10 wg/mL) was incubated with each of the anti-VWFpp mAbs before the addition of
whole blood and application of shear under the conditions described in panel A.
239.3 fully restored platelet-activation levels by countering/blocking the effect of
VWFpp (*P < .05). (C) Platelets (107/mL) in plasma were sheared in a viscometer at
9600 s~ in the presence or absence of anti-D’D3 mAbs. MAb DD3.1, but not other
anti-D’'D3 mAbs, inhibited platelet activation by approximately 75%. *P < .05 with
respect to all other treatments. (D) Approximately 108/mL platelets diluted in plasma
were incubated with 100 pg/mL of anti-D’'D3 mAb (DD3.1), 20 wg/mL of anti—
VWEF-A1 domain mAb (AVW-3), or 100 png/mL of VWFpp for 10 minutes before shear
application at 9600 s~'. All reagents reduced platelet aggregation. Data are
representative of 3 independent experiments.

Both VWFpp and anti-D’'D3 mAb DD3.1 inhibit VWF-A1 domain
function

We also investigated whether the binding of VWFpp to VWF
observed under physiologic conditions alters VWF function, with a
focus on functions regulated by the D'D3 domain. Some of these
experiments measured the effect of VWFpp on SIPAct and SIPA in
viscometer-based assays because this is mediated by the VWF
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Figure 7. VWFpp inhibits thrombus formation on 5’) 20
collagen surfaces. 2',7’-bis-(2-carboxyethyl)-5-(and-6)- L
carboxyfluorescein—labeled whole blood was perfused at 10
3000 s~' over collagen substrate in the presence of
anti-VWF mAbs (SZ-123 and DD3.1) or 5-50 pg/mL of

VWFpp. PPACK was used as an anticoagulant. (A) The 0
percent surface area covered with immobilized platelets
was quantified. Onset of thrombus formation in the
presence of VWFpp was delayed at 2 minutes (*P < .05). &®
(B) Snapshot of the collagen substrate at 2 minutes

under the specified conditions. o
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Al-domain®%?® and because the D'D3 domain shields Al func-
tion,?? (Figure 6). Other experiments measure platelet recruitment
to collagen under shear (Figure 7). The last experiments assay the
effect of VWFpp on VWF-D'D3 binding to FVIII (supplemental
Figure 8).

In the SIPAct assay (Figure 6A), 17% of platelets in citrated
whole blood were activated by the application of shear at 3500 s~!
for 3 minutes. Cell activation was completely inhibited by the
anti-VWF-A1 mAb AVW-3. Addition of various concentrations of
VWFpp (2.5-100 pg/mL) partially inhibited (up to 50%) platelet
activation. Inhibition observed after the addition of VWFpp could
be reversed by anti-VWFpp mAbs 239.3 (Figure 6B). Further, mAb
DD3.1, which inhibits VWF-VWFpp binding, but not non-function-
blocking mAbs DD3.2 and DD3.3, reduced SIPAct by approxi-
mately 75% (Figure 6C). Partial inhibition of SIPA was also
observed after the addition of VWFpp to PRP prepared from
PPACK anticoagulated blood (Figure 6D). Whereas DD3.1 and
VWEFpp were effective at reducing SIPA in the absence of
additional stimulus, blocking efficacy decreased after the addition
of agonists (ADP and TRAP-6) under high-shear conditions
(supplemental Figure 7). The poor inhibition measured is likely
because of a more prominent role for Gpllb-IIla after the addition
of stimulus, which results in up to 95% cell aggregation within
20 seconds of shear. Overall, the binding of VWFpp to VWE-D'D3
in solution can alter VWF A1-domain function.

We also monitored thrombus formation in PPACK-anticoagu-
lated whole blood on collagen in a microfluidic chamber at a wall
shear rate of 3000 s~! (Figure 7). Platelet adhesion was VWF
dependent because it could be abrogated by SZ-123, an anti—
VWEFE-A3 domain mAb.?! Complete blocking was also achieved by
the anti-D'D3 mAb DD3.1, which competes with VWFpp for the
same epitope on the D'D3 domain. Similar to the observations in
the SIPAct assay, VWFpp (5-50 pg/mL) was partially effective at
inhibiting VWF-mediated thrombus formation (Figure 7A). At
both 2 and 4 minutes after perfusion of whole blood, the surface
coverage of platelets was approximately 60% lower in the presence
of VWFpp. Therefore, VWFpp binding to VWF delays the onset of
platelet adhesion on collagen surfaces and also slows thrombus
growth.

ELISA showed no effect of either VWFpp (up to 40 pg/mL) or
mAb DD3.1 on VWF binding to FVIII (supplemental Figure 8).
Our data suggest that the VWFpp-VWF interaction may regulate

B

No treatment

VWEFpp (50ug/mL)

B|t=2min
Ot=4min

S7-123

20z aunr g0 uo 3senb Aq jpd 69,002 1 0208UZ/001.2SE L/69.7/0Z/61 L/ipd-ajoie/poojqAau suoledligndyse//:djy woly papeojumoq



4776  MADABHUSHI et al

the hemostatic potential of VWF by reducing platelet adhesion and
activation.

Discussion
Specific binding of VWFpp to VWF-D'D3

In the present study, the mAb-blocking data, together with SPR and
ELISA studies with various VWF variants, demonstrated that
VWEF-D'D3 harbors the only binding site for VWFpp in mature
VWE. VWFpp binding to VWF could be completely blocked using
a range of anti-VWFpp mAbs (239.2, 239.3, and 242.2) and also
anti-D’'D3 mAb DD3.1. Whereas previous studies have demon-
strated the transient association of recombinant D3 with VWFpp in
the endoplasmic reticulum3? and the in vitro assembly of tubule-
like structures on mixing equimolar concentrations of recombinant
VWFpp and dimeric D'D3 at low-pH and high-calcium condi-
tions,*® the possibility that other VWF domains can interact with
VWFpp was not ruled out. Therefore, the identification of a
function-blocking anti-D'D3 mAb DD3.1 that abrogates VWF-
VWFpp binding helps to define more precisely the VWFpp-
binding epitope on VWE. Further, because DD3.1 and anti-VWFpp
mAbs block VWFpp-VWEF binding at both low pH (MES buffer)
and high pH (HEPES buffer), it may be that alteration of solution
pH causes local changes in the structure and charge distribution of
the binding pocket, rather than drastically altering binding location.

Whereas the precise D'D3 amino acids that bind VWFpp have
not been identified, the data suggest the existence of a complex
3-dimensional binding interface. Mice and humans share approxi-
mately 89% homology in the D'D3 sequence, and there is no
particular stretch that is distinctly different between the species.
Using VWF from additional species, we have narrowed down the
binding epitope for DD3.1 to 13 amino acids that are dispersed
throughout the D'D3 domain. Among these, F'2% and S'?!7 lie in
close proximity to R!20°, Mutation of this D3 residue to histidine
(ie, R1205H) results in the loss of pH-dependent binding between
VWF and VWFpp.?* Also supporting the notion that the interaction
between D'D3 and VWFpp is complex are observations in VWD
type 2A suggesting that a variety of mutations dispersed throughout
the protein affect multimerization, VWF storage, or both.333¢ These
mutations may either participate directly or may destabilize the
overall domain structure, thus indirectly affecting the molecular
interaction. Finally, using human-canine chimeric constructs,
Haberichter et al identified an important role of T% in the D3
domain and R*® in the D2 domain for cotargeting VWF and
VWFpp to WPBs.>” Whether the mAb DD3.1 binds in the
proximity of these residues will be determined in the future by
undertaking finer epitope-mapping studies. Such identification can
enhance the utility of DD3.1 in investigations that assay the role of
the VWFpp-VWF interaction on granule storage.

Nature of VWFpp binding to D'D3 over the range of pH and
calcium

Low pH and high calcium affected VWFpp more prominently than
D’'D3. Among these, VWFpp-D'D3 affinity is more dramatically
affected by changing pH and is relatively insensitive to changing
the calcium concentration (data not shown). Low pH increases the
affinity and kinetics of VWFpp for both homotypic binding to other
VWFpp and heterotypic interaction with the D'D3 domain. In
addition, neither our data nor previous results®> support a possible
homotypic interaction between D'D3 units on decreasing pH. In
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small-angle neuron-scattering studies, we have also observed the
aggregation of VWFpp after lowering the pH, but no self-
association or structure changes in multimeric VWF (S.N. and
L. Porcar, unpublished data, April 2010).

Whereas the D'D3 domain bears the only binding site for
VWFpp, the binding avidity of propeptide-multimeric VWF inter-
action is higher than that of propeptide binding with single D'D3
alone. Whereas VWFpp binds multimeric VWF with subnanomo-
lar apparent affinity (K approximately 0.2nM), it binds isolated
D’'D3 with lower affinity (Kp approximately 20nM). This experi-
mental observation, along with the Clamp XP model, suggests that
clusters of VWFpp formed at low pH bind or link adjacent D'D3
domains on multimeric VWF (supplemental Figure 9). The off-rate
of such VWFpp binding to dimeric D'D3 is very low at low pH. We
suggest that in cells, VWFpp dimers or aggregates may also be an
effective mechanism to bring 2 or more D'D3 domains together.
Such aggregation events at low pH, along with the protein disulfide
isomerase activity imparted by the Cys-Gly-Leu-Cys epitope of
VWFpp may facilitate VWF multimerization in intracellular trans-
Golgi compartments.?>3 Consistent with this proposition, the
expression of VWFpp in trans®® and low pH in Golgi® are sufficient
conditions to allow VWF multimerization and storage.

VWFpp-VWF-D’'D3 interaction attenuates VWF-A1 binding to
platelet Gplba

In contrast to the prevailing notion that VWFpp and VWF circulate
independently in blood,'”!® we noted that the VWFpp could be
coprecipitated with VWF in heparinized human plasma. Supple-
menting plasma with various concentrations of FLAG-tagged
VWFpp resulted in an estimated Kp of approximately 50nM; the
Kp measured using SPR was also 20-30nM under physiologic
conditions. The circulatory concentrations of VWF and VWFpp in
normal human blood are approximately 10 pg/mL (40nM) and
approximately 1 pwg/mL (12.5nM), respectively, with protein half-
lives being 8-12 and 3-5 hours, respectively.’®3° Based on this, it is
to be expected that a fraction of the VWF in circulation would be
associated with VWFpp.

The functional interaction between VWFpp and VWF in blood
reduced the accessibility of the VWF-Al domain for platelet
Gplba. In support of this, both VWFpp and anti-D'D3 mAb DD3.1
inhibited the extent of SIPAct and SIPA in viscometer-based
studies. Cell activation and aggregation are driven by fluid
shear-mediated VWF-A1 binding to the platelet receptor Gplba
and VWF self-association.?®?8 In the microfluidics studies, VWFpp
and mAb DD3.1 also reduced platelet adhesion and thrombus
formation. The Al domain of immobilized multimeric VWF
recruits platelets by engaging Gplba. In both functional assays, the
blocking efficacy of VWFpp was more apparent at early time
points because of the transient nature of its interaction with VWE.
mAb DD3.1 was more effective compared with VWFpp at
blocking cell activation and adhesion at later times because of its
approximately 50- to 100-fold higher affinity for the VWF-D’'D3
domain. Whereas previous studies suggested that VWFpp may
bind collagen,’®3° we did not detect this in our microfluidic and
ELISA assays using equine collagen. In addition, neither VWFpp
nor the anti-D'D3 mAb DD3.1 affected FVIII binding to VWFE.
Therefore, whereas uncleaved propeptide in pre-pro-VWF may
inhibit FVIII binding to the D'D3 domain,**#! the D'D3 site
recognized by soluble VWFpp is apparently different. Overall, the
dominant effect of VWFpp and anti-D'D3 mAb is on the function
of the VWF A1 domain.
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The consequence of VWFpp-mediated alteration at VWF
Al-domain function in normal human physiology and disease
requires further examination. In general, the hemostatic function of
VWEF is regulated by its size in circulation and the availability of
VWEF-A1-binding sites. These 2 features are not clearly separable,
because the binding of VWF to platelet Gplba under shear via the
Al domain itself promotes ADAMTS13-mediated proteolysis.*?
Based on its attenuation of VWEF-A1 function, it is possible that
VWFpp and VWF-D'D3 can limit platelet adhesion/accumulation
in low-pH regions of poorly perfused tissues or in regions of wound
repair.!® By reducing VWF binding to Gplba under hydrodynamic
shear conditions, VWFpp may also reduce VWF proteolysis by
ADAMTS13. VWFpp may thus play a dual role by enhancing
VWEF size in normal circulation and by reducing cell adhesion
during pathology. Such a regulatory role of VWFpp-VWF binding
may be more pronounced during diseases in which the mature
VWF half-life in circulation is reduced, either due to autoimmune
Abs or to mutations such as those identified in type 1C (Vicenza
and other mutations), type 2A, type 2B, or platelet-type pseudo-
VWD.# Under these circumstances, the VWFpp:VWF ratio in-
creases from approximately 1.0 in healthy subjects to 2-11 during
disease.?? Finally, VWF/VWFpp mutations that enhance VWFpp-
D'D3 binding affinity can enhance the role of VWFpp in regulating
hemostasis.

Opverall, our results contribute to the growing body of literature
demonstrating that interaction between individual VWF domains
located in the globular-head section of the protein affect the
physiologic function of the multimer.*#¢ In particular, our data
strengthen the notion that the VWF D’D3 domain functions as a
shield to reduce the binding affinity of the VWF-A1 domain for
platelet Gplba.?® By partial regulation of VWF-AI function,
VWFpp may represent yet another control mechanism in the
circulation that finely tunes the blood-clotting process.
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