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ABSTRACT: von Willebrand factor (vWF) mediates the primary adhesion of platelets to sites of vascular
damage through interaction with glycoprotein Ib (GPIb) of the platelet GPIb/IX complex. To investigate
the VWF/GPIb interaction we introduced both in-frame deletions and substitutions into the vVWF Al domain.
The introduction of nine sequential 20-amino acid deletions within the Cys509-Cys695 loop of the Al
domain caused the defective secretion of vVWF from mammalian cells, and resulted in multimeric vVWF
without platelet-binding activity. In other experiments we substituted alanine for charged amino acids
(residues 524, 534, 549, 552, 56873, and 642645) in proposed functional domains within the Cys509-
Cys695 loop. All six substitution mutants showed normal secretion from transfected mammalian cells
and bound to fixed platelets in the presence of botrocetin. In contrast, only mutants VWF-R524A and
VWEF-K549A showed significant binding to platelets in the presence of ristocetin. Mutant vVWF-K549A
showed increased platelet-binding at suboptimal concentrations of both botrocetin and ristocetin. These
results suggest that the substituted amino acids do not play a critical role in the activation of VWF by
botrocetin or in the direct interaction of vWF with the GPIb/IX complex. However, the charged amino
acids at positions 534, 552, 56873, and 642645 do play an important role in the ristocetin-induced
binding of VWF to platelets. The interaction of vVWF with heparin was significantly reduced by substitution
of Lys residues 642645, indicating that these residues may form part of a heparin-binding domain in
the carboxy-terminal half of the Cys509-Cys695 loop.

von Willebrand factor (VWR)is a multimeric plasma and  region using peptides and inhibitory antibodies suggested that
platelet protein that performs essential functions in hemo- GPIb bound to VWF through two short sequences (residues
stasis as the carrier of coagulation factor VI, and as the 474—488 and 694 708) adjacent to the 185-amino acid loop
ligand for primary platelet adhesion at sites of vascular defined by Cys509 and Cys695 (Mohri et al., 1988).
damage (Montgomery & Coller, 1994; Sadler, 1995). Al- However, deletion of residues 44507 and 697733 did
though VWF does not normally interact with platelets in the not reduce the ability of the intact Cys509-Cys695 segment
circulation, the binding of VWF to components of the to interact with GPIb (Sugimoto et al., 1993). This suggests
subendothelial matrix in the presence of high shear forcesthat residues on either side of the loop may play a role in
results in platelet adhesion, which is followed by platelet regulating the interaction of vWF with GPIb and that the
activation and subsequently thrombus formation. The ac- binding site for GPIb resides within the loop. This is
quisition of platelet-binding activity by VWF is thought to  consistent with the identification of residues Asp514-Glu542
require conformational changes within vWF, but the precise as a potential binding site for GPIb (Berndt et al., 1992),
mechanism involved is not knownin vitro, the binding of and with the identification of three discontinuous segments
VWF to platelets in suspension can be induced by the within the Cys509-Cys695 loop that may interact with
antibiotic ristocetin (Howard & Firkin, 1971) or by the snake botrocetin (Sugimoto et al., 1991). Other studies identified
venom protein botrocetin (Read et al., 1978). potential binding sites for heparin (Sobel et al., 1992),

The primary adhesion of platelets to VWF occurs through collagen (Roth et al., 1986), and sulfatides (Christophe et
glycoprotein Ib (GPIb) of the platelet GPIb/IX complex. The al-, 1991) in this region. _
GPIb-binding site in VWF was localized to a homodimeric ~ The VWF Al domain is the site of numerous von
tryptic fragment of VWF spanning residues 449 to 728 Wlllebrand d|§ease mutations (VWD) that affe.ct the interac-
(Fujimura et al., 1986, 1987), and to a smaller monomeric tion of VWF with the GPIb/IX complex. Mutations respon-
fragment generated by dispase digestion that spans residuegible for type 2B vWD, which is defined by the heightened
480/481 to 718 (Andrews et al., 1989b). Analysis of this reactivity of vVWF with GPIb, are located in this region and
cluster between residues 540 and 578 (Ginsburg & Sadler,
1993), although a few type 2B mutations are located in the
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Rabinowitz et al., 1993; Holmberg et al., 1993). The A1  Transfection of Cells.COS-7 cells (ATCC CRL1651)
domain also contains mutations that cause reduced reactivitygrown in RPMI plus 10% fetal calf serum were transfected
with GPIb. These mutations are clustered in the carboxy- using Lipofectamine (Felgner et al., 1987). In brief, X5
terminal half of the loop and include one in-frame deletion 10° COS-7 cells were plated in 100 mm dishes and grown
(Mancuso et al.,, 1996) and several missense mutationsovernight. After washing the cells twice with HBSS, 8 mL
(Rabinowitz et al., 1992; Hilbert et al., 1995b). of optiMEM media (Life Technologies, Gaithersberg, MD)

Electrostatic interactions appear to play an important role containing sug of plasmid DNA and 6@g of Lipofectamine
in regulating the affinity of VWF for GPIb. For example, (Life Technologies, Gaithersberg, MD) was added, and the

most of the type 2B vWD mutationS, which result in the cells were incubated at 3T for 6 h. After removal of the
increased affinity of VWF for GPIb, are clustered in a DNA/Lipofectamine mixture, 7 mL of culture medium was

positively-charged region of the amino-terminal portion of added and the cells were incubated for an additional 60 h at
the Cys509-Cys695 loop (Ginsburg & Sadler, 1993). Three 37 °C. Conditioned media was harvested, cleared by
of the type 2B mutations involve the substitution of the centrifugation (10 00§ for 10 min at 4°C), and stored in
positively-charged amino acid Arg. In addition, asialo vWF aliquots at—80 °C. Intracellular vWF was isolated from
binds spontaneously to GPIb (De Marco & Shapiro, 1981), transfected cells by adding 5Q@. of modified HEPES-
and various polyionic compounds, including heparin (Sobel Tyrode buffer (20 mM HEPES, 140 mM NaCl, 3 mM KCl,

et al., 1991) and synthetic peptides containing basic amino12 mM NaHCQ, 1 mM NaHPQ,, pH 8.0) containing 0.2%
acids (Mobhri et al., 1993), inhibit the VWF/GPIb interaction. Triton X-100, 5 mM EDTA, 5 mM NEM, 0.1 mg/mL

To further investigate the interaction of the VWF with the Ie_upeptin, and 1 mM PMSF and incubating on ice for 15
GPIb/IX complex on platelets we used two different ap- min. The cell lysate was removed, and the plates were

proaches involving site-directed mutagenesis of the vWF A1 Washed with an additional 374 of lysis buffer. The cell
domain. In the first set of experiments we introduced !YSate from the two washes was combined, cleared by

sequential non-overlapping 20-amino acid deletions within centrlfugatlon (14 00gat 5°C for 10 min) and then stored
the Cys509-Cys695 loop to investigate whether discrete at—80 °C.
functional domains could be identified and to determine  vWF ELISA. The concentration of vVWF in conditioned
whether the intact Cys509-Cys695 loop is required for the media and cell lysates was determined by antigen-capture
interaction of full-length vVWF with GPIb. The results from ELISA using vVWF monoclonal antibody (mAb) AvW1
this approach suggest that the deleted amino acids do nof{Montgomery et al., 1986) as the capture antibody and a
contain discrete functional domains and that the continuity rabbit anti-vWF polyclonal antibody as the primary detecting
of the Cys509-Cys695 loop is critical for the normal synthesis antibody. The anti-vWF polyclonal antibody was detected
of VWWF and the function of A1 domain. In the second using a goat anti-rabbit IgG polyclonal antibody coupled to
approach, we used alanine-substitution mutagenesis tohorseradish peroxidase (Pierce, Rockford, IL) and the
investigate the role of selected charged amino acids in VECTASTAIN ABC kit (Vector Laboratories, Burlingame,
proposed functional domains within the Cys509-Cys695 loop. CA). Absorbance data were obtained using a THERMOmax
Our results show that while none of the substituted amino microplate reader (Molecular Devices Corp., Menlo Park,
acids is required for the botrocetin-induced binding of YWF CA) and analyzed using SOFTmax software (Molecular
to platelets, several of the charged residues are required foDevices Corp., Menlo Park, CA). Absorbance values were
the ristocetin-induced binding of VWF to GPIb. These converted to ng of VWF/mL using a standard curve generated
studies also identify a potential heparin-binding site in the from dilutions of pooled normal plasma. The reactivity of
carboxy-terminal half of Cys509-Cys695 loop. VWF with mAb AvW3 (Kawai & Montgomery, 1987) was
performed using AvW3 as the capture antibody.

Immunoprecipitation, SDSPAGE, and SDSAgarose
Electrophoresis.vVWF was immunoprecipitated from con-
ditioned media or cell lysate using vVWF mAb AvW1 coupled
to Sepharose-4B (Pharmacia Biotech, Piscataway, NJ).
Monomeric VWF was analyzed by SBRAGE in 4%-12%
polyacrylamide gels. VWF was transferred to nitrocellulose
and visualized using the ECL detection system (Amersham
Corp., Arlington Heights, IL). The primary detecting
antibody was rabbit anti-vWF IgG, and the secondary
detecting antibody was goat anti-rabbit IgG coupled to

taining the VWF insert was inserted into pUC18 (Pharmacia horseradish peroxidase (Pierce, Rockford, IL). The multi-
Biotech, Uppsala, Sweden), creating pCtTIBVWF1. The meric structure of immunopurified VWF was determined
sequence of the mutant cDNA fragments was determined according to Raines et al. (1990) except that electrophoresis
using Sequenase (Life Technologies, Gaithersburg, MD). Was performed at 150 V for 30 min, followed by electro-
Mutant cDNA fragments were inserted into the full-length Phoresis at 70 V for 1214 h at 15°C. vWF was transferred
VWF expression vector pyW198.1 (Kroner et al., 1991) using t© PVDF transfer membrane (Immobilon P, Millipore Corp.,

a two-step cloning procedure (Kroner et al., 1992). Plasmid Beédford, MA) and visualized as described above.

EXPERIMENTAL PROCEDURES

Plasmids and Mutant ConstructionMutations were
introduced into VWF cDNA using mutagenic primers and
single-stranded DNA (Kunkel, 1987). Mutagenesis was
performed on plasmid pCIT&EL8VWF1, which was con-
structed by inserting afad/Ncd vWF cDNA fragment
(nucleotides 3858 to 4731) intdsd/Ncd-digested pCITE
(Novagen, Madison, WI), creating pCITEVWF. For single-
stranded DNA production, a fragment of pCITEVWF con-

DNA was purified using either the Plasmid Maxi Kit
(Qiagen, Chatsworth, CA) or Biggerprep (5PrimeéPrime,
Boulder, CO).

Platelet-Binding Assay.The binding of VWF to fixed
platelets was measured using a modification of the assay
developed by Scott and Montgomery (1991). vWF mAb
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AVW1 was labeled with'?3 using lodobeads (Pierce,
Rockford, IL). For the assay, samples with VWF in excess

Table 1: Deletion Mutations in the vWF A1 Domain

of 100 ng/mL were diluted in Tris-Saline (10 mM Tris-HClI, mutant amino acids deleted _amino acids deleted
150 mM NaCl, pH 7.4) containing 1% BSA (Fraction V, mm; érlggéijpp%%%o 3?1122;:53?11321%3
Sigma Chgmlcal Co., St. Louis, MO) to reach a fma! VWF  \WE-A3 Val551-Asp570 Val1314 Asp1333
concentration of 100 ng/mL. BSA was present in the ywE-A4 Arg571-GIn590 Arg1334-GIn1353
reaction to reduce background and to prevent the precipitation vWF-A5 Val591-Asp610 Vall354-Asp1373
of VWF in the presence of ristocetin (Scott et al., 1991). wiv:zﬁ? éggéi_—xgg%%o é‘g}rll?égi’xgtlﬁ?
Samples with a vVWF concentratl_on of I_ess than ;OO ng/mL VWE-AS Val651-Pro670 Valld14 Prol433

were concentrated by ultrafiltration using Centricon-30 or  yWwE-A9 Glu67111e690 Glul434-lle1453

C_entr|prep-30 concentrators (Amicon, Beverly, MA) and then ayWF amino acids are numbered using the first amino acid of mature
diluted to 100 ng/mL. The recovery of vWF after ultrafil-  \\r as amino acid number oneCorresponding amino acid numbers
tration was greater than 90%, and the multimeric profile was in mature VWF using the initiating Met as the first amino acid as
s o R e Soamheans e Sams 1 et ey
(approximately 1.0< 10 cpm) was added to microfuge tubes >C¢€nt _ .
containing 16QuL of conditioned media or pooled normal on Thrombosis and Haemostasis (Sadler, 1994).
plasma and incubated at room temperature (rt) for 30 min.
After incubation, 2QuL of fixed plateletq1.0 x 1P platelets/
mL in Tris-Saline; BIO/DATA Corp., Horsham, PA) were
added to each tube, followed by 10 of ristocetin sulfate
(H. Lundbeck A/S, Copenhagen, Denmark), botrocetin, or
Tris-Saline. Botrocetin was purified according to Andrews
et al. (1989a). After gentle mixing by vortexing, the tubes
were incubated for 30 min at rt with rocking. Platelets were
pelleted by centrifugation (10 min at 14 Gf)0and the upper
one-half of the supernatant was transferred to a clean tube.
The amount of radioactivity in the pellet (a) and supernatant
(b) fractions was determined usingz@ounter. The percent
of radioactivity bound to platelets was calculated using the
formula [(@ — b)/a+ b]100. The maximum binding of total
radioactivity to platelets was typically 60%70% and was
the same as that seen in the presence of excess VWF. No WT Al A2 A3 A4 A5 A6 A7 A8 A9
precipitation of VWF occurred in reactions without platelets, FIGURE 1: Secretion of vWF deletion mutants. The concentration
and the background using either Tris-Saline or conditioned SLXV\E/}'; @ac?l:‘r%'“é)lr_‘lesimﬁéaC%”n(igren”r;ﬁfﬂr‘]t%sf \tl\kllaesnﬂﬁtgmquﬁl?: E’g
media was ge;ne_rally =% of the.tOtaI Cqunts added. . plot?ed reIaR[ive to the concentration of secreted or intracellular wt
Collagen-Binding Assay.The interaction of VWF with  \wF which were normalized to 1. The average concentration of
collagen was determined in an ELISA assay using type Ill wt vWF in conditioned media (7.0 mL volume) and cell lysates
collagen to capture VWF. Type Il collagen was a gift from (0.8 mL volume) was 25.% 5.4 and 8.8t 2.3 ng/mL, respectively.
Dr. Thomas Kunicd (The Scripps Research Instute, La |1, 1Ile8 WM, Toe deetion mutane re e 1 Tove
Jolla, CA) and was purified as descr'be_d by M!”er and transfections of COS-7 cells. The error bars represent the standard
Rhodes (1982). Type Il collagen was dialyzed in buffer grror.
containing 50 mM sodium borate, 0.8 M NaCl (pH 8.2), and
stored at 5°C. For the ELISA, collagen was diluted to 5
ug/mL in carbonate buffer (50 mM sodium carbonate, pH
9.6) and 5Q:L was added to each well of a microtiter plate.
After incubation overnight at 3C, the plates were washed,
50 mL of vVWF (100 ng/mL) was added to each well, and
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pelleted by centrifugation at 14 0§Gor 10 min, and the
amount of vVWF bound was determined as described above.

RESULTS

the plate was incubated for 1 h at rt. vVWF bound to collagen
was detected as described above.
Heparin-Binding Assay.The binding of vVWF to heparin

Construction and Expression ofVF Deletion Mutants.
To determine whether the continuity of the vWF Al domain
is important for the interaction of full-length vVWF with the

was determined using heparin-Sepharose CL-4B (PharmacigGPIb/IX complex on platelets, and to identify discrete
Biotech Inc., Piscataway, NJ). All incubations were at rt. functional domains, we constructed nine VWF mutants
VWF was labeled by adding 2L of *?9-labeled AvW1 containing consecutive non-overlapping deletions of 20
(1000 cpmL) to 400uL of conditioned media containing  amino acids between residues Cys509 and Cys695 (Table
VWF at 100 ng/mL. After incubation for 30 min, 160 1). The mutated cDNA fragments were inserted into the
of each AYW1/VWF mixture was aliquoted into two mi- full-length vVWF expression vector pvW198.1, and both
crofuge tubes. One set of tubes receivedu2of soluble mutant and wild type (wt) VWF were transiently expressed
heparin (100 mg/mL in ddkD, sodium salt, grade I-A from  in mammalian cells. Analysis of conditioned media by
porcine intestinal mucosa, Sigma Chemical Co., St. Louis, antigen-capture ELISA showed that, with the exception of
MO), and the other set received 24 of ddH,O. After VWF-A5, which showed normal secretion, each of the
incubation for 15 min, 5Q:L of heparin-Sepharose (50% deletion mutations caused the reduced secretion of VWF
by volume) was added and the tubes were incubated for ancompared to wt vVWF (Figure 1). The extent of the secretory
additional 30 min with rocking. Heparin-Sepharose was defect varied with each mutant and ranged from 5% of wt



Mutagenesis of the vVWF A1 Domain

A.

L WT A1 A2 A3 A4 A5 A6

—
- i 2
- .
==
!

S WT A1 A2 A3 A4 A5 A6 A7 A8 A9 M

AT A8 A9 M

pro-vWF —& :
VWF —=

FIGURE 2: Monomeric structure of vVWF deletion mutants. Ex-
pressed wt or mutant VWF was immunopurified from conditioned
media (A) or cell lysates (B) and analyzed by SEFAGE and

Western blotting as described in the Experimental Procedures. Pro-

VWF indicates the uncleaved precursor of VWF. S and L identify
wt VWF isolated from the conditioned media or cell lysates of
transfected COS-7 cells, respectively. WT indicates wt VWF. M

indicates immunoprecipitations performed with conditioned medium
or cell lysate from mock-transfected cells. The deletion mutants
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Ficure 3: Multimeric structure of VWF deletion mutants. VWF
was immunopurified from the conditioned media of transfected
COS-7 cells or pooled normal plasma (NP) and analyzed by-SDS
agarose electrophoresis and Western blotting as described in the
Experimental Procedures. WT indicates wt vVWF, and M indicates
immunoprecipitations performed with conditioned media from
mock-transfected cells. The deletion mutants are defined in Table
1. Each lane contains approximately 14 ng of vVWF.

are defined in Table 1. In panel A, lane L contains approximately Table 2: Alanine-Subsititution Mutations in the vVWF A1 Domain

20 ng of vVWF, and the remaining lanes each contain approximately

35 ng of vWF. In panel B, lane S contains approximately 30 ng
of VWF, and the remaining lanes each contain 16 ng of VWF.

VWF for VWF-A7 to 46% of wt VWF for VWFAG. Analysis
of cellular lysates showed that, except for v\ each of

the deletion mutants showed an increase in the intracellular vWF-KDRKR(569-573)5A

level of vWF compared to wt vWF. While the intracellular
level of VWF-A7 was similar to the intracellular level of wt

amino acids amino acids
mutant substituted substitute#l
VWF-R524A Arg524 Arg1287
VWF-K534A Lys534 Lys1297
VWF-K549A Lys549 Lys1312
VWF-R552A Arg552 Arg1315

Lys569-Arg573 Lys1332-Argl1336
VWF-KKKK(642—645)4A  Lys642-Lys645 Lys1405Lys1408

avWF amino acids are numbered using the first amino acid of mature

VWF, the increase over wt VWF for the other mutants ranged YWF as amino acid number ongCorresponding amino acid numbers

from 2-fold higher for vVWFAS8 to 7-fold higher for vVWF-
A2 and VWFAG6. Compared to an adjusted ratio of 1.0 for
wt VWF, the ratio of intracellular to secreted VWF for the
mutant proteins ranged from 3.8 for VW5 to 28.4 for
VWF-A2.

in mature VWF using the initiating Met as the first amino acid as
recommended by the Subcommittee on von Willebrand Factor of the
Scientific and Standardization Committee of the International Society
on Thrombosis and Haemostasis (Sadler, 1994).

blocks the binding of VWF to platelets (data not shown).

We further investigated the altered secretion profile of the These results suggest that each of the 20-amino acid deletions
mutant proteins by analyzing immunopurified secreted and in the Cys509-Cys695 loop induced conformational changes

intracellular vWF by SDSPAGE (Figure 2). The secreted
form of each of the mutant proteins was similar to wt vVWF,
and consisted of both full-length mature vWF and pro-vWF
(Figure 2A). A similar analysis of intracellular protein
showed that, like wt VWF, the mutant intracellular vWF was
almost exclusively pro-vWF (Figure 2B). Multimeric analy-
sis showed that the immunopurified intracellular form of both
wt and mutant VWF consisted primarily of pro-vWF dimers

in the A1 domain that prevented the interaction with the
GPIb/IX complex, either by directly affecting the GPIb
binding site or by preventing activation by ristocetin or
botrocetin.

Construction and Expression ofVF Alanine-Substitution
Mutants. To further investigate the role of charged amino
acids in the structure and function of the vWF Al domain,
we used alanine-scanning mutagenesis (Cunningham &

(data not shown). These results suggest that each of thewells, 1989) to construct six mutants in which alanine was
deletions in the Cys509-Cys695 loop of the Al domain substituted for primarily positively-charged amino acids in
prevents the efficient transit of VWF to the trans-Golgi, where proposed functional domains within the Cys509-Cys695 loop
the pro-vWF dimers are processed to mature vVWF, and (Table 2 and Figure 4). Four mutants contain single amino
dimers associate to form high molecular weight (mw) acid substitutions. VWF-R524A and VWF-K534A contain

multimers (Vischer & Wagner, 1994). Analysis of secreted
protein demonstrated that, with the exception of VW&-

which showed a normal multimer profile, each of the deletion
mutants showed reduced levels of high mw multimers

(Figure 3).
The effects of the deletion mutations on the function of

substitutions in a proposed GPIb/IX-binding site (Berndt et
al., 1992), and vVWF-K549A and vWF-R552A contain
substitutions in the region where most type 2B vWD
mutations are clustered (Ginsburg & Sadler, 1993). In
addition, two mutants, VWF-KDRKR(56%73)5A and
VWF-KKKK(642—645)4A, contain multiple substitutions in

the vVWF Al domain were determined for the secreted form two different proposed botrocetin-binding sites, respectively
of each mutant protein using platelet-binding assays. In (Sugimoto et al., 1991). vVWF mutant KDRKR569A also
multiple assays each of the mutant proteins failed to bind to resides in a proposed heparin-binding domain (Sobel et al.,
fixed platelets either spontaneously or in the presence of 1992).

concentrations of ristocetin or botrocetin capable of inducing In contrast to the deletion mutants, each of the alanine-
maximal binding of wt VWF to platelets (data not shown). substitution mutants showed normal secretion from COS-7
In addition, each of the mutant proteins failed to react with cells (data not shown). Analysis of the immunopurified
VWF mAb AvW3, a conformation-dependent antibody that secreted protein by SDSPAGE showed that each of the
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Ficure 4: Alanine-substitution mutations in the vWF A1 domain.
This figure shows the amino acid sequence of mature VWF from
Cys509 to Cys 695. The amino acids changed to alanine are show
in gray. The positions of the substituted amino acids in mature vWF
are shown below each substitution. Where multiple alanines were
inserted, the number below identifies the position of the first amino
acid in the group. Acidic and basic amino acids are identified by
— and+ signs, respectively. Lines above the amino acid sequence
identify proposed binding sites for the GPIb/IX complex (Berndt
etal., 1992), botrocetin (Sugimoto et al., 1991), and heparin (Sobe
et al., 1992). Circles identify the locations of type 2B vWD
mutations, which result in enhanced binding to platelets (Ginsburg

"Ficure 6: Binding of the vVWF alanine-substitution mutants to
platelets. Conditioned media from transfected COS-7 cells or pooled
normal plasma containing VWF at 100 ng/mL were incubated with
129-labeled VWF mAb AvW1 and then added to a solution
containing fixed platelets and either ristocetin (1.2 mg/mL) or
botrocetin (5.Q«g/mL). The values plotted were normalized to the
|amount of normal plasma (NP) vWF bound to platelets in the
presence of botrocetin. The spontaneous binding of VWF to platelets
was determined in reactions to which Tris-Saline was added. The

h : : : data shown represent the average of three experiments using the
\?vhsi(?hdlrggulltgig%diggértlﬁr?c%lr?gs tgjglrgtlzettg)(eFeezleiln\cl)\\ivviltjz ngﬁlt'fgg’z; conditioned media from three independent transfections. The error
Mancuso et al., 1991; Hilbert et al., 1995b). Type 2M:Milwaukee-1 _bars_r_epresent th_e ste_mda_rd deviation. The VWF mutants are
identifies a deletion of amino acids Arg629-GIn639 in a VWD identified as described in Figure 4 and Table 2.
patient that results in the loss of ristocetin- and botrocetin-induced ; ; ; ; _
platelet-binding activity (Mancuso et al., 1996). The nomenclature mW multimers accompanled by an increase in the accumula
for the VWF alanine-substitution mutants is defined in Table 2.  tion of low mw multimers.
Binding ofyWF Alanine-Substitution Mutants to Platelets.

A. 1 2 3 4 5 6 7 8 Each of the alanine-substitution mutants bound to platelets
: sy " in the presence of botrocetin {&/mL). With the exception
pro-vWF — m of VWF-R552A, which showed 60% of maximal binding,
VWF the binding was similar to wt vWF (Figure 6). In contrast,

only mutants VWF-R524A and vWF-K549A showed ap-
preciable binding to platelets in the presence of ristocetin
B. (1.2 mg/mL). The ristocetin-induced binding of mutants
VWF-R524A and vVWF-K549A to platelets was similar to
wt VWF. Mutant VWF-K534A showed 19% of maximal
binding, and the remaining mutants showed 12% or less
maximal binding. None of the alanine-substitution mutants
showed evidence of spontaneous binding to platelets.
Figure 7 shows doseresponse curves for the binding of
1 2 3 4 5 6 7 8 the alanine-substitution mutants to platelets in the presence
FicURe 5: Monomer and multimer analysis of the vWF alanine- Of botrocetin (Figure 7A,B) or ristocetin (Figure 7C).
substitution mutants. VWF was immunopurified from the condi- Compared to wt VWF, only two mutants, vVWF-R552A and
tioned media of transfected COS-7 cells and analyzed by-SDS VvWF-K549A, show altered botrocetin desesponse curves.
PAGE (A) or SDS-agarose electrophoresis (B). VWF was visualized At |ow concentrations of botrocetin VWF-K549A showed

after transfer to nitrocellulose (A) or PVDF membrane (B) as : P P,
described in the Experimental Procedures. In A Pro-vWF identifies an increased binding to platelets that is similar to that seen

the uncleaved VWF precursor. WT refers to wt VWF. lane 1, wt PY mutations responsible for type 2B vWD. Conversely,
VWF; lane 2, VWF-R524A; lane 3, VWF-K534A; lane 4, vWF- VWF-R552A showed reduced binding to platelets at all

K549A; lane 5, VWF-R552A; lane 6, vVWF-KDRKR(56%73)- botrocetin concentrations. Ristocetin desesponse platelet-
5A; lane 7, YWF-KKKK(642-645)4A,; lane 8, mock. "Mock” refers hinding assays were performed with VWF-R524A and vVWF-

to immunoprecipitations performed with the conditioned media of . . N N
mock-transfected cells. In panel A each lane contains approximately KS49A, the only mutant proteins showing significant binding

120 ng of VWF. In panel B each lane contains approximately 21 tO platelets at an optimal concentration of ristocetin. Both
ng of VWF. of these mutant proteins showed altered binding profiles.

VWF-R524A showed moderately-reduced binding to platelets
mutant proteins was secreted primarily as full-length mature in the presence of 0.6 mg/mL ristocetin. The multimeric
VWF (Figure 5A). With the exception of VWF-R552A, the profile of vVWF-R524A is similar to wt VWF (Figure 5B),
multimeric structure for each of the mutant proteins was so the reduced binding to platelets in the presence of a
similar to wt vVWF (Figure 5B). VWF-R552A consistently  suboptimal concentration of ristocetin does not appear to be
showed a moderate reduction in the accumulation of high due to the loss of high mw multimers. vWF-K549A showed
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o 0
S . . .
20 T T T the capturing protein. In this assay the capture of each of
0.0 0.2 0.4 0.6 0.8 1.0 1.2 the mutant proteins by type Il collagen was similar to the
Ristocetin (mg/mil) capture of wt vVWF (data not shown).

FIGURE 7: Ristocetin and botrocetin dosgesponse curves. Platelet- Reactiity of s\WF Alanine-Substitution Mutants with mAb
binding assays were performed with conditioned media from AvW3. VWF mAb AvW3 is an inhibitory antibody that

transfected COS-7 cells or pooled normal plasma as described inblocks the binding of VWF to the platelet GPIb/IX complex
Figure 6 with the exception that the final botrocetin concentrations (Kawai & Montgomery, 1987). The epitope for AVW3 has
(panels A and B) ranged from 0.02 to 5@/mL and the final ¢ hoen mapped, but it is likely that it resides within the

ristocetin concentrations (panel C) ranged from 0.075 to 1.2 mg/ . . .
mL. NP identifies assays performed with pooled normal plasma. A1 domain of VWF. To localize the epitope for AvW3 we

The results from each plot were normalized to the amount of NP performed antigen-capture ELISA to test the reactivity of
VWEF bound to platelets in the presence of botrocetin apg§/nL AvW3 with each of the alanine-substitution mutants. With
(panels A and B) or ristocetin at 1.2 mg/mL (panel C). The data the exception of VWF-R552A, each of the mutant proteins

shown represents the average of three experiments using the e .
conditioned media from three independent transfections. The errorShowed nearly equal reactivity with mAb AvW3 and AV\.N.l
represents the standard deviation. The VWF mutants are identified(data not shown). vVWF-R552A showed normal reactivity

as described in Figure 4 and Table 2. with AvW1 but substantially reduced reactivity with AvW3.

significantly increased binding to platelets in the presence PISCUSSION

of 0.3 mg/mL ristocetin. While normal plasma VWF and ,\yF Biosynthesis As the A1 domain is not required for
wt VWF showed background binding to platelets at this g efficient secretion of vVWF from transfected cells (Sixma
concentration of ristocetin, VWF-K549A showed binding that ¢ al., 1991), we were surprised to find that each of the VWF
was nearly 50% of the maximum. deletion mutants we analyzed showed defective secretion.
Binding ofvWF Alanine-Substitution Mutants to Heparin. |n addition, these proteins are not recognized by the
We performed binding assays with heparin-Sepharose toconformation-specific VWF mAb AvW3 and do not bind to
determine whether the alanine-substitution mutations affect p|atelets in the presence of ristocetin or botrocetin. Thus, it
the interaction of VWF with heparin (Figure 8). Although seems likely that the presence of a 20-amino acid deletion
mutants VWF-R524A, VWF-K534A, VWF-K549A, and VWF-  anywhere in the Cys509-Cys695 loop leads to a misfolded
KDRKR(569-573)5A showed normal binding to heparin, protein that is retained within the cell and poorly secreted.
mutants VWF-R552A and VWF-KKKK(642645)4A showed  The nearly exclusive presence of dimeric pro-vWF within
binding that was 55% and 30% of wt VWF, respectively. transfected cells suggests that the mutant proteins are retained
The addition of soluble heparin to the binding assays in the endoplasmic reticulum or Golgi complex, and only
demonstrated the specificity of the vVWF/heparin interaction inefficiently enter the trans-Golgi, which is the likely site of
by reducing the binding of all vVWF samples to heparin- vWF endoproteolytic cleavage and multimerization (Vischer
Sepharose to background levels. & Wagner, 1994). The difference in the ratio of intracellular
Binding ofyWF Alanine-Substitution Mutants to Collagen. to secreted protein for the different deletion mutants suggests
The effect of the alanine-substitutions on the vWF/collagen that other defects resulting in reduced synthesis and/or
interaction was tested by ELISA using type lll collagen as increased degradation may be involved as well.
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Our results imply that natural mutations in the A1 domain site. Although Arg552 may be important for one or more
could contribute to low plasma levels of VWF by interfering of these interactions, defects in each of these mechanisms
with VWF biosynthesis. If the secretory defect is due to the could result from a general conformational change induced
abnormal conformation of the A1 domain, then the secreted by the R552A substitution. Although the botrocetin-induced
mutant protein could also fail to interact with the GPIb/IX binding of VWF to GPIb is not thought to be dependent on
complex on platelets. We and others recently identified a multimer size (Brinkhous et al., 1983), Christophe et al.
type 2M vWD patient that is heterozygous for a deletion (1994) demonstrated that type 2A plasma vVWF, which lacks
mutation causing an in-frame deletion of 11 amino acids high mw vWF multimers, showed reduced binding to
(Arg629-GIn639) in the A1 domain (Mancuso et al., 1996). platelets in the presence of botrocetin. Thus, it is also
This patient shows reduced levels of plasma VWF with possible that the reduced botrocetin-induced platelet-binding
disproportionately-reduced ristocetin cofactor activity. The activity shown by VWF-R552A is a result of the moderate
expressed mutant VWF is partially retained within transfected defect in multimerization.
cells, and secreted VWF does not interact with fixed platelets Mutants VWF-KDRKR(569-573)5A and vWF-KKKK-
in the presence of ristocetin or botrocetin. Although VWF (642—645)4A reside in or near two of the proposed
biosynthesis is generally unaffected by the introduction of positively-charged botrocetin-binding domains spanning
point mutations [this study and Matsushita and Sadler residues 569583 and 629-643, respectively (Sugimoto et
(1995)], naturally occurring mutations affecting the secretion al., 1991). Botrocetin has a net negative charge at physi-
of recombinant VWF have been described. Hilbert et al. ological pH (Fujimura et al., 1991), and if the binding of
(1995b) recently reported that type 2 vWD mutations botrocetin to VWF is dependent primarily on electrostatic
Arg611Cys and Arg611His cause a significant decrease ininteractions, then the substitution of clusters of charged amino
the secretion of VWF from transfected cells. Reduced acids in these binding sites would be expected to reduce
secretion was also observed in co-transfection experimentsbotrocetin-induced binding of vWF to platelets. However,
including wt VWF, indicating a possible dominant-negative vWF-KDRKR(569-573)5A and vVWF-KKKK(642-645)4A
effect of these mutations. show normal botrocetin-induced binding to platelets. The

Interaction ofyWF with GPIb. All of the VWF deletion phenotype of VWF-KKKK(642-645)4A is consistent with
mutants failed to interact with platelets either spontaneously the results of Sugimoto et al. (1991), who found that although
or in the presence ristocetin or botrocetin. The general defectLys residues 642 and 643 form part of the botrocetin-binding
in secretion shown by these proteins, and the lack of domain spanning residues 626843, a peptide spanning
recognition by vVWF mAb AvW3 suggest that the loss of residues 639653, which contains Lys642645, does not
platelet-binding activity is most likely due to misfolding of inhibit the botrocetin-induced binding of VWF platelets.
the Al domain. As native VWF also fails to interact Residues 569573 (KDRKR) constitute five of the eight
spontaneously with the GPlb complex on platelets, we cannotcharged residues in the botrocetin-binding domain spanning
exclude the possibility that the GPIb-binding site in some residues 569583, yet substitution of these residues with
of the mutant proteins is intact, and that the failure to react alanine has no effect on the botrocetin-induced binding of
with plateletsin vitro is due solely to the loss of reactivity VWF to platelets. Although electrostatic interactions may
with ristocetin or botrocetin. However, our results are be animportant feature of the binding of VWF by botrocetin,
consistent with studies that found thBscherichia cok the charged residues we analyzed are not essential for this
expressed monomeric A1 domain fragments which contain interaction.
15—21-amino acid deletions within the Cys509-Cys695 loop  Only mutants vVWF-R524A and vWF-K549A showed
also failed to interact with platelets (Sugimoto et al., 1993). significant binding to platelets in the presence of ristocetin.
Taken together, these results strongly suggest that theWhile both mutants showed normal binding to platelets at
continuity of the Cys509-Cys695 loop is critical for the 1.2 mg of ristocetin/mL, vVWF-K549A showed enhanced
interaction of full-length multimeric vWF with the GPIb/IX  binding to platelets at 0.6 mg of ristocetin/mL, which is
complex. similar to the phenotype resulting from type 2B vWD

Each of the alanine-substitution mutants showed normal mutations. Conversely, VWF-R524A showed moderately
binding to platelets in the presence ofu§ of botrocetin/ decreased binding at 0.6 mg of ristocetin/mL. The selective
mL, with the exception of mutant VWF-R552A, which loss of ristocetin-induced binding to platelets by mutants
showed binding that was about 60% of wt VWF. These VWF-K534A, vWF-R552A, vWF-KDRKR(569573)5A,
results demonstrate that the substituted amino acids are noand VWF-KKKK(642-645)4A is similar to the phenotype
critical either for the interaction of VWF with botrocetin or produced by a type 2M vWD mutation at residue 561
for the binding of VWF to GPIb. In botrocetin dose (Rabinowitz et al., 1992). The failure of the mutant proteins
response assays only mutants vVWF-K549A and vVWF-R552A to interact with platelets in the presence of ristocetin most
showed platelet-binding profiles different from wt vWF. likely is not due to the disruption of the GPIb binding site
While the reduced binding of vVWF-R552A to platelets was on VWF, as each of these mutants binds to platelets in the
also evident at suboptimal concentrations of botrocetin, vVWF- presence of botrocetin. However, ristocetin and botrocetin
K549A displayed enhanced binding at low botrocetin appear to promote the binding of VWF to platelets by distinct
concentrations similar to that observed for type 2B vWD mechanisms (Girma et al., 1990; Sugimoto et al., 1991), and
mutations, which further supports the role of this region of ristocetin and botrocetin may induce the formation of
the A1 domain in regulating the interaction of VWF with different GPIb-binding sites on VWF. If ristocetin and
GPIb. The moderate decrease in binding observed with botrocetin induce the same binding site, then the defect in
VWF-R552A could reflect the reduced interaction of vVWF the mutant proteins is either due to the reduced interaction
with botrocetin, the inability of vWF-bound botrocetin to  with ristocetin or to the inability of ristocetin to induce a
“activate” vVWF, or the alteration of the VWF GPIb-binding conformational change that exposes the GPIb-binding site.
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While this study was in progress Matsushita and Sadler segments of VWF that contain appropriately-spaced basic
(1995) published the results of a comprehensive study of residues as defined by consensus heparin-binding sequences
the vWF Al domain using a similarly strategy of mutagen- may not be in the appropriate conformation in the native
esis. Comparison of the relevant constructs can provide protein for interaction with heparin. Comparison of structur-
additional information concerning the roles of specific amino ally-defined heparin-binding sequences revealed common
acids in regulating the interaction of VWF with GPIb. In spatial motifs in which two basic residues are separated by
this study mutant R524A binds to platelets in the presence six or twelve residues depending on whether the protein is
of both ristocetin and botrocetin. The comparable mutant folded into ana-helix or aj-sheet, respectively (Margalit
of Matsushita and Sadler (1995), designated (5224)2A, et al., 1993). Af-sheet motif is present in the proposed
binds to platelets in the presence of botrocetin but not Tyr565-Ala587 heparin-binding domain, and bothoahelix
ristocetin. These results suggest that Asp520 may be anandg-sheet motif are present in the proposed Asn633-Val648
important residue for the ristocetin-induced binding of VWF heparin-binding domain. Interestingly, alignment of the VWF
to platelets. In addition, when the K549A and R552A Al domain sequence with the sequence for the related A
mutations are combined in the single mutant (5892)2A domain of the integrin CR3, for which the crystal structure
(Matsushita & Sadler, 1995), the combined mutant lacks both has been determined (Lee et al., 1995), shows thatlaglix
ristocetin- and botrocetin-induced binding to GPIb. Since and -sheet are likely to be present within the Asn633-
mutants VWF-K549A and VWF-R552A are both capable of Val648 consensus sequence. Conversely, the predicted
binding to platelets, these results suggest that the combineds-sheet in the Tyr565-Ala587 consensus sequence is more
mutations result in a conformational change that prevents likely to containa-helices, which may reduce the ability of
interaction with GPIb. The two mutants VWF-KDRKR- this segment to interact with heparin.

(569-573)5A and VWF-KKKK(642-645)4A were ex- Mutant VWF-R552A also showed reduced binding to
pressed as similar constructs in both studies, and, althougheparin. Although R552A is part of A-sheet motif, the
the phenotypes of the VWF-KDRKR(56%73)5A mutants  |ower heparin-binding activity shown by VWF-R552A may
are similar, the phenotypes of the VWF-KKKK(64845)- be due to the reduced accumulation of high mw multimers,
4A mutants are different. In this study VWF-KKKK(642  which is known to affect the vWF/heparin interaction (de
645)4A shows normal botrocetin-induced binding to platelets Romeuf & Mazurier, 1993). Although the presence of lysine
but no ristocetin-induced binding. In the Matsushita and at position 549 is consistent with several heparin-binding
Sadler study (1995), mutant (64B45)4A also lacks risto-  domains (Margalit et al., 1993), the substitution of alanine
cetin-induced platelet-binding activity, but binding to platelets at this position had no effect on heparin-binding by VWF.
in the presence of half-maximal concentrations of botrocetin Studies with additional mutants may clarify the relevance

is only 20% of wt VWF. This difference could reflect minor  of these motifs and identify other residues that are important
differences in the expression systems or assay conditionsfor the interaction of vVWF with heparin.

Identification of a Heparin-Binding SiteRecent studies Localization of the AW3 Epitope. VWF mAb AvW3 is
suggest that the heparin-binding domain in VWF plays a role g jnhipitory antibody that blocks the binding of VWF to
in regulating the VWF/GPIb interaction, and may overlap ihe GPIb/IX complex (Kawai & Montgomery, 1987). The
with the GPIb-binding site (Andrews et al., 1995). Although jnapjlity of AVW3 to recognize vWF deletion mutants vVWF-
heparin-binding sites in VWF have been identified both in 51 through VWFAO by antigen-capture ELISA suggests that
the amino-terminus of the mature protein (Fretto et al., 1986) a\\\/3 recognizes a complex epitope that is dependent on
and in the Al domain (Fujimura et al., 1987; Mohri et al., he native conformation of the VWF Al domain. These
1989), studies with recombinant VWF suggest that the regyjts are consistent with the inability of AVW3 to recognize
binding site in the A1 domain is the only functional binding  gps_genatured multimeric VWF or reduced VWE (Kawai &
site in full-length vVWF (Sixma et al.,, 1991). Sobel et al. \jontgomery, 1987). Mutant R552A was the only alanine-
(1992) further localized the heparin-binding site in the AL gypsitution mutant to show markedly reduced activity with
domain to residues Tyrs65-Ala587. A second sequence in p\w3. Although Arg552 could be a critical residue in the
this region, Asn633-Val648, contains a significant cluster a\nn3 epitope, it is more likely that the R552A substitution

of basic residues, but a peptide containing these residues doeg,;ses a general conformational change in the A1 domain
not bind to heparin or suppress the inhibition of the VWF/ {4t reduces reactivity with AvWS3.

platelet interaction by heparin (Sobel et al., 1992). Our study
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