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ABSTRACT: The glycoprotein Ib-IX (GPIb-IX) complex expressed
on platelet plasma membrane is involved in thrombosis and hemostasis
via the initiation of adhesion of platelets to von Willebrand factor
(VWF) exposed at the injured vessel wall. While most of the knowledge
of the GPIb-IX complex was obtained from studies on platelets and
transfected mammalian cells expressing the GPIb-IX complex, there is
not an in vitro membrane system that allows systematic analysis of this
receptor. The phospholipid bilayer Nanodisc composed of a patch of
phospholipid surrounded by membrane scaffold protein is an attractive
tool for membrane protein study. We show here that the GPIb-IX
complex purified from human platelets has been reconstituted into the
Nanodisc. The Nanodisc-reconstituted GPIb-IX complex was able to
bind various conformation-sensitive monoclonal antibodies. Further-
more, it bound to VWF in the presence of botrocetin with an apparent Kd of 0.73 ± 0.07 nM. The binding to VWF was inhibited
by anti-GPIbα antibodies with epitopes overlapping with the VWF-binding site, but not by anti-GPIbβ monoclonal antibody
RAM.1. Finally, the Nanodisc-reconstituted GPIb-IX complex exhibited ligand binding activity similar to that of the isolated
extracellular domain of GPIbα. In conclusion, the GPIb-IX complex in Nanodiscs adopts a native-like conformation and
possesses the ability to bind its natural ligands, thus making a Nanodisc a suitable in vitro platform for further investigation of this
hemostatically important receptor complex.

Cell adhesion receptors not only mediate cell−matrix
interactions and cell−cell contacts through ligand binding

of their extracellular domains but also transmit signals into the
cell to initiate a response to the change in its surroundings. The
activity of many adhesion receptors can be regulated by
intracellular signals via an apparent inside-out pathway. While
the molecular mechanisms underlying the outside-in and
inside-out signaling pathways have been the target of numerous
studies, most of which are concentrated on platelet-specific
integrin αIIbβ3,1−3 general principles for the adhesion
receptor-mediated transmembrane signaling remain to be
elucidated.
The glycoprotein Ib-IX (GPIb-IX) complex is expressed in

the plasma membrane of platelets and plays a critical role in the
initiation of thrombosis and hemostasis. This adhesion receptor
complex consists of three type I transmembrane protein
subunits, GPIbα, GPIbβ, and GPIX, with a 1:2:1 stoichiom-

etry.4,5 GPIbα connects with two GPIbβ subunits through
membrane-proximal disulfide bonds to form a complex called
GPIb.5 GPIX is tightly associated with GPIb through
noncovalent forces in both extracellular and transmembrane
domains.4,6−8 In the GPIb-IX complex, the N-terminal leucine-
rich repeat domain of GPIbα contains the binding site for its
physiological ligand, VWF.9−11 Upon ligation with the A1
domain of VWF, the GPIb-IX complex transmits inwardly,
through the cytoplasmic tail of GPIbα, an activating signal that
leads to activation of integrin αIIbβ3 and eventual platelet
aggregation.12,13 A recent study shows that although mouse
platelets expressing a PT-VWD mutation in the N-terminal
ligand-binding domain of GPIbα spontaneously bind to VWF
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as expected, the platelets were surprisingly inactive and failed to
respond to agonist treatment, suggesting that the mutant GPIb-
IX complex transmits an inhibitory signal into the platelet.14 In
addition to mediating outside-in signaling events, the GPIb-IX
complex undergoes inside-out regulation. For instance, a
change in the phosphorylation state of Ser166 in the
cytoplasmic domain of GPIbβ can influence binding of VWF
to the N-terminal domain of GPIbα.15,16 Moreover, a 27 bp
deletion in the macroglycopeptide-coding region of the GPIBA
gene has been identified in certain PT-VWD patients.17 The
deletion, distal to the ligand-binding domain but proximal to
the transmembrane domain of GPIbα, increased the VWF
binding function of GPIbα that is heterologously expressed in
mammalian cells.17 However, our understanding of the
mechanism by which the GPIb-IX complex transmits signals
in both directions remains limited, partly because of the
difficulty in characterizing multisubunit membrane protein
complexes and the lack of a suitable in vitro experimental
system for this complex.
Phospholipid bilayer Nanodiscs are novel model membranes

derived from nascent discoidal high-density lipoprotein
particles.18,19 One disk contains a patch of phospholipid,
which is wrapped by two copies of membrane scaffold protein
(MSP) derived from human apolipoprotein A-I.19 Because of
the presence of the protein coat MSP, Nanodiscs are soluble
and monodisperse and have well-defined diameters, ranging
from 9.4 to 12 nm depending on the size of MSP.19,20

Therefore, the membrane proteins placed into the Nanodisc
have the “native-like” membrane environment. The exposure of
both extracellular and intracellular domains of a membrane
protein to the same aqueous environment is particularly
amenable to spectroscopic investigation. Indeed, Nanodiscs
have been adopted in studies of a variety of membrane proteins,
including bacteriorhodopsin and G protein-coupled recep-
tors,21−23 bacterial chemoreceptors,24 epidermal growth factor
receptor (EGFR),25 and integrin αIIbβ3.26

We have incorporated the platelet GPIb-IX complex into the
phospholipid bilayer Nanodiscs. The GPIb-IX complex adopts
the native-like conformation in Nanodiscs and is capable of
binding to VWF with subnanomolar binding affinity. An in
vitro experimental platform has therefore been established for
future investigation of the mechanism of signal transmission
through the GPIb-IX complex.

■ MATERIALS AND METHODS
Reagents and Antibodies. POPC was obtained from

Avanti Polar Lipids (Alabaster, AL). Monoclonal antibodies
against individual subunits of the GPIb-IX complex, including
WM23, SZ2, AN51, FMC25, AK2, and Gi27, were either
obtained from the hybridoma cell line or purchased from
Beckman Coulter (Fullerton, CA), Dako (Carpinteria, CA),
Millipore (Billerica, MA), AbD Serotec (Raleigh, NC), or
Chemicon (Temecula, CA). Mouse and rat IgG and HRP-
conjugated secondary antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Human VWF and
botrocetin were obtained from American Diagnostica Inc.
(Greenwich, CT) and Centerchem Inc. (Norwalk, CT),
respectively. Bovine pancreas DNase I was from Roche Applied
Science (Indianapolis, IN). The MSP1D1 plasmid was obtained
from Addgene (Cambridge, MA). Monoclonal antibody RAM.1
and the A1A2A3 fragment of VWF were obtained as previously
described.27,28

Purification of the Human Platelet GPIb-IX Complex.
Purification of the platelet GPIb-IX complex followed published
protocols29,30 with some modifications. Four units of fresh
concentrated PRP were obtained from the Gulf Coast Regional
Blood Center (Houston, TX), from which platelets were
pelleted in the presence of 5 mM EDTA at 1300g and room
temperature for 10 min and washed once with CGS buffer [120
mM NaCl, 30 mM D-glucose, and 12.9 mM trisodium citrate
(pH 6.5)] containing 5 mM EDTA. Pelleted platelets were
resuspended in buffer A [20 mM Tris-HCl, 150 mM NaCl, and
10 mM EDTA (pH 7.4)] with 200 mM sucrose, a 1:50 (v/v)
dilution of protease inhibitor cocktail (Sigma, St. Louis, MO),
and 1 mM PMSF (Amresco, Solon, OH) and sonicated with a
Branson (Danbury, CT) Sonifier 250 until the suspension
became clear. The platelet membrane portion was extracted
from the lysate by centrifugation at 180000g and 4 °C for 1 h
and then dissolved in ice-cold buffer A containing 1% Triton X-
100, 5 mM N-ethylmaleimide (Sigma), a 1:50 dilution of
protease inhibitor cocktail, and 1 mM PMSF at 4 °C for 2 h.
The Triton X-100-soluble fraction was isolated by centrifuga-
tion at 180000g and 4 °C for 3 h to remove the cytoskeleton.
The soluble fraction was incubated with 2 mg/mL DNase I

on ice for 1.5 h to depolymerize any remaining actin filaments
and then applied to a wheat germ agglutinin (WGA) column
(Calbiochem, San Diego, CA). The column was washed
thoroughly with buffer B [20 mM Tris-HCl, 150 mM NaCl, 1
mM EDTA, and 0.1% Triton X-100 (pH 7.4)], and the bound
proteins were eluted with buffer B containing 2.5% N-acetyl-D-
glucosamine (Sigma). The eluent was further purified via anion
exchange chromatography (Resource Q column, GE Health-
care, Piscataway, NJ) using a linear gradient from 0.15 to 1 M
NaCl in 20 mM Tris-HCl, 1 mM EDTA, and 0.1% Triton X-
100 (pH 7.4). The eluted GPIb-IX complex was concentrated
and changed to buffer B using Amicon Ultra 15 mL filters with
a 10 kDa molecular mass cutoff (Millipore) before being stored
at −80 °C. The concentration of the GPIb-IX complex was
determined using a BCA protein assay kit (Pierce Biotechnol-
ogy, Rockford, IL).
Purification of Platelet Glycocalicin. Glycocalicin, also

known as the soluble extracellular domain of GPIbα, was
isolated from human platelets by a variation of an earlier
method.31 Briefly, platelets were pelleted from 3 units of fresh
PRP at 1300g for 10 min at room temperature. The pelleted
platelets were washed once with CGS buffer, resuspended in 40
mL of TBS buffer [20 mM Tris-HCl and 100 mM NaCl (pH
7.4)] containing 2 mM CaCl2, and sonicated to lyse the cells.
The mixture was then incubated at 37 °C for 1 h to allow the
proteolytic cleavage of GPIbα to generate glycocalicin. PMSF
(1 mM) and EDTA (5 mM) were added to quench further
proteolysis after the incubation. After ultracentrifugation at
80000g and 4 °C for 1 h to remove cell components, the
glycocalicin-containing supernatant was applied to a WGA
column. After being washed with TBS buffer, the bound
proteins were eluted with elution buffer [20 mM Tris-HCl and
2.5% N-actyl-D-glucosamine (pH 7.4)]. The eluent was further
loaded onto a Resource Q column with a linear gradient from 0
to 1 M NaCl in 20 mM Tris-HCl (pH 7.4) over 40 mL.
Glycocalicin was further purified through a Superose 6 10/300
GL gel filtration column (GE Healthcare).
Reconstitution of the GPIb-IX Complex in Nanodiscs.

MSP1D1 was expressed in Escherichia coli BL21(DE3) cells and
purified by Ni affinity chromatography following the published
protocol.18 POPC dissolved in chloroform was dried in a glass
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vial by a gentle argon stream to a thin film and placed under
vacuum overnight to remove residual solvent. The dried lipid
was hydrated with hydration buffer [20 mM Tris-HCl, 100 mM
NaCl, 100 mM sodium cholate, and 0.01% NaN3 (pH 7.4)] to
a final concentration of 50 mM.
Empty Nanodiscs and GPIb-IX complex-containing Nano-

discs (GPIb-IX/ND) were assembled according to the
published protocols.25,32 Briefly, 300 μL of assembly reaction
mixture containing 1 mM POPC, 25 μMMSP1D1, and 16 mM
sodium cholate without or with 1 μM GPIb-IX complex was
incubated at room temperature for 45 min and then placed on
ice for 1 h. The assembly of Nanodiscs was initiated with the
addition of 0.15 g (empty Nanodiscs) or 0.24 g (GPIb-IX/ND)
of damp Biobeads SM-2 (Bio-Rad, Richmond, CA), and the
reaction complex was gently rocked at 4 °C for 16 h. After
assembly, the Biobeads were removed by centrifugation at
10000g for 1 min and the supernatant was applied to a
Superose 6 10/300 GL column (GE Healthcare) calibrated by
molecular mass standards (Bio-Rad) to analyze the mixture and
to purify assembled Nanodiscs.
ELISA. Nanodiscs (∼4 μg/mL) or 1% BSA (R&D Systems,

Minneapolis, MN) was immobilized onto a microtiter plate at 4
°C overnight, and the wells were blocked with 1% BSA in PBS.
To probe the conformation of the GPIb-IX complex,
conformation-sensitive monoclonal antibodies against various
components of the GPIb-IX complex were added to Nanodisc-
or BSA-coated wells followed by either HRP-conjugated goat
anti-mouse IgG or goat anti-rat IgG. To assess binding of VWF,
we added various concentrations of VWF with 0.2 unit/mL
botrocetin, followed by rabbit anti-VWF antibody (2 μg/mL)
and HRP-conjugated goat anti-rabbit IgG (1:5000). The
incubation was conducted at room temperature for 1 h unless
specifically stated, and wells were washed four times with PBS
between every two steps. After incubation of antibodies and
standard washing, substrate tetramethylbenzidine (R&D
Systems) was added to each well, and the plates were incubated
for 20 min. The reaction was stopped by addition of 25 μL of 1
M H2SO4 to each well, and the plate was read at 450 nm (with
wavelength correction at 570 nm) in a Dynex MRX ELISA
plate reader (Dynex Technologies, Chantilly, VA).
To compare the ligand binding function of the GPIb-IX

complex versus that of glycocalicin, 4 μg/mL WM23 in PBS
was first immobilized in the microtiter wells at 4 °C overnight.
After the wells had been blocked with 1% BSA in PBS, GPIb-
IX/ND, glycocalicin, empty Nanodiscs, and 4 μg/mL BSA were
added to the wells. After capture, full-length VWF or A1A2A3
domains with 0.2 unit/mL botrocetin were incubated, and the
binding was detected with rabbit anti-VWF antibody and HRP-
conjugated goat anti-rabbit antibody. To compare the efficiency
of capture, the WM23 F(ab′)2 fragment was generated using the
mouse IgG F(ab′)2 fragment preparation kit (Pierce Bio-
technology) and used to coat the wells. The anti-GPIbα
monoclonal antibody and HRP-conjugated goat anti-mouse
IgG Fc (Pierce Biotechnology) were used to detect captured
GPIb-IX/ND and glycocalicin.
After the background signal had been subtracted, the binding

curve was fitted to the equation

where Y is the specific binding, x the ligand concentration, Bmax
the binding maximum, and Kd the equilibrium dissociation
constant.

Electron Microscopy of Nanodiscs. Purified GPIb-IX/
ND [∼10 μg/mL in 20 mM Tris-HCl (pH 7.4)] was applied to
a copper EM grid containing a carbon film support. The
specimen was stained with 0.7% uranyl acetate. Images were
taken on a model JEM-1200 EX transmission electron
microscope (JEOL, Peabody, MA) at a magnification of
40000× and recorded on a TVIPS F215 2K × 2K CCD
camera (TVIPS, Gauting, Germany).

■ RESULTS
Assembly of the Platelet GPIb-IX Complex into

Phospholipid Nanodiscs. The GPIb-IX complex was
purified from human platelet concentrates. Figure 1A shows

the sodium dodecyl sulfate−polyacrylamide gel electrophoresis
profile of the purified GPIb-IX complex. Under nonreducing
conditions, GPIb and GPIX bands were present in the SDS gel,
constituting more than 95% of the detectable protein. Under
reducing conditions, GPIb dissociates into GPIbα and GPIbβ
subunits.4,5 To determine the size of the complex before it
assembles into Nanodiscs, the purified GPIb-IX complex in the
Triton X-100-containing buffer was analyzed by gel filtration
chromatography (Figure 1B). Partly because of the elongated
shape of GPIbα,33 the complex was eluted with a Stokes
diameter of approximately 24 nm.
Empty Nanodiscs were first assembled using POPC and

MSP1D1. The POPC:MSP1D1 molar ratio was optimized to
minimize protein aggregation and maximize Nanodisc
assembly. As shown in Figure 2A, empty Nanodiscs were
eluted with a Stokes diameter of approximately 9.5 nm from the
gel filtration column, consistent with a Stokes diameter of 9.5
nm for Nanodiscs comprising MSP1D1 and DMPC20 and 9.6

Figure 1. Characterization of the purified GPIb-IX complex in Triton
X-100. (A) The GPIb-IX complex was purified from human platelets
and solubilized in 0.1% Triton X-100-containing buffer. The complex
was resolved in a 10% SDS gel under both nonreducing (N.R.) and
reducing (R.) conditions and detected by Coomassie blue staining. (B)
The purified GPIb-IX complex was applied to a Superose 6 gel
filtration column equilibrated with 0.1% Triton X-100-containing
buffer. Protein elution was monitored by the absorbance at 280 nm
(A280). The calibrated Stokes diameter scale and void volume for this
column are shown at the top.
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nm for those comprising MSP1D1 and egg PC.25 Visualization
of MSP1D1 in a SDS gel shown in Figure 2B and the TEM
image of empty Nanodiscs in Figure 2C confirmed the success
of the assembly.
To assemble the GPIb-IX complex into Nanodiscs, the

GPIb-IX complex solubilized in 0.1% Triton X-100 was mixed
with excess MSP1D1 and POPC so that at most one copy of
the complex was reconstituted into a Nanodisc. After removal
of the detergent by Biobeads, the mixture was analyzed by gel
filtration chromatography. In addition to the peak of empty
Nanodiscs, another well-separated peak with an apparent
Stokes diameter of approximately 27 nm was observed (Figure
2D). This peak contained GPIb-IX complex-embedded Nano-
discs (GPIb-IX/ND), because GPIb and MSP1D1 were co-
eluted from the column (Figure 2E). The presence of both
GPIbα and GPIX in the disks was further confirmed by an
ELISA (Figure 3). The Stokes diameter of GPIb-IX/ND is
slightly larger than that of the GPIb-IX complex in Triton X-
100-containing buffer, consistent with the expectation that a
Nanodisc is larger than a detergent micelle. The TEM image
shows the disk shape density, further confirming the success of
assembly (Figure 2F). As a negative control, the GPIb-IX
complex was mixed with POPC but without MSP, and it was
eluted at the void volume (Figure 2D), indicating that the
complex was reconstituted into POPC lipid vesicles or formed
large aggregates during the process.

To determine the stoichiometry of GPIb-IX complex-
containing Nanodiscs, intensities of GPIb and MSP1D1 protein
bands in Figure 2E were compared and the molar ratio of GPIb
to MSP1D1 was calculated to approximately 0.4:1 on the basis
of calibration of the difference between the Coomassie blue
staining efficiency of GPIb and MSP1D1 in SDS gels (Figure
S1 of the Supporting Information). Because there are two
copies of MSP1D1 per disk, our results suggested that only one

Figure 2. Assembly of the purified platelet GPIb-IX complex into phospholipid bilayer Nanodiscs. (A) Empty Nanodiscs were assembled with the
optimized ratio of POPC to MSP1D1 and separated by the Superose 6 gel filtration column. (B) The fractions from the peak (asterisk) in panel A
were resolved in a 10% SDS gel under nonreducing conditions and stained with Coomassie blue. (D) The GPIb-IX complex was incorporated into
excess Nanodiscs and purified with a Superose 6 column (solid line); the GPIb-IX complex was mixed only with POPC and analyzed with a
Superose 6 column (dashed line). (E) The fractions from the peak (two asterisks) in panel D were resolved in a 10% SDS gel under nonreducing
conditions and stained with Coomassie blue. Elution of Nanodiscs was monitored by the absorbance at 280 nm (A280). The calibrated Stokes
diameter scale and void volume for this column are shown atop panels A and D. Negative-stain TEM of empty Nanodiscs (C) and Nanodiscs with
the GPIb-IX complex (F) with a magnification of 40000×. The scale bars are shown below the images.

Figure 3. Probing the GPIb-IX complex reconstituted in Nanodiscs by
conformation-sensitive monoclonal antibodies. Mouse IgG (1 μg/mL)
or antibodies against GPIbα (SZ2, AK2, and AN51) or GPIX
(FMC25) were incubated with immobilized GPIb-IX/ND (black),
empty Nanodiscs (gray), or BSA (white). The bound antibodies were
detected by an ELISA, using HRP-conjugated goat anti-mouse
antibody. The absorbance at 450 nm was measured in three
independent experiments and is presented as the mean ± the standard
deviation.
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copy of the GPIb-IX complex was incorporated into a
Nanodisc.
VWF Binding Function of the GPIb-IX Complex

Reconstituted in Nanodiscs. To evaluate the quality of
the GPIb-IX complex reconstituted in Nanodiscs, we first
probed the conformation of GPIbα and GPIX using
conformation-sensitive monoclonal antibodies. SZ2, AN51,
and AK2 recognize distinct three-dimensional epitopes in or
around the N-terminal ligand-binding domain of GPIbα,34,35

whereas FMC25 recognizes only the well-folded GPIX
ectodomain.30 GPIb-IX/ND, empty Nanodiscs, or BSA was
directly coated on the walls of microtiter wells and antibody
binding detected with an ELISA with HRP-conjugated
secondary antibody. As shown in Figure 3, all the monoclonal
antibodies tested bound to wells coated with GPIb-IX/ND but
not to those with empty Nanodisc or BSA, indicating that the
GPIb-IX complex reconstituted in Nanodiscs adopts the native-
like conformation. Moreover, the conformation of GPIb-IX/
ND is stable as it retains binding to conformation-sensitive
antibodies after being stored at 4 °C for 2 weeks (data not
shown).
Next we determined the affinity of VWF for GPIb-IX/ND in

the presence of botrocetin, which mediates the interaction
between GPIbα and VWF under static conditions.36 Because it
is more difficult to accurately measure the concentration of
GPIb-IX/ND than that of VWF, GPIb-IX/ND was immobi-
lized in the ELISA and the amount of bound VWF in the
microtiter well was measured using anti-VWF antibody. Figure
4A shows that VWF bound to GPIb-IX/ND in a concentration-
dependent and saturable manner, with an apparent dissociation
constant of 0.73 ± 0.07 nM if the molar concentration of VWF
was calculated with a molecular mass of 250 kDa. The
measured dissociation constant is the same as that observed for
fixed human platelets (data not shown) and comparable with
those from previous reports.37,38 The effects of antibodies
against each subunit of the GPIb-IX complex on VWF binding
were also tested. AK2, targeting the ligand-binding domain of
GPIbα,34 abolished botrocetin-induced VWF binding, indicat-
ing that the binding is specific to GPIbα. As expected, FMC25,
targeting the GPIX extracellular domain, or Gi27, targeting the
GPIbβ cytoplasmic domain, had no effect (Figure 4B). Overall,
these results showed that the GPIb-IX complex retains its
normal ligand binding function when reconstituted in Nano-
discs.
Effect of RAM.1 on Binding of VWF to the GPIb-IX

Complex in Nanodiscs. Although the binding site for VWF
is located on the N-terminus of GPIbα, GPIbβ has been shown
to regulate the ligand binding function of GPIbα, either
through their cytoplasmic tails15,16 or through the membrane-
proximal disulfide bonds.39 RAM.1, a rat monoclonal antibody
that recognizes the extracellular part (Cys68−Cys93) of GPIbβ,
hampers botrocetin-induced binding of platelets or GPIb-IX
complex-transfected cells to VWF as well as their adhesion to
VWF under flow conditions.27,40 We tested whether RAM.1
can hamper the association of GPIb-IX/ND with VWF in vitro.
As shown in Figure 5A, RAM.1 bound to GPIb-IX/ND, but not
to empty Nanodiscs or BSA that were immobilized in
microtiter wells. However, after 10 μg/mL rat IgG or RAM.1
was preincubated with immobilized GPIb-IX/ND, no signifi-
cant difference in botrocetin-mediated VWF binding was
observed (Figure 5B). Similar results were observed when a
higher concentration of RAM.1 was used in preincubation,
when GPIb-IX/ND was captured by WM23 instead of being

coated directly onto microtiter wells, or when recombinant
A1A2A3 tridomains of VWF were used for binding. Thus, these
results suggest that the effect of RAM.1 on VWF binding
observed in platelets or GPIb-IX complex-transfected cells may
not be due to direct interference with the VWF−GPIbα
interaction and thus is unlikely to be restricted to the
extracellular domain of GPIbβ.
Comparison of Ligand Binding between GPIb-IX/ND

and Glycocalicin. To further investigate the role of GPIbβ in
the ligand binding function of GPIbα, binding of full-length
VWF or A1A2A3 tridomains to GPIb-IX/ND in the presence
of botrocetin was compared to binding to glycocalicin by an
ELISA. Because glycocalicin could not be recognized by AN51
when it was directly coated to microtiter wells, WM23, a mouse
monoclonal antibody targeting the macroglycopeptide portion
of GPIbα, was used to capture GPIb-IX/ND and glycocalicin in
microtiter wells. Although results of an ELISA showed that
apparent dissociation constants obtained for interaction with
full-length VWF or A1A2A3 tridomains were indistinguishable
between GPIb-IX/ND and glycocalicin, the amount of bound
VWF or A1A2A3 was different for GPIb-IX/ND and
glycocalicin (Figure 6A,B). To explain this difference, SZ2, a
monoclonal antibody targeting the N-terminal domain of
GPIbα, was used to detect the amount of GPIb-IX/ND and

Figure 4. Botrocetin-induced binding of VWF to the GPIb-IX
complex reconstituted in Nanodiscs. (A) Botrocetin-induced binding
of VWF to the GPIb-IX complex in Nanodiscs measured with an
ELISA. Increasing concentrations of VWF were incubated with
immobilized GPIb-IX/ND (●), empty Nanodiscs (■), or BSA
(▲) in the presence of 0.2 unit/mL botrocetin. The binding of VWF
was assessed with rabbit anti-VWF antibody and HRP-conjugated goat
anti-rabbit antibody. (B) Effect of monoclonal antibodies against
individual subunits of the GPIb-IX complex on VWF binding.
Antibodies (10 μg/mL) were preincubated with immobilized GPIb-
IX/ND before 0.8 nM VWF with 0.2 unit/mL botrocetin was added.
The bound VWF was detected by HRP-conjugated anti-VWF
antibody. The absorbance at 450 nm was measured in three
independent experiments and is presented as the mean ± the standard
deviation. For some data points, the error bars are smaller than the
symbols. One hundred percent in panel B is defined as the binding of
VWF to GPIb-IX/ND in the absence of inhibitory antibodies after
subtraction of the binding to empty Nanodiscs. Groups were
compared using the Student’s t test. **P < 0.01 vs control.
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glycocalicin immobilized by the WM23 F(ab′)2 fragment in
microtiter wells. As shown in Figure 6C, significantly more
GPIb-IX/ND than glycocalicin was present in the well,
although the same amount of the WM23 F(ab′)2 fragment
was used for immobilization. Moreover, the difference in
WM23’s capturing abilities between GPIb-IX/ND and
glycocalicin matches the difference in bound A1A2A3
tridomains in ELISAs, indicating that the apparent weaker
binding of A1A2A3 to glycocalicin is due to the lower capture
efficiency of glycocalicin by WM23 (Figure 6B). Because full-
length VWF is multimeric, the amount of bound VWF may not
be simply correlated with that of the captured receptor. Thus,
there appeared to be little difference in the ligand binding
function between the GPIb-IX complex reconstituted in
Nanodiscs and glycocalicin in the presence of botrocetin.

■ DISCUSSION

Compared to detergent micelles, Nanodiscs provide membrane
proteins with a real phospholipid bilayer environment that
mimics the cell membrane. Phosphatidylcholine, the most
abundant phospholipid in cell membranes, was used in this
study to construct the Nanodisc. Compared to phospholipid
vesicles, Nanodiscs also offer several advantages.19 One of the
advantages is the simultaneous access to both extracellular and

cytoplasmic domains of the membrane receptor embedded in
Nanodiscs. This is particularly useful for mechanistic studies of
receptor-mediated signal transduction across the mem-
brane.24,26 Thus, reconstitution of the functional GPIb-IX
complex into phospholipid Nanodiscs will provide a useful
platform for mechanistic investigations of GPIb-IX complex-
mediated transmembrane signaling events.
In this study, we have reconstituted the purified GPIb-IX

complex into phospholipid Nanodiscs and shown that the
GPIb-IX complex is functional in this novel model membrane.
Incorporation of the GPIb-IX complex into Nanodiscs was
confirmed by three lines of evidence. First, MSP1D1 co-eluted

Figure 5. Effect of RAM.1 on the VWF binding activity of the GPIb-IX
complex reconstituted in Nanodiscs. (A) Binding of RAM.1 to the
GPIb-IX complex in Nanodiscs. Rat IgG or RAM.1 (each at 2 μg/mL)
was incubated with immobilized GPIb-IX/ND (black) or empty
Nanodiscs (gray), or BSA (white), and the binding was detected by
HRP-conjugated goat anti-rat antibody. (B) Effect of RAM.1 on
botrocetin-induced binding of VWF to the GPIb-IX complex in
Nanodiscs. Antibodies at 10 μg/mL, rat IgG (○) and RAM.1 (●),
mouse IgG (△), and AK2 (▲), were preincubated with GPIb-IX/
ND-coated wells, and then increasing concentrations of VWF with 0.2
unit/mL botrocetin was added. The binding was detected by HRP-
conjugated anti-VWF antibody. The addition of VWF with botrocetin
to empty Nanodisc-coated (■) or BSA-coated (□) wells served as a
negative control. The absorbance at 450 nm was measured in three
independent experiments and is presented as the mean ± the standard
deviation. For some data points, the error bars are smaller than the
symbols.

Figure 6. Comparison of ligand binding activities between GPIb-IX/
ND and glycocalicin. WM23 IgG (4 μg/mL) was immobilized onto
microtiter wells to capture GPIb-IX/ND (●) and glycocalicin (■).
Empty Nanodiscs (▲) were also added to the WM23-coated wells as
a control. (A) Full-length VWF (0−6.4 nM) or (B) A1A2A3
tridomains (0−6.4 nM) were incubated with GPIb-IX/ND, glyco-
calicin, or control wells in the presence of 0.2 unit/mL botrocetin. The
binding was detected by anti-VWF antibody and HRP-conjugated
secondary antibody. (C) Difference in capturing efficiency. The
WM23 IgG F(ab′)2 fragment (4 μg/mL) was coated to microtiter
wells to capture GPIb-IX/ND or glycocalicin. Empty Nanodiscs were
also added to the wells coated with the WM23 F(ab′)2 fragment as a
control. SZ2 (1 μg/mL) was incubated and detected by HRP-
conjugated goat anti-mouse antibody. “Nonspecific binding” is the
binding of SZ2 to the control wells. The absorbance at 450 nm was
measured in three independent experiments and is presented as the
mean ± the standard deviation. For some of the points, the error bars
are smaller than the symbols. One hundred percent in panel C is
defined as the binding of SZ2 to GPIb-IX/ND captured by the WM23
F(ab′)2 fragment.
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with GPIb from the gel filtration column after assembly. Co-
elution of 25 kDa MSP1D1 with 220 kDa GPIb-IX complex
indicates that they are bound together and eluted as a complex.
Second, GPIb-IX/ND eluted at a slightly larger Stokes diameter
than the GPIb-IX complex dissolved in the Triton X-100-
containing buffer. The average molecular mass of a Triton X-
100 micelle is 80 kDa.41 Assuming that there are 160 molecules
of POPC in each Nanodisc, the molecular mass of one empty
disk is 170 kDa.20 The higher molecular mass of a disk
compared to a detergent micelle would explain the slightly
larger Stokes diameter of GPIb-IX/ND. A similar difference
was also observed for EGFR reconstituted in Nanodiscs versus
that dissolved in the Triton X-100-containing buffer.26 Finally,
the negative-stain TEM image of GPIb-IX/ND showed the disk
shape density, consistent with previous reports.42

Reconstituted in the Nanodisc, the GPIb-IX complex adopts
the native conformation as it is able to bind all the
conformation-sensitive antibodies tested in this study. The
GPIb-IX complex in Nanodiscs is stable for at least 2 weeks
(data not shown). Moreover, it shows native-like ligand binding
properties, having exhibited the same binding affinity for VWF
in the presence of botrocetin as in previous reports.37,38 The
binding affinity measured in this study is also comparable to
those previously reported for the binding of the N-terminal
fragment of GPIbα to VWF in the presence of botrocetin.11,43

GPIbβ plays a central role in assembly of the GPIb-IX
complex. It interacts with GPIbα through a disulfide bond near
the membrane as well as interactions between their trans-
membrane domain.5,44,45 There is also cross-talk between the
cytoplasmic tails of these two subunits through the association
with 14-3-3ζ.15 In a related manner, binding of RAM.1
antibody to the GPIbβ extracellular domain leads to the
alteration of the cytoplasmic tails of GPIb and at the same time
hampers the ligand binding ability of the extracellular domain
of GPIbα.40 The molecular mechanism underlying GPIbβ
modulation of the VWF binding function of GPIbα is not clear.
One possible mechanism may be that the GPIbβ extracellular
domain, with or without RAM.1, directly participates in an
interaction with VWF and thus directly modulates the GPIbα−
VWF interaction. To test this possibility, we compared binding
of VWF to glycocalicin versus GPIb-IX/ND. Consistent with a
previous study,38 although glycocalicin and GPIb-IX/ND for
some reason exhibit different immobilization efficiencies with
WM23, little difference in binding affinity was observed (Figure
6). Furthermore, while RAM.1 exhibited specific binding to
GPIb-IX/ND, it did not have any detectable effect on the
association of VWF with GPIb-IX/ND in the presence of
botrocetin (Figure 5). These results indicate that the GPIbβ
extracellular domain may not directly participate in the
interaction with VWF or modulate the GPIbα−VWF
interaction, and that the observed effects of RAM.1 on VWF
binding by platelets and GPIb-IX complex-expressing cells may
require other factors inside the cell. One possible scenario is
that RAM.1 binding to the GPIbβ extracellular domain may
transmit a signal into the platelet, through perhaps association
of 14-3-3ζ with cytoplasmic domains of the GPIb-IX
complex,15,16,46−48 and influence the surface distribution and/
or the overall binding activity of the GPIb-IX complex. Further
investigation will be needed to elucidate the apparent trans-
subunit effects of RAM.1 on GPIb-IX complex function and
signaling.
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