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The localization of the platelet glycoprotein GP Ib-IX
complex (GP Ib�, GP Ib�, and GP IX) to membrane lipid
domain, also known as glycosphingolipid-enriched mem-
branes (GEMs or raft) lipid domain, is essential for the GP
Ib-IX complex mediated platelet adhesion to vonWillebrand
factor (vWf) and subsequent platelet activation. To date, the
mechanism for the complex association with the GEMs
remains unclear. Although the palmitate modifications of GP
Ib� and GP IX were thought to be critical for the complex
presence in the GEMs, we found that the removal of the puta-
tive palmitoylation sites of GP Ib� and GP IX had no effects
on the localization of the GP Ib-IX complex to the GEMs.
Instead, the disruption of GP Ib� disulfide linkage with GP
Ib� markedly decreased the amount of the GEM-associated
GP Ib� without altering the GEM association of GP Ib� and
GP IX. Furthermore, partial dissociation with the GEMs
greatly inhibited GP Ib� interaction with vWf at high shear
instead of in static condition or under low shear stress. Thus,
for the first time, we demonstrated that GP Ib�/GP IX medi-
ates the disulfide-linked GP Ib� localization to the GEMs,
which is critical for vWf interaction at high shear.

The glycoprotein (GP)2 Ib-IX complex (GP Ib�, GP Ib�,
and GP IX) expressed on the surface of platelets plays critical
roles in hemostasis and thrombosis through its interaction
with von Willebrand factor (vWf) (1–3). In the complex, GP
IX associates noncovalently with GP Ib�, and two GP Ib�
(Cys122) molecules disulfide-link with one GP Ib� (Cys484
and Cys485) through two disulfide bonds (Fig. 1). In humans
and mice, lack of or dysfunction of the GP Ib-IX complex
causes Bernard-Soulier syndrome (2) and abrogates throm-
bus formation in mouse models of thrombosis (4, 5). To date,
it is not entirely understood how the GP Ib-IX/vWf interac-

tion is regulated, but this process in GP Ib-IX complex has
been reported to involve posttranslational modification (6),
intracelluar phosphorylation at cytoplasmic regions (7), and
ectodomain shedding by membrane-associated disintegrin
and metalloproteinase (ADAM)metallopeptidase (8). In addi-
tion to these molecular modifications of the complex itself, it
has been realized that spatial localization of the complex in the
platelet membrane mediated by the platelet glycosphingolipid-
enriched membranes (GEMs) plays critical roles in the GP Ib-
IX/vWf interaction. We and others have reported that (i) dis-
sociation of GP Ib� from the GEMs inhibited platelet adhesion
and activation (9), and (ii) association with the GP Ib-IX com-
plex of signalingmolecules and their activation, such as Src and
phospholipase C�2, occurs exclusively in the platelet GEMs
(10).
In the presence of sterol, the GEMs on the cell membranes

can be formed by a highly ordered packing of the saturated acyl
chains of the enriched glycosphingolipids, which confers to the
GEMs, and their protein constituents, a resistance to detergent
solubilization. As a result, the GEMs can be extracted by non-
ionic detergents (such as Triton X-100 and Brij series), isolated
by high speed centrifugation over sucrose density gradient
(floating in the low density upper fraction), and visualized by
microscopy (size ranging from tens of nm to 100 nm). Because
of the structural compatibility of the acyl chains of saturated
long chain fatty acids (e.g. palmitate and myristate) (11) with
that of glycosphingolipids, it has been speculated that acylmod-
ification can cause proteins localization to theGEMs.However,
a number of studies have suggested that lipid modifications are
not prerequisites for receptor interaction with the GEMs
because both palmitolyation-dependent (12) and -independent
(11, 13) GEM associations have been reported. To date, there is
no widely accepted mechanism for the GEM localization;
rather, it is mediated by the specific targeting signals residing in
the individual protein itself (14). In the case of the human GP
Ib-IX complex, because GP Ib� and GP IX are palmitoylated
possibly through the intracellular membrane-proximal free
cysteines (Cys148 in GP Ib� and Cys154 in GP IX) (15), it has
been speculated that palmitoylation of GP Ib� and GP IX may
play various roles in mediating the GP Ib-IX complex localiza-
tion to the platelet GEMs (16); however, the experimental evi-
dence has been lacking to support this notion. In this study, we
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intend to investigate how theGP Ib-IX complex associates with
the GEMs.
EXPERIMENTAL PROCEDURES
Antibodies and Chemicals—Polyclonal antibodies against

human GP Ib�, GP IX, flotillin-1, and caveolin were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). The GP Ib�-
specific monoclonal antibody WM23 binding within the mac-
roglycopeptide (Fig. 1) was kindly provided by Dr. Michael
Berndt at Monash University, Australia (17). The choles-

terol-depriving chemicals, saponin and methyl-�-cyclodex-
trin (M�CD) were purchased from Sigma.
Generation of Chinese Hamster Ovary (CHO) Cell Lines

Expressing Wild-type and Mutant GP Ib-IX Complex—Site-di-
rectedmutagenesiswas performedby using a commercial PCR-
based mutagenesis kit (QuikChange; Stratagene, La Jolla, CA).
CHO cells expressing wild-type and mutant GP Ib-IX complex
were generated and maintained as described previously (17–
19). GP Ib�-positive cells were either sorted by WM23-conju-

FIGURE 1. Schematic view of the platelet GP Ib-IX complex. The depicted polypeptide arrangement of GP Ib�, GP Ib�, and GP IX is based on the recently
published stoichiometry of 1:2:1 (3). Circles with S inside represent the extracellular disulfide linkage between GP Ib� and GP Ib�. The intracellular membrane-
proximal cysteines of GP Ib� (Cys148) and GP IX (Cys154) were reported to be the potential sites for palmitate modification as shown (15). The dashed rectangle
depicts either the GP Ib� ligand binding domain or the WM23 binding region (macroglycopeptide).
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gated magnetic beads or by Beckman-Coulter Altra Highpres-
sure, a high speed cell sorter at the Flow Cytometry Core
Facility of Baylor College of Medicine.
[3H]Palmitate Labeling—CHO cells expressing wild-type or

mutant GP Ib� (2 � 106) were labeled with 250 �Ci of
[3H]palmitate (Amersham Biosciences) for 4 h in serum-free
DMEM plus 2% dialyzed fetal bovine serum (FBS; Invitrogen).
Labeled cells were harvested and washed, lysed with cold 1%
Triton X-100, and immunoprecipitated with WM23. After
extensive washing with lysis buffer, the samples were heated
at 70 °C for 10 min and visualized using SDS-PAGE and
fluorography.
Sucrose Density Floatation Assay—Resting platelets (9) or

CHO cells (20) expressing the GP Ib-IX complex were lysed
with 1.6 ml of ice-cold Triton X-100 or Brij 35 MES-buffered
saline (25mMMES, pH6.5, 150mMNaCl, 2� proteinase inhib-
itor (Roche Diagnostics)) on ice for 1 h. The sample was then
mixed with 1.6 ml of 80% sucrose in MES, transferred to the
bottom of a 14� 95-mm centrifuge tube (Seton Scientific), and
gently overlaid with 4.8ml of 30% and then 1.6ml of 5% sucrose
in MES. The gradient was then centrifuged at 34,000 rpm
(�146,000 � g) in a SW40 Ti rotor (Beckman) for 18 h at 4 °C
followed by fractionation (from the top of the gradient) into 12
800-�l samples. An equal volume (15 �l) of each fraction was
resolved in reducing SDS-PAGE and transferred to a PVDF
membrane. GP Ibs were detected by Western blotting. The
GEM fraction floats within sucrose gradient fractions 1–4, as
identified by blotting flotillin-1 or caveolin (for CHOcells). The
depletion of cholesterol by saponin was performed by pretreat-
ing the cell lysates in a ratio of 0.5% (g/v). Blots represent three
independent experiments.
Ristocetin-induced vWf Binding—CHO cells (2 � 105)

expressing wild-type (CHO�WT�IX) or mutant (CHO�SS�IX)
were plated on a 24-well plate coated with 0.01% poly-L-lysine.
After 36 h, the cells were washed with PBS and 0.5% BSA and
incubated for 20 min at room temperature with either WM23
(1 �g/ml) or increasing concentrations of human vWf (0–8
�g/ml; American Diagnostica) in the presence of 1.5 mg/ml
ristocetin (Sigma). Nonspecific binding was determined in the
absence of modulator or in the presence of a blocking GP Ib�
antibody, AK2 (Research Diagnostics) (21). Unbound vWf was
removed by washing with 0.1 M sodium acetate and 0.5 � PBS.
Cell-bound vWf was then revealed by HRP-labeled rabbit anti-
human vWf (Dako, Germany). To normalize for the differences
in GP Ib� expression between the cell lines, the data are
expressed as a ratio of vWf binding toWM23binding (themean
value � S.E. represent three different experiments).
Flow Chamber Assay—CHO cells expressing wild-type or

mutantGP Ib�were incubated on immobilized vWf (20�g/ml)
for 1 min in a parallel-plate flow chamber and then perfused
with TBS and 0.5% BSA at flow rates that generated wall shear
stresses of 2.5, 10, or 20 dynes/cm2 (17). To deplete cholesterol
from the plasma membrane, cells were pretreated for 1 h at
37 °C in TBS containing 10 mMM�CD and 0.5% fatty acid-free
BSA (Sigma) (22), washed, and then perfused in the presence of
TBS and 0.5% fatty acid-free BSA. The experiments were
recorded in real time for 1 min, by a high speed digital camera
(model Quantix; Photometrics, Tucson, AZ) connected to an

inverted stagemicroscope (Eclipse TE300; Nikon, Garden City,
NY).

RESULTS

Localization of theGP Ib-IXComplex in the Platelet andCHO
GEMs—We have reported that a small portion of GP Ib�
resides in the platelet GEMs (9). Because the preexisting het-
erogeneity of the GEMs has been recently recognized (23), we
sought to determine whether the GP Ib-IX complex indeed
localizes to the GEMs and in what quantity in two cell systems,
platelets and the GP Ib-IX-expressing CHO cells. We isolated
and washed human platelets as described previously (9). The
platelets or CHO cells were lysed with different detergents, fol-
lowed by the sucrose density gradient centrifugation. In agree-
mentwith our previous observation (9),�20% ofGP Ib� as well
asGP Ib� andGP IX in theTritonX-100-treated platelets local-
ized to the low densityGEM fractions (fractions 1–4); however,
much more (�50%) of the GP Ib-IX complex was detergent-
resistant if Brij 35 was used (Fig. 2A). When the GP Ib-IX com-
plex-expressing CHO cells (CHO��IX) were analyzed by the
same flotation assay, we observed that Triton X-100 treatment
solubilized almost all of the GP Ib-IX complex into the high
density non-GEM fractions, whereas Brij 35 treatment main-
tained the majority (�90%) of the GP Ib-IX complex in low
density fractions (Fig. 2B). As controls for Brij 35 treatment in
both platelets and CHO cells, the non-GEMmarker CD71 was
found in the high density fractions, and two GEM markers,
flotillin and caveolin (only CHO cells), were found in low den-
sity fractions, demonstrating that there is indeed specificity.
In addition, our data revealed an apparent difference in the

distribution pattern of the GP Ib-IX complex between human
platelets (Fig. 2A) and CHO cells (Fig. 2B) upon Brij 35 extrac-
tion, and we think that there could be two reasons for it. First, a
platelet hasmore GP Ib-IXmolecules than a GP Ib-IX-express-
ingCHOcell. It has been established that a platelet has�25,000
copies of GP Ib-IX (24), whereas a GP Ib-IX-expressing CHO
cell has only at most 5–10% of as many copies as a platelet (25).
Therefore, with a limited availability and capacity of the GEMs
on cell membrane, the percentage of GP Ib-IX present in CHO
cell GEMswill likely increase. Because of that, we initially chose
0.5% instead of 1% Brij 35 to extract the CHO GP Ib-IX com-
plex, although later we found that the GP Ib distribution pat-
tern showed minor changes in response to various concentra-
tions of Brij 35 ranging from 0.5% to 1% (data not shown).
Second, the two cell types have different lipid composition in
their GEMs, which may respond differently to detergent solu-
bilization. In support of this notion, we observed that the float-
ing pattern of platelet GP Ib� showed a minor but detectable
difference even when Brij series detergents were used, whereas
that of CHO GP Ib� basically remained unchanged (data not
shown).
Furthermore, we found that the GEM association of the GP

Ib-IX complex expressed in CHO cells was decreased by the
cholesterol-solubilizing chemical saponin (Fig. 2C), as evi-
denced by detectable signals of caveolin and the GP Ib-IX com-
plex across almost of all the fractions starting with fraction 3
(instead of fraction 2 in nontreated cells; Fig. 2B). In addition,
saponin treatment translocated the flotillin from fraction 3 to
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fraction 2 aswell. These results suggested that cholesterol is one
of the structural components of the complex-associated and
partially of the flotillin-associatedGEMs. In addition, because it
has been shown that Brij series detergents are less effective in
removing glycerophospholipids than Triton X-100 (26), the
increasing amount of the GP Ib-IX complex localized at Brij
35-extracted GEMs than Triton X-100-extracted GEMs (Fig. 2,
A and B) suggested that glycerophospholipids may be required
for the GP Ib-IX complex association with the GEMs.
Thus, we demonstrated that theGP Ib-IX complex expressed

in both platelets and CHO cells can associate with the GEMs,
which are more sensitive to Triton X-100 solubilization than
Brij 35. Our data also suggested that Brij series detergents are
the optimal choice for isolating the GP Ib-IX complex-associ-
ated GEMs in both platelets and CHO cells, possibly because
they can better maintain the integrity of the GEM structure
during extraction.
GP Ib�/GP IX Resides in the Same GEMs as the GP Ib-IX

Complex—We subjected the GP Ib�/GP IX-expressing CHO
cells (CHO�IX) to the fractionation by sucrose density gradient
centrifugation. To our surprise, we found a nearly identical dis-
tribution pattern of GP Ib� andGP IX betweenCHO��IX (Fig.
2B) and CHO�IX cells (Fig. 3A) upon extraction with Triton
X-100 and Brij 35. Such striking similarity was also found in the
distribution patterns of GP Ib� in CHO��IX and GP Ib� in
CHO�IX when two concentrations of Brij 35, one concentra-
tion of Brij 58, Brij 78, Brij 98, one relatively strong detergent,
Nonidet P-40, and also a weaker detergent, Tween 20, were
used to extract the GP Ib-IX complex-associated GEMs (data
not shown). Moreover, GP Ib� and GP IX in CHO�IX cells
were driven by saponin across all of the fractions starting from
fraction 3 (instead of fraction 2) (Fig. 3B) in a similar way as they
were in CHO��IX cells, indicating a similar cholesterol
dependence of GP Ib�/GP IX GEM association in both cells.
Thus, our data suggested that GP Ib�/GP IXmightmediate the
entire complex, the GP Ib-IX complex, to associate with the
GEMs.
GP Ib�/GP IX-GEM Association Is Independent of Palmitoy-

lation of GP Ib� and GP IX—It has been reported that human
GP Ib� and GP IX each are palmitoylated possibly through
their intracellular membrane-proximal free cysteines (15), an
acyl modification thought to mediate the GP Ib-IX complex
association with the GEMs (9, 16). However, there is no exper-
imental evidence supporting this notion. To test it, wemutated
the cysteine to serine in both GP Ib� (�S) and GP IX (IXS) and
incorporated the mutant cDNAs, along with wild-type GP Ib�
cDNA, into CHO cells (Fig. 4A). After labeling with [3H]palmi-
tate, we lysed the cells with cold 1% Triton X-100 and immu-
noprecipitated GP Ib� with WM23. Palmitoylated GP Ib� and
GP IXwere then visualized using SDS-PAGE and fluorography.
We found that GP Ib� and GP IX in CHO��WTIXWT were
palmitoylated, whereas GP Ib� in CHO��SIXWT, GP IX in
CHO��WTIXS, or bothGP Ib� andGP IX in CHO��SIXS were
notmodified by palmitate (Fig. 4B). Thus, our data provided the
first experimental evidence showing that the intracellular
membrane-proximal cysteines in both GP Ib� and GP IX are
the targets for palmitoylation (15). Next, we subjected our dou-
ble mutant CHO�SIXS cells to fractionation by sucrose density

FIGURE 2. The GP Ib-IX complex associates with the GEMs of platelets and
CHO cells. A, resting human platelets were lysed with cold 0.1% Triton X-100
or 1% Brij 35. Lysates were subjected to sucrose gradient density centrifuga-
tion. Equal volume aliquots of each fraction (total 12 fractions) were analyzed
by reducing SDS-PAGE followed by Western blotting with anti-GP Ib� mono-
clonal antibody WM23, anti-GP Ib�, and anti-GP IX polyclonal antibodies.
Blots represent three independent experiments. The GEM fraction floats
within sucrose gradient fractions 1– 4, and the position of the GEMs was iden-
tified by blotting flotillin-1. B, CHO cells expressing the GP Ib-IX complex were
lysed with 0.5% Brij 35 or 0.1% Triton X-100 and subjected to sucrose gradient
density centrifugation. The localization of GP Ibs in the density gradient was
revealed by the same antibodies as A. The CHO GEM markers used are flotillin
and caveolin. The non-GEM marker used is CD71. C, the association of the GP
Ib-IX complex with the GEMs on CHO cells is cholesterol-dependent because
saponin (0.5%/g/v), a cholesterol-depriving chemical, depleted the majority
of the GP Ib-IX complex and caveolin from the GEMs.
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gradient centrifugation. We found that the distribution pat-
terns of the depalmitoylatedGP Ib� andGP IX (Fig. 4,C andD)
are similar to the palmitoylated ones in either CHO��IX (Fig.
2B) orCHO�IX cells (Fig. 3A) under the samedetergent extrac-
tion conditions. These findings demonstrated that palmitoyla-
tion of GP Ib�/GP IX is not essential for GP Ib�/GP IX asso-
ciation with the GEMs and further suggested that other

unidentified structural determinants residing in GP Ib�/GP IX
localize the GP Ib-IX complex to the GEMs.
Deficiency of �/� Disulfide Linkage Inhibits GP Ib� Instead

GP Ib�/GP IX Association with the GEMs—It has been estab-
lished that the formation of a stable GP Ib-IX complex is
through both noncovalent interaction of GP IX with GP
Ib�/GP Ib� (27) and covalent disulfide bonds between GP Ib�

FIGURE 3. GP Ib�/GP IX resides in the same density fractions as the GP Ib-IX complex in a cholesterol-dependent manner. A, CHO cells expressing only
Ib� and IX polypeptides (CHO�IX) were lysed with 0.5% Brij 35 or 0.1% Triton X-100 followed by a sucrose density gradient fractionation. B, GP Ib� and GP IX
resided in similar fractions as the GP Ib-IX complex in CHO��IX cells (Fig. 2B), which is also sensitive to cholesterol deprivation.

FIGURE 4. Palmitoylation of GP Ib� and GP IX through intracellular membrane-proximal cysteines is not essential for GEM localization in CHO cells.
Intracellular membrane-proximal cysteines of both GP Ib� (�C148S) and GP IX (IXC154S) were mutated to the amino acid serine. A, stable CHO cells expressing
mutant GP Ib�S or GP IXS or both with wild-type GP Ib� were generated (WM23 staining). B, when cells were labeled with [3H]palmitate and visualized using
SDS-PAGE and fluorography, no sign of palmitic modification was shown, indicating that the intracellular membrane-proximal cysteines of GP Ib� and GP IX
are the sites for palmitoylation in the GP Ib-IX complex. C and D, further sucrose density fractionation analysis showed that the depalmitoylated GP Ibs in the
double mutant CHO cells distributed to the same sucrose gradient as their palmitoylated counterparts in the wild-type cells (Figs. 2B and 3A).
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and GP Ib� (3, 28). It is possible that the disulfide linkage
betweenGP Ib� andGP Ib�may be the driving force for theGP
Ib� presence in the GP Ib�/GP IX-associated GEMs. To test it,
we mutated two of the extracellular membrane-proximal cys-
teines (Cys484 and Cys485) of GP Ib� (�SS) and extracted the
GEMs by Brij 35. As shown in Fig. 5, more than half of mutant
GP Ib� (�60%) was solubilized to the high density fraction
whereas other GP Ib components remained at low density
(upper) fraction (�100%). Thus, to the best of our knowledge,
our data provide the first experimental evidence demonstrating
that GP Ib� localization to the platelet GEMs is mediated pri-
marily by a physical association of GP Ib�/GP IX. Meanwhile,
because there is still a certain amount of GP Ib� present in the
GEMs (�40%), other unidentified forces may facilitate GP Ib�
localization to the GEMs.
Furthermore, because of the highly ordered packing of satu-

rated glycosphingolipid acyl chains, the GEM membrane can
resist the incorporation of detergents for solubilizationwhereas
the non-GEMmembrane cannot. Therefore, detergent solubi-
lization can be used to isolate GEMs as well as to assess the
affinity of proteins with the membrane lipids. In our case, we
have tested a series of detergents to extract the GEMs from
platelets and GP Ib-IX-expressing CHO cells, of which the Brij
series can consistently isolate the GP Ib-IX-associated GEMs.
When the �/� disulfide linkage was removed, GP Ib� appeared
less in the GEMs. Thus, our data suggested that GP Ib�/IX has
muchhigher affinity to theGEMs lipids thanGP Ib�, which one
would expect can cause different membrane distribution of GP
Ib� and GP Ib�/IX if their disulfide linkage is absent. From this
point of view, we think that biochemical analysis by detergent
solubilization can, to some extent, reflect the real membrane
organization of the GP Ib-IX complex in intact cells.
Partial Dissociation of GP Ib� from the GEMs Causes Dys-

function of GP Ib� in vWf Binding under High Fluid Shear
Stresses—To investigate the potential effects of partial dissoci-
ation from the GEMs on GP Ib� function, we first investigated
any effects that the mutations had on GP Ib� expression. We
found that themutantGP Ib� (CHO�SS�IX) was expressed at a
level of 10–20% less than that of wild type (CHO�WT�IX),
implicating that GP Ib�/IX-mediated GEM localization plays a
role in the efficient expression of GP Ib� in CHO cells. After
sorting to achieve comparable expression levels of GP Ib� (Fig.
6A), we further evaluated the effects on the ristocetin-induced

vWf binding in static condition, which we found was insignifi-
cant at all concentrations of vWf tested (Fig. 5B). Under flow,
however, we found that, compared with wild-type, high shear
stresses (10 or 20 dynes/cm2) caused much faster rolling of
mutant GP Ib�-expressing CHO cells over a glass coverslip
coated with 20 �g/ml vWf. In contrast, low shear stress (2.5
dynes/cm2) had minor effects (Fig. 6C). In addition, we also
tested the effect of cholesterol-depriving chemical, M�CD on
CHO�WT�IX interaction with immobilized vWf and found

FIGURE 5. Disruption of �/� disulfide linkage inhibits GP Ib� association
with the GEMs. CHO cells expressing mutant GP Ib� (with the C484S and
C485S mutants) were analyzed by sucrose density gradient fractionation. A
substantial amount (�60%) of GP Ib� was solubilized to the high density
fraction, whereas GP Ib� and GP IX remained associated (�100%).

FIGURE 6. Partial dissociation of GP Ib� from the GEMs inhibits the inter-
action of the GP Ib-IX complex with vWf under high shear stresses.
A, mutant GP Ib� (�SS) was transfected into CHO cells expressing wild-type
Ib� and IX (CHO�SS�IX). The sorted stable cell lines expressed comparable
levels of either wild-type or mutant GP Ib�, detected by WM23 staining. B, ris-
tocetin-induced vWf binding was determined as described under “Experi-
mental Procedures.” In the presence of 1.5 mg/ml ristocetin, wild-type or
mutant GP Ib�-expressing CHO cells bound to vWf equally at all concentra-
tions of vWf tested. C, the cells expressing wild-type or mutant GP Ib� were
incubated on immobilized vWf for 1 min in a parallel-plate flow chamber and
perfused with TBS/0.5% BSA at flow rates that generated wall shear stresses of
2.5, 10 or 20 dynes/cm2. The apparent difference in the rolling velocity
between CHO�WT�IX and CHO�SS�IX was only seen under high shear
stresses (10 and 20 dynes/cm2), indicating that the association with the GEMs
is critical for GP Ib� interaction with vWf at high shear.
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that consistent with our previous observation in platelets (9),
cholesterol deprivation abolished the GP Ib-IX/vWf interac-
tion only at high shear stress (data not shown). Thus, our data
suggested that cholesterol-dependent localization of the GP
Ib� within the GEMs plays a critical role in vWf interaction at
high shear.

DISCUSSION

We have reported that the GP Ib-IX complex localization to
the platelet GEMs is essential for platelet adhesion and activa-
tion (9); however, we do not knowwhat the targeting signals for
its localization to the GEMs are. In this study, we demonstrated
that the association with the GEMs of GP Ib� is mediated by
two elements, one is GP Ib�/GP IX harboring an unidentified
targeting structure; the other is the �/� interchain disulfide
linkage.
To the former, we found that the lipidmodification ofGP Ib�

and GP IX is not required, other structural determinants in GP
Ib�/GP IX mediate the GEM localization. Because the trans-
membrane domain (TMD) is the major segment mediating
membrane lipid/receptor interaction (13, 29–31) which is
highly conserved between human and mouse GP Ib�/GP IX, it
is most likely that the GP Ib-IXGEM-targeting signals reside in
the TMDs of GP Ib� andGP IX. Furthermore, previous reports
suggested that (i) the length of the TMD can determine the
localization of proteins to the GEMs such that the addition or
removal of residues from the TMD could alter the ability of the
protein localization to the GEMs (32), and (ii) membranes con-
taining cholesterol tend to be thicker than membranes that do
not contain the sterol (33). Therefore, in single TMD proteins,
a longer TMD may be required for transmembrane protein
localization to cholesterol-rich GEMs. Because it is predicted
that the GP Ib� TMD (25 amino acids) is significantly longer
than both GP Ib� (21 amino acids) and GP IX (21 amino acids),
considering the cholesterol dependence of the GP Ib-IX com-
plex-associated GEMs (Figs. 2C and 3B), it is possible that GP
Ib� and its TMD play a more important role than GP IX in
mediating GP Ib� localization to the GEMs, which is also sup-
ported by the finding that GP Ib� is twice as many as GP IX in
the GP Ib-IX complex (3). Nevertheless, our data do not rule
out the possibility that other non-TMDsegments ofGP Ib� and
GP IX as well as their modifications (e.g. glycosylation and
phosphorylation) play roles in the GEM localization of the GP
Ib-IX complex.
To the latter, several lines of evidence showed that when

specific antibodies were used to pull down the GP Ib-IX com-
plex, the major dimeric form is �/�, instead of �/� or �/� (3,
34). Because our data indicated that the �/� disulfide linkage is
the major force mediating GP Ib� into the GEMs, an interac-
tion being essential for platelet adhesion and platelet activation
upon vWf engagement (9), an enzymatically controlled prefer-
ence for �/� disulfide bond formation, as opposed to other
combinations (e.g. �/� or �/�), is most likely. Investigations
have shown that platelet function could be regulated by a redox
switch, a thiol-disulfide interchange catalyzed by enzymes,
such as the protein disulfide isomerase (35) and other thiol
isomerases (36). Several major platelet surface receptors have
been reported to utilize this mechanism to regulate the affinity

to their ligands (37), including fibrinogen receptor �IIb�3, col-
lagen receptor �2�1, and ADP receptor P2Y12. For a potential
enzyme/substrate reaction to occur, a spatial closeness would
be necessary. Interestingly, it has been reported that protein
disulfide isomerase is membrane-proximate to the GP Ib-IX
complex onplatelet surfacewith ameasurable fluorescence res-
onance energy transfer (FRET) efficiency of 14.8 � 4.9% (38),
which is comparable with that of GP Ib/FcR�IIA (16.3 � 3.9%)
(39). Even though these were two different experiments with a
different antibody set for detection of the FRET signal, the
slight difference between the transfer efficiency suggested that
protein disulfide isomerasemay be the candidate redox enzyme
to catalyze a selective formation of �/� disulfide linkage.

Furthermore, we observed that, without �/� interchain
disulfide bonds, even though there was still a portion of GP Ib�
in the GEMs, more than half of GP Ib� lost its capability in
association with the GEMs. Our data thus suggested that (i) GP
Ib� by itself is unable to associate with the GEMs, and (ii)
another force may mediate the remaining amount of GP Ib�
residing in the GEMs. One candidate force is the interchain
interaction between GP Ib� and GP IX through their extracel-
lular domains (40). Because the number of the GEM-associated
mutant GP Ib� molecules (�SS) in CHO�SS�IX cells decreased
whereas the total GP IX numbers in the GEMs remained
unchanged, the ratio of the GEM-associated mutant GP Ib�
(�SS) to GP IX would increase significantly (�2-fold). As a
result, the interchain interaction between mutant GP Ib�(�SS)
and IX in the GEMs could be strengthened dramatically,
thereby becoming a major driving force to mediate part of
mutant GP Ib�(�SS) localization to the GEMs. Thus, the func-
tion of GP IXmay lie in not only stabilizing the structure of the
GP Ib-IX complex but also facilitating GP Ib� association with
the GEMs. Further characterization of the extracellular inter-
action between GP IX and GP Ib� is needed to clarify this
possibility.
Through a number of techniques including the use of syn-

thetic peptides (41), phage display (42), proteolytic or
mutated fragments of GP Ib� (43, 44), canine-human GP Ib�
chimeras (21), GP Ib� monoclonal antibody epitope map-
ping (17, 42), and most importantly, crystallography of the
vWf A1 domain and GP Ib� N terminus complex (45–47), it
has been demonstrated that the vWf binding domain of GP
Ib� lies solely in the N terminus (Fig. 1), which has an esti-
mated distance of 400 Å far from the cell membrane. Because
our disulfide linkage mutations (C484S and C485S) are close
to the cell membrane, it is unlikely that these mutations
would alter the N-terminal structure of the GP Ib� and
therein vWf binding. In consistent with this notion, we
found that partial dissociation of GP Ib� with the GEMs did
not affect GP Ib� interaction with vWf either in static con-
dition (induced by ristocetin) or under low shear stress;
instead, the greatest effect of inhibition was seen only when
high shear stresses (10 or 20 dynes/cm2) were applied. In
addition, it is worthy to note that because CHO cells are
larger than platelets, the shear force acting on CHO cells was
estimated to be 10-fold stronger than that on platelets under
identical shear stress. Therefore, the shear stress of 10 or 20
dynes/cm2 we used on CHO cells will become 100 or 200
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dynes/cm2 on platelets, high shear conditions that only
appear in narrowed arteries (48). Because the mutant cells
(CHO�SS�9) were still able to roll continuously on the vWf
surface at high shear, it suggested that the formation of the GP
Ib-IX/vWf bonds is still normal. Furthermore, because immo-
bilized vWf-mediated rolling of theGP Ib-IX complex-express-
ingCHOcells depends on the shear stress and the density of the
receptors on cell surface available for interaction with the same
amount of vWf on the coverslip, such dramatic difference in the
rolling velocity can only be attributed to the difference of GP
Ib� density on both cell surfaces. However, because the expres-
sional level of GP Ib� in both is comparable, it should not be the
number of GP Ib� molecules that triggered such a difference.
Based on the fact that the spherical shape of CHO cell only
allows a small contact region between cells and surface, it is
likely that a bundle of GP Ib-IX molecules in one or several
GEMs provides the forces to mediate the translocation of the
cells. In agreement, it has been suggested that the GEM local-
ization of GP Ib� may increase the local density of GP Ib�
(clustering) (9, 49, 50), thereby providing short lived GP Ib-IX/
vWf bonds at one time for slower rolling. Thus, dissociation of
GP Ib� from theseGEMs could decrease the local density of GP
Ib� and reduce the multivalence of GP Ib-IX/vWf bonding and
as a result, impair the resistance of the GP Ib-IX-expressing
CHO cells to high shear force and cause fastermovement of the
cells under flow (Fig. 6). Should it be the case, elimination of GP
Ib� association with the GEMs could cause a loss of function of
vWf binding at high shear stress. Furthermore, because cluster-
ing of the GP Ib-IX complex plays an important role in the
complex-induced �IIb�3 activation (50), it is also possible that
the non-GEM-associated GP Ib� cannot transmit a signal to
activate �IIb�3 upon vWf binding. Toward these ends, further
characterization of GP Ib�/GP IX-harboring GEM-targeting
signals to permit a specific abolition of the GP Ib�-GEM asso-
ciation without compromising the functions of other GEM-
associated receptors is needed to assure the specific roles of the
GEMs in the GP Ib-IX complex function, where changes in the
interaction with vWf and signal transmission to activate integ-
rin due to specific disruption of the GEM association can be
attributed to the dysfunction of the GP Ib-IX complex-associ-
ated GEMs.
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