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CD81 is a tetraspanin protein that is involved in several essen-
tial cellular functions, as well as in the hepatitis C virus (HCV)
infection. CD81 interacts with a high stoichiometry with its
partner proteins EWI-2, EWI-2wint, and EWI-F. These latter
proteins modify the functions of CD81 and can thereby poten-
tially inhibit infection or modulate cell migration. Here, we
characterized the cleavage of EWI-2 leading to the production
of EWI-2wint, which has been shown to inhibit HCV infection.
Wedetermined the regions of EWI-2/EWI-2wint andCD81 that
are important for their interaction and their functionality.More
precisely, we identified a glycine zipper motif in the transmem-
brane domain of EWI-2/EWI-2wint that is essential for the
interaction with CD81. In addition, we found that palmitoyla-
tion on two juxtamembranous cysteines in the cytosolic tail of
EWI-2/EWI-2wint is required for their interaction with CD81
as well as with CD9, another tetraspanin. Thus, we have shown
that palmitoylation of a tetraspanin partner protein can influ-
ence the interaction with a tetraspanin. We therefore propose
that palmitoylation not only of tetraspanins, but also of their
partner proteins is important in regulating the composition of
complexes in tetraspanin networks. Finally, we identified the
regions in CD81 that are necessary for its functionality in HCV
entry and we demonstrated that EWI-2wint needs to interact
with CD81 to exert its inhibitory effect on HCV infection.

Tetraspanins comprise a family of evolutionary highly con-
served proteins that all contain four transmembrane domains
for which they are named, as well as a small and a large extra-
cellular loop. They are ubiquitously expressed proteins that are
involved in many cellular functions such as adhesion, migra-
tion, co-stimulation, signal transduction, and cell differentia-

tion. Tetraspanins also play an important role in infection by
several pathogens (reviewed in Ref. 1). However, their specific
function in all these processes remains to be elucidated. Tetras-
panins have the special feature to interact with each other and
other transmembrane proteins, forming extended cholesterol-
rich complexes on the cell surface, called tetraspanin-enriched
microdomains (TEMs)6 (2, 3). In these domains, tetraspanins
form primary complexes with a limited number of proteins
called tetraspanin partners. These primary interactions are
direct, highly specific, and occur at high stoichiometry. Tetras-
panin molecules can form different partnerships in different
cell types. The precise mechanisms of interaction within TEMs
remain unknown. However, in addition to specific domains,
cellular lipids such as cholesterol, glycosphingolipids, and pal-
mitic acid seem to play an important role in the interaction of
tetraspanins with each other and therefore in building the tet-
raspanin network (1).
In this study, we focused on tetraspanin CD81, which was

initially characterized as important for B cell proliferation (4),
but has since been found in many different cell lines, contrib-
uting to a variety of different cellular processes (5). Importantly,
CD81 plays a major role in several infectious diseases. Indeed,
CD81 is an essential entry factor for the hepatitis C virus (HCV)
(6), it is necessary for infection with the malaria parasite Plas-
modium (7) and plays a role in Listeriamonocytogenes infection
(8).
HCV infection is a global public health problem affecting

over 130 million individuals worldwide. Its symptoms include
chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma
(9). HCV encodes two envelope glycoproteins, E1 and E2, that
interact to form a E1E2 heterodimer that is present at the sur-
face of HCV particles and is therefore the obvious candidate
ligand for cellular receptors. The use of surrogate models and
HCV grown in cell culture (HCVcc) provided numerous evi-
dence that CD81 plays a key role in the early steps of the HCV
life cycle, likely during a post-attachment step. The CD81 large
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extracellular loop (LEL) is the critical region for the interaction
with the E2 glycoprotein and for virus entry. Antibodies
directed against CD81, as well as a soluble form of the CD81
LEL, are able to inhibit in vitro and in vivo HCV entry into
hepatocytes. Moreover, the absence of CD81 expression or
CD81 down-regulation using siRNA in hepatoma cells abol-
ishes HCV infection (reviewed in Ref. 10).
In most cell lines, CD81 is associated in a high stoichiometry

with EWI-F (also called CD9P-1, FPRP, or CD315) and EWI-2
(also called PGRL, IgSF8, or CD316) (11–15). Both are mem-
bers of the EWI family, a small Ig-domain family whose mem-
bers have a single transmembrane domain and several extracel-
lular Ig domains with a conserved EWI motif, as well as a very
short cytosolic tail (14). Recently, we have identified EWI-
2wint, a cleavage product of EWI-2 in which the first of the 4
extracellular Ig domains is cleaved (16). This shorter protein
still interacts with CD81 and CD9 and can be found, along with
EWI-2, in most cell lines expressing EWI-2. Importantly, in
contrast to full-length EWI-2, EWI-2wint inhibits the binding
of HCV envelope glycoprotein 2 (E2) to CD81, thus inhibiting
viral entry (16). To date, it still remains unclear howEWI-2wint
inhibits the binding of E2 to CD81 and which cellular protease
is responsible for the cleavage of EWI-2.
The direct interaction between tetraspanins and their part-

ner proteins results in the modulation of their functions. CD81
functions in cellular processes and infectious diseases can
therefore be affected by the association with the proteins
EWI-F, EWI-2, or EWI-2wint. For example, EWI-2 has been
shown to modulate cellular migration (17–19). As already
described, EWI-2wint has an inhibitory effect on HCV infec-
tion by inhibiting the interaction between CD81 and HCV E2
(16). Very recently, it was also shown that overexpression of
EWI-F inhibits Plasmodium infection, whereas its silencing
increases infection efficiency (20).
Because of the ability of EWI-2 to inhibit cell invasion,migra-

tion, and tumor growth (21) and EWI-2wint to inhibit HCV
entry (16), these two molecules have therapeutic interests. The
characterization of the biogenesis of these molecules, as well as
themechanism leading to their interactionwithCD81, is there-
fore essential. In addition, such a mechanism could be part of a
more general mechanism of tetraspanin regulation. In our
study, we performed biochemical and functional characteriza-
tion of the interaction between EWI-2/EWI-2wint and CD81.

EXPERIMENTAL PROCEDURES

Antibodies—5A6 (anti-CD81 kindly provided by S. Levy (4)),
TS82b (anti-CD82 (12)), and SYB-I (anti-CD9 (3)) mAbs were
used in this study. M2 anti-FLAG mAb was from Sigma.
Anti-HA mAbs (HA11 and 3F10) were from Covance and
Roche Applied Science, respectively. Anti-NS5 was from
AUSTRAL Biologicals. PE-labeled goat anti-mouse and PE-la-
beled 5A6 were from BD Pharmingen. FITC-labeled rabbit
anti-mouse F(ab�)2 and irrelevant mouse IgG1 were from
DAKO. Goat anti-mouse or anti-rat immunoglobulins conju-
gated to peroxidase were from Sigma and Jackson ImmunoRe-
search, respectively.
Plasmids—pcDNA3.1 plasmids expressing CD81 (11),

CD81Plm� (22), EWI-2FLAG (16), and EWI-2FLAGFur (16)

have been described previously. All other plasmids were gener-
ated by PCR-based mutagenesis with the aforementioned plas-
mids. Briefly, truncated forms of EWI-2 contain its signal pep-
tide sequence followed by the EWI-2 sequence starting at
residues Asp122 (Ig2–4) or Asp270 (Ig3–4) and a C-terminal
FLAG tag sequence. In the �Ig4 construct, the amino acid
sequence between Arg425 and Ala518 was deleted from the
C-terminal FLAG-tagged EWI-2 construct. Glycosylation
mutants were based on a C-terminal HA-tagged EWI-2 (EWI-
2HA). In these mutants, the potentially glycosylated Asn in Ig
domains one, three, or four were replaced by Gln, either only in
Ig1 (N1), in Ig1 and Ig3 (N1–2), or all (N1–2-3). Cloning details
and oligonucleotide sequences are available upon request.
Cells and Cell Transfection—Cells were maintained in Dul-

becco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS) and supplemented with 100 nM non-
essential amino acids (Invitrogen). Huh-7, CHO, and HEK-
293T cells were from ATCC. CHO FD11 and CHO FD11 over-
expressing furin were kindly provided by S. H. Leppla (23).
Huh-7w7 (CD81�) were described previously (24). Cell trans-
fections were performed as described in Ref. (16). For stably
transfected Huh-7 and Huh-7w7 cells, cells were electropo-
rated using the Gene Pulser apparatus (Bio-Rad) and neomycin
was added 48 h post-transfection at 600 �g/ml. Huh-7 cell
clones expressing EWI-2/EWI-2wint mutants were isolated
using selection cylinders andmaintained in neomycinmedium.
Detection of Cell Surface-biotinylated Proteins—Cells were

biotinylated as described in Ref. 16 and lysed in lysis buffer
containing 1% Brij-97 in PBS with 2 mM EDTA (PBS/Brij/
EDTA) and protease inhibitors (Complete, Roche Applied Sci-
ence). Lysates were precleared for 2 h at 4 °C with protein
A-Sepharose (GE Healthcare), then incubated for 2 h at 4 °C
with specific mAbs immobilized onto protein A-Sepharose
beads. Complexes were eluted with non-reducing Laemmli
buffer, resolved by SDS-PAGE, transferred to a nitrocellulose
membrane (GE Healthcare), and immunoblotted with peroxi-
dase-conjugated streptavidin (Vector). All experiments were
done at least three times and representative blots are shown.
Immunoblotting—Immunoprecipitated proteins or cell

lysates were resolved by SDS-PAGE, transferred to a nitrocel-
lulosemembrane, and immunoblotted with 3F10 anti-HA, 5A6
anti-CD81, or TS82b anti-CD82 antibodies followed by perox-
idase-conjugated secondary antibodies.
Metabolic Labeling—For the kinetics of EWI-2wint produc-

tion, EWI-2FLAG expressing CHO cells were starved in Met-
Cys-free medium for 30 min and pulse-labeled for 10 min with
35S-Protein Labeling Mix (100 mCi/ml, PerkinElmer Life Sci-
ences). After the indicated time of chase, cells were lysed with
PBS, 1% Triton X-100, 2 mM EDTA and the lysates were used
for immunoprecipitation with the M2 anti-FLAG mAb.
To assess palmitic acid incorporation, transfected CHO cells

were incubated in serum-free medium containing sodium
pyruvate for 3 h and labeled 4 h at 37 °C with 300 mCi/ml of
[9,10-3H]palmitic acid (PerkinElmer Life Sciences) in serum-
free medium containing sodium pyruvate with 2% fatty acid-
free BSA (Sigma). The cells were then lysed in PBS/Triton
X-100/EDTA and used for immunoprecipitations with M2
anti-FLAG, 5A6 anti-CD81 or TS82b anti-CD82 mAbs.
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Endoglycosidase Digestions—Digestions with endo-�-N-
acetylglucosaminidaseH (EndoH) and peptideN-glycosidase F
(PNGase F) (both from New England Biolabs) were carried out
as previously described (25). Digestions with peptide N-glyco-
sidase, neuraminidase, glycopeptide-N-acetylgalactosamini-
dase (O-Glycanase) of unlabeled proteins were performed as
previously described (12).
Confocal Microscopy—Huh-7 cells stably expressing wild-

type (wt) EWI-2/EWI-2wint proteins or palmitoylationmutant
(wtPlm�) were grown on 12-mm glass coverslips and fixed with
paraformaldehyde. After blocking with goat serum, cells were
incubated with anti-CD81 1.3.3.22 (mouse IgG1, Santa Cruz
Biotechnology) and anti-HA 3F10 (rat IgG1, Roche Applied
Science) primary antibodies, and then with Alexa 488-conju-
gated goat anti-mouse IgG andAlexa 555-conjugated goat anti-
rat IgG (Invitrogen) secondary antibodies. Image acquisition
was performed with an LSM710 confocal microscope (Zeiss)
using a �63 oil immersion objective with a 1.4 numerical aper-
ture. Signals were sequentially collected using single fluores-
cence excitation and acquisition settings to avoid crossover.
Images were assembled and analyzed by using Zen software
(Zeiss).
HCVcc Infection—HCVcc used in this study were based on

the JFH1 strain (26), kindly provided by T. Wakita (National
Institute of Infectious Diseases, Tokyo, Japan), and contained
cell culture-adaptive mutations CS and N6 (27). HCVcc stocks
were produced as previously reported (27).
For the HCVcc infection assay, cells grown in 24-well plates

were incubated with HCVcc (multiplicity of infection � 1) for
2 h at 37 °C, washed, and incubated for an additional 40 h at
37 °C. Infections were scored by flow cytometry.
Flow Cytometry Analysis—For single NS5 staining, infected

cells were permeabilized with PBS, 2% BSA, 0.05% saponin.
After rinsing with PBS, 2% BSA, cells were incubated 1 h at 4 °C
with anti-NS5 mAb (2F6/G11). After rinsing with washing
solution, cells were incubated with PE-labeled goat anti-mouse
for 45min at 4 °C. Cells were washed, detached with PBS, 2 mM

EDTA, and fixed with formalin solution (formaldehyde 4%,
Sigma).
For double staining, NS5-stained cells were incubated with

FITC-labeled rabbit anti-mouse F(ab�)2 immunoglobulins.
Cells were then incubated with irrelevant mouse IgG1 for 30
min, washed, and incubated 1 h at 4 °C with PE-labeled 5A6
anti-CD81 mAb. Cells were washed, detached with PBS, 2 mM

EDTA and fixed with formalin solution. Cells stained only with
the secondary antibodies or PE-labeled isotype control were
used as negative controls. Labeled cells were analyzed using a
FACS Beckman EPICS-XL MCL.
For CD81 staining, cells were detached with PBS, 2 mM

EDTA and incubated 1 h at 4 °C with 5A6. After rinsing with
washing solution, cells were incubated with PE-labeled goat
anti-mouse for 45min at 4 °C. Cells were washed and fixedwith
formalin solution.

RESULTS

Cleavage and Glycosylation of EWI-2—To better understand
the production of EWI-2wint, we first analyzed the processing
of EWI-2, a �70 kDa protein. It is cleaved between the two

N-terminal Ig domains in the sequence RGRQAP, where Q is
the first amino acid of EWI-2wint, a �55 kDa protein (16) (Fig.
1A). To identify the amino acid sequence recognized by the
protease, a mutagenesis analysis was performed in which every
residue in this sequence was sequentially replaced by an ala-
nine. The mutant proteins were expressed in CHO cells (a cell
line that naturally cleaves EWI-2) and analyzed for their cleav-
age. As shown in Fig. 1A, mutation of the two arginine residues
abolished the cleavage of EWI-2, whereas the replacement of all
other amino acids did not affect the cleavage, indicating that
RXR likely corresponds to the minimal site recognized by the
protease involved in the production of EWI-2wint.
Insertion of an additional arginine in the sequence to gener-

ate a furin cleavage consensus site (RGRR, EWI-2Fur) led to a
higher degree of cleavage of EWI-2 (Fig. 1A). This fact and the
polybasic cleavage preference suggested that furin is the prote-
ase that cleaves EWI-2, even though the sequence does not
correspond to the preferred furin cleavage sequence. To
address this point, we tested cleavage of EWI-2 and EWI-2Fur in
furin-deficient CHO cells (CHO FD11 (23)).We used EWI-2 in
which theRXRconsensus sitewasmutated (EWI-2AGA,mutant
7 in Fig. 1A) as a control. CHO FD11 cells were still able to
cleave EWI-2 and EWI-2Fur, which both contain the original
cleavage site (Fig. 1B), suggesting that furin is unlikely to be
involved in EWI-2wint production. Concurring with this, over-
expression of furin inCHOFD11 cells led to an increased cleav-
age of EWI-2Fur, whereas the cleavage of EWI-2 was not
affected (Fig. 1B, CHO FD11 � Furin).
We next performed pulse-chase experiments to analyze the

kinetics of the cleavage of EWI-2. These experiments showed
that EWI-2wint starts to appear after 1 h and accumulates over
time for at least 24 h (Fig. 2A). Glycosylation predictions indi-

FIGURE 1. Cleavage of EWI-2 leading to EWI-2wint production. A, wild type
FLAG-tagged EWI-2 protein (wt) and proteins with mutations in the putative
cleavage site (see box) were expressed in CHO cells. Cells were surface biotin-
ylated and the proteins were precipitated with the M2 anti-FLAG antibody.
Proteins were separated by SDS-PAGE under nonreducing conditions and
detected using HRP-streptavidin. Expression of EWI-2 (wt) in CHO cells leads
to the production of EWI-2 and EWI-2wint. B, wild type FLAG-tagged EWI-2
protein (EWI-2) or EWI-2 containing a furin cleavage consensus site (EWI-2Fur)
or EWI-2 in which the RXR consensus site was mutated (EWI-2AGA, mutant 7 in
A) were expressed either in regular CHO cells or CHO cells that were deficient
for furin expression (CHO FD11), or CHO FD11 cells that overexpressed furin
(CHO FD11 � Furin). Proteins were surface biotinylated, immunoprecipitated
with M2 anti-FLAG antibody, separated by SDS-PAGE under nonreducing
conditions, transferred to a nitrocellulose membrane, and detected using
HRP-streptavidin.
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cated that EWI-2/EWI-2wintmight beN-glycosylated at three/
two sites and possibly beO-glycosylated as well. To analyze the
N-glycosylation status of EWI-2/EWI-2wint over time, we per-
formed digestion with Endo H and PNGase F in pulse-chase
experiments (Fig. 2B). PNGase F hydrolyzes nearly all types of
N-glycan chains from glycoproteins, whereas Endo H removes
the chitobiose core of high-mannose and some hybrid forms of
N-linked sugars, excluding the complex forms (28). Resistance
to digestion with Endo H is indicative that glycoproteins have
moved from the ER to at least themedial and transGolgi, where
complex sugars are added. As shown in Fig. 2B, EWI-2 was

sensitive to PNGase F digestion, whereas it became partially
resistant to Endo H after 1 h of chase, with the majority of the
protein being resistant to Endo H deglycosylation after 4 h.
Interestingly, EWI-2wint was resistant to Endo H deglycosyla-
tion from the beginning, indicating that it carries only mature
N-glycans and that it is produced after glycan maturation of
EWI-2. Together, these results suggest that the cleavage of
EWI-2 to produce EWI-2wint likely occurs in a post-ER
compartment.
Further analyses using neuraminidase and O-glycanase

digestions suggested that EWI-2/EWI-2wint are only N-glyco-
sylated, but notO-glycosylated (Fig. 2C). In addition, successive
mutations of the potential N-glycosylation sites showed that
EWI-2 and EWI-2wint proteins are glycosylated on their three
and two N-glycosylation sites, respectively (Fig. 2D). Interest-
ingly, the absence of N-glycan on EWI-2 did not affect EWI-
2wint production. However, it should be noted that the com-
pletely unglycosylated proteins (N1-2-3) were expressed at
lower levels, likely due to protein instability. Glycosylation
mutants were next tested for their interaction with CD81 in
co-immunoprecipitation experiments. In this study, all experi-
ments using co-precipitation of EWI-2/EWI-2wint with CD81
were performed after lysis with a detergent (1% Brij 97, 2 mM

EDTA) that keeps primary complexes intact (CD81/EWI-2/
EWI-2wint), but disrupts tetraspanin-tetraspanin interactions
(11). As shown in Fig. 2D, all glycosylation mutants of EWI-2/
EWI-2wint co-precipitated with CD81. Altogether, these
results indicate thatN-glycosylation of EWI-2/EWI-2wint does
not play a major role in the interaction with CD81 nor in the
cleavage of EWI-2 to EWI-2wint.
Palmitoylation of Juxtamembranous Cysteines and the Pres-

ence of a Glycine-zipper Motif in TM Domain of EWI-2/EWI-
2wint Are Essential for the Interaction with CD81—Because we
identified EWI-2wint, a shorter form of EWI-2, through direct
interaction with CD81 (16), we next tried to map domain(s)
required for this interaction. Toward this aim, we first con-
structed a set of mutants consecutively shortened by one of the
extracellular Ig domains (Fig. 3A). However, the shortest form
containing only the most membrane-proximal Ig4-domain
could not be expressed. We therefore made an additional
mutant in which the Ig4 domain was deleted (�Ig4). Truncated
proteins were equally expressed as controlled by direct immu-
noprecipitation with the anti-FLAG mAb (Fig. 3B, IP FLAG).
Interestingly, the co-precipitation of Ig2-4 and Ig3-4 mutant
proteins with CD81 was similar to that of the full-length pro-
tein, whereas the �Ig4 construct failed to interact with CD81
(Fig. 3B, IP CD81), indicating that the membrane-proximal Ig4
domain is necessary for the interaction of EWI-2/EWI-2wint
with CD81. Interestingly, the �Ig4 construct interacted with
CD9, another tetraspanin that directly interacts with EWI-2/
EWI-2wint (Fig. 3B, IP CD9), indicating that the overall confor-
mation of the �Ig4 protein is conserved and the interaction of
EWI-2 with tetraspanins CD81 and CD9 involves domains that
are different. It should be noted that this experiment was per-
formed in HEK-293T cells that express endogenous EWI-2
(asterisk in Fig. 3B) but inwhichEWI-2 cleavage does not occur,
as previously described (16).

FIGURE 2. Kinetics of production and glycosylation of EWI-2/EWI-2wint.
A, CHO cells expressing C-terminal FLAG-tagged EWI-2 were pulse-labeled for
10 min with 35S-Protein Labeling Mix. After the indicated time of chase, cells
were lysed in PBS, 1% Triton X-100 and proteins were precipitated with M2
antibody, separated by SDS-PAGE under nonreducing conditions, and
detected by autoradiography. B, cells were labeled and lysed as described in
A, after immunoprecipitation (IP) the proteins were either left untreated (CTL),
treated with Endo H to remove high-mannose type glycans or treated with
PNGase F to remove all N-linked glycosylations. Deglycosylated proteins are
indicated by an asterisk. C, C-terminal HA-tagged EWI-2 proteins were
expressed in CHO cells and precipitated using HA11 antibody. After precipi-
tation, the samples were either left untreated (CTL), treated with PNGase F, or
treated with neuraminidase (Neura) or O-glycanase and neuraminidase
(O-Gly � Neura). Digested samples were resolved by SDS-PAGE and immuno-
blotted with the 3F10 anti-HA antibody. Deglycosylated proteins are indi-
cated by an asterisk. D, expression of the glycosylation mutants of EWI-2 in
which the potentially glycosylated Asn in Ig-domains one, three, or four were
replaced by Gln, either only in Ig1 (N1), in Ig1 and Ig3 (N1–2), or all (N1–2-3).
HA-tagged EWI-2 and glycosylation mutants were co-expressed with
CD81 in CHO cells. Surface proteins were biotinylated and precipitated
using HA11 anti-HA or 5A6 anti-CD81 antibodies. Proteins were detected
using HRP-streptavidin.
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Next, we generated chimeric EWI-2 proteins in which either
the transmembrane (TM) domain, or the cytosolic tail (Q), or
both (TMQ) were replaced by the corresponding domains of
the human MHC class II molecule (MHCII; HLA-DBQ1),
which are exactly the same length (Fig. 4A). Although theQ and
TMQ chimeras were slightly less expressed, domain exchanges
in chimeras did not significantly affect their cell surface expres-
sion, as controlled by direct immunoprecipitation of biotinyl-
ated cell lysates (Fig. 4B, IP FLAG). As shown by co-im-
munoprecipitation experiments, only the wild type EWI-2/
EWI-2wint interactedwithCD81 (Fig. 4B, IPCD81), suggesting
that both TM and Q domains may play a role in the interaction
with CD81. However, EWI-2/EWI-2wint contain two jux-
tamembranous cysteine residues in their Q domain that are
potential palmitoylation sites. We therefore constructed an
additional chimera with the cytosolic tail of MHCII, but which
still contained two cysteine residues (Qcc) (Fig. 4A). Interest-
ingly, the presence of these residues restored the interaction
withCD81 (Fig. 4B, IP CD81), as comparedwith theQ chimera.
To verify that EWI-2/EWI-2wint and the chimeras containing

FIGURE 4. Transmembrane domain and palmitoylation of EWI-2/EWI-
2wint are important for the interaction with CD81. A, schematic represen-
tation of the different EWI-2 chimeric proteins and palmitoylation mutant.
Expression of EWI-2 (wt) in CHO cells leads to the production of EWI-2 and
EWI-2wint. B, FLAG-tagged chimeras of EWI-2 containing the transmembrane
domain (TM) and/or the cytosolic tail (Q) of MHC II were co-expressed with
CD81 in CHO cells. Surface-biotinylated proteins were lysed in PBS/Brij97/
EDTA, immunoprecipitated, separated by SDS-PAGE under nonreducing con-
ditions, and detected using HRP-streptavidin. C, metabolic labeling of EWI-2/
EWI-2wint and CD81 mutants using [3H]palmitic acid, followed by IP.
Expression of each protein was controlled by cell surface biotinylation (Biot).
D, wild type proteins and palmitoylation-deficient mutants were co-ex-
pressed in CHO cells, biotinylated, lysed in PBS/Brij97/EDTA, and immunopre-
cipitated. Proteins were resolved by SDS-PAGE under nonreducing condi-
tions and detected using HRP-streptavidin. In all experiments, anti-CD81,
anti-CD9, and anti-FLAG IPs were performed with 5A6, SYB-I, and M2 antibod-
ies, respectively. E, Huh-7 cells stably expressing either wild type EWI-2/EWI-
2wint (wt) or palmitoylation mutant (wtPlm-) were labeled with antibodies to
CD81 or HA epitope present at the N terminus of the EWI-2/EWI-2wint con-
struct. Cells were imaged with an LSM710 confocal microscope using a �63
oil immersion objective with a 1.4 numerical aperture. Representative confo-
cal images are shown. Confocal sections of the Z-stack along the indicated
lines are shown on the top and the right of merged images.

FIGURE 3. Characterization of extracellular deleted variants of EWI-2 pro-
tein. A, schematic representation of the extracellular deleted variants of
FLAG-tagged EWI-2. B, deleted EWI-2 proteins were expressed in HEK-293T
cells. Surface-biotinylated proteins were immunoprecipitated with anti-
CD81, anti-CD9, or anti-FLAG mAbs. Proteins were separated by SDS-PAGE
under nonreducing conditions, transferred to a nitrocellulose membrane,
and detected using HRP-streptavidin. EWI-2, CD81, and CD9 proteins are
endogenously expressed in HEK-293T cells. The cleavage of EWI-2 does not
occur in HEK-293T cells. Endogenous EWI-2 is indicated by an asterisk.
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the juxtamembranous cysteines were indeed palmitoylated,
proteins were metabolically labeled with [3H]palmitate (Fig.
4C). Our results clearly showed that EWI-2/EWI-2wint, as well
as the TM and Qcc chimeras, incorporated [3H]palmitate,
whereas the Q and TMQ chimeras did not. Altogether, our
results indicate that in addition to the Ig4 domain, the TM
domain of EWI-2/EWI-2wint and palmitoylation on their jux-
tamembranous cysteine residues are likely important for the
interaction with CD81.
To further confirm the importance of palmitoylation in the

interaction between EWI-2/EWI-2wint and CD81, we made a
mutant of EWI-2/EWI-2wint in which the two cysteine resi-
dueswere replaced by alanines (Fig. 4A, boxwtPlm-). In addition,
we used a CD81 mutant lacking all potential palmitoylation
sites (CD81Plm-) (22). As shown by [3H]palmitate incorpora-
tion, both mutants were no longer palmitoylated (Fig. 4C), in
contrast to the wild type proteins. It should be noted that EWI-
2wint incorporated less [3H]palmitic acid than EWI-2 (Fig. 4C),
indicating that cleavage of the first Ig domain may regulate
EWI-2 palmitoylation. Cell surface biotinylation showed that
wild type and palmitoylationmutant proteinswere expressed at
equal levels at the plasma membrane indicating that the
absence of palmitoylation did not affect transport to the cell
surface (Fig. 4C, Biot). Co-immunoprecipitation experiments
showed that wild type EWI-2/EWI-2wint interacted equally
well with CD81 as with CD81Plm- (Fig. 4D), suggesting that
palmitoylation of CD81 is not necessary for the interactionwith
its partners. In contrast, the unpalmitoylated EWI-2/EWI-
2wint failed to co-precipitate with CD81 and was found only in
trace amounts in complexes with CD81Plm- (Fig. 4D). In addi-
tion, unpalmitoylated EWI-2 proteins also failed to interact
with CD9 (Fig. 4D), another tetraspanin that directly interacts
with EWI-2/EWI-2wint. Elution of immunoprecipitated pro-
teins in the presence of reducing agents showed similar migra-
tion profiles (data not shown) indicating that the absence of
co-immunoprecipitation of unpalmitoylated EWI-2/EWI-
2wint with CD81 or CD9 was not due to the formation of cova-
lent highmolecularmass complexes. In addition, the absence of
palmitoylation on EWI-2/EWI-2wint did not affect their co-lo-
calization at the plasmamembrane with CD81, as controlled by
confocal microscopy (Fig. 4E). Thus, we showed that palmitoy-
lation of EWI-2/EWI-2wint is critical for the interaction with
tetraspanins.
Next, we performed a more detailed analysis of the TM

domain of EWI-2/EWI-2wint, in which we mapped a glycine-
zipper motif (GXXXAXXXG, where X is any amino acid) (29)
and a single (A/G)XXXG motif (Fig. 5A, box). Simple glycine-
rich motifs have been shown to be involved in direct packing
between glycine faces in TMhelices (30). Glycine-zippermotifs
((G,A,S)XXXGXXX(G,S,T)) have been described as motifs
important for oligomerization via TM domains, which can
also be found in asymmetric packings (29). To test the
importance of these motifs, we generated different proteins
in which glycine-rich motifs were mutated by substitution of
glycine/alanine for leucine residues (Fig. 5A, box). Loss of
either one (LAG, GAL) or both (LAL) of the glycines in the
glycine-zipper motif dramatically reduced the interaction
with CD81 (Fig. 5B), without affecting palmitoylation (Fig.

4C, LAL), whereas mutation in the AXXXG motif (LG) did
not have any effect (Fig. 5B). Combined together, these
results demonstrate that the GXXXAXXXG motif in the TM
domain of EWI-2/EWI-2wint plays a major role in hetero-
oligomerization with CD81.
Mutations in EWI-2/EWI-2wint That Cause Defective Inter-

action with CD81 Also Affect the Inhibitory Effect of EWI-2wint
on HCV Infection—Because we found that the ectopic expres-
sion of EWI-2wint in Huh-7 target cells inhibits HCV infection
(16), we then sought to determine whether mutations in EWI-
2/EWI-2wint that abolish interaction with CD81 also affect the
inhibitory effect of EWI-2wint on HCV infection. We gener-
ated Huh-7 cellular clones expressing either the palmitoylation
mutant (Plm) or the double mutant of the glycine-zipper (LAL)
or chimeric EWI-2 proteins (TM, Q, TMQ, and Qcc). Due to
technical difficulties, we could not generate clones expressing
the �Ig4 protein. It should be noted that EWI-2 is endoge-
nously expressed in Huh-7 cells (Fig. 6A, EWI-2 endo) but its
cleavage naturally does not occur in Huh-7 cells preventing
EWI-2wint production, as previously described (16). Mutated
and chimeric EWI-2 proteins were therefore modified to
express an additional arginine directly downstream of the RGR

FIGURE 5. A glycine-zipper motif in the TM domain of EWI-2/EWI-2wint is
essential for the interaction with CD81. A, schematic representation of the
different EWI-2 mutants. Expression of EWI-2 (wt) in CHO cells leads to the
production of EWI-2 and EWI-2wint. Residues in the glycine-zipper or glycine-
rich motif of EWI-2 were replaced by leucines. FLAG-tagged proteins were
co-expressed with CD81 in CHO cells, biotinylated, lysed in PBS/Brij97/EDTA,
and immunoprecipitated with 5A6 or M2. Proteins were resolved by SDS-
PAGE under nonreducing conditions and detected using HRP-streptavidin.
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cleavage site generating a RGRR furin cleavage consensus site,
as previously described (Fig. 1 and Ref. 16). We also generated
cellular clones expressing unmodified full-length EWI-2 pro-
tein (Fig. 6A, EWI-2), which does not have any effect on HCV
infection (16). Cellular clones expressing wild type EWI-2 with
the furin site (producingEWI-2wint)were generated as positive
controls of inhibition of HCV infection (Fig. 6A, EWI-2Fur).
Several clones expressing every EWI-2 protein were generated.
Protein expression in each clone was controlled by flow cyto-
metry (data not shown) and immunoprecipitation of cell bio-
tinylated lysate (Fig. 6A). A representative clone of every EWI-2
protein is presented in Fig. 6. Although at slightly different lev-
els, each of the ectopic EWI-2 proteins was correctly expressed
in selected clones, as controlled by direct immunoprecipitation
with the anti-FLAG mAb. As shown by co-immunoprecipita-
tion with CD81, only EWI-2, EWI-2Fur, and Qcc related pro-
teins interacted with CD81 (Fig. 6A), as described above in
CHO cells (Figs. 4 and 5). Cellular clones were next infected
with HCVcc, which represent the most relevant tool to study
the HCV life cycle. HCV infection levels were evaluated by flow
cytometry using a mAb directed against the HCV non-struc-
tural protein 5 (NS5). A representative histogramof every clone

is shown in Fig. 6B. Histograms are characterized by two peaks,
one corresponding to the non-infected cells (left) and the other
corresponding to the infected cells (right). In Fig. 6C, results are
presented as relative percentages to full-length EWI-2 express-
ing cells and reported as the mean � S.D. of three independent
experiments. As expected, the proportion of infected cells was
reduced in EWI-2wint producing cells (Fig. 6, B and C, EWI-
2Fur) when compared with full-length EWI-2 expressing cells
(Fig. 6, B and C, EWI-2). Interestingly, the proportion of
infected cells was similarly reduced in cells expressing the Qcc
protein, which still interacts with CD81. In contrast, infection
levels of cells expressing ectopic EWI-2 proteins that no longer
interact with CD81 (Plm, LAL, TM, Q, TMQ) were not signif-
icantly affected (Fig. 6, B and C). It should be noted that inhibi-
tion of HCV infection in cells expressing either EWI-2Fur or
Qcc proteinswas not due to a reduction of theCD81 expression
level, as controlled by anti-CD81 flow cytometry (Fig. 6D). In
addition, the absence of inhibition of HCV infection in cells
expressing TM, Q, and TMQ chimeras was not due to the
low expression level of EWI-2wint in these cells because cells
expressing the Qcc chimera expressed equal amounts of EWI-
2wint (Fig. 6A, asterisk).

FIGURE 6. Mutations in EWI-2/EWI-2wint that abolish interaction with CD81 also affect the inhibitory effect of EWI-2wint on HCV infection. A, Huh-7 cell
clones expressing the different FLAG-tagged mutants of EWI-2/EWI-2wint were biotinylated, lysed in PBS/Brij97/EDTA, immunoprecipitated, and detected
using HRP-streptavidin. CD81 and FLAG IP were performed with 5A6 and M2 mAbs, respectively. CTL IP were performed with irrelevant immunoglobulins.
Endogenous (EWI-2 endo) and ectopic (EWI-2 ecto) EWI-2 proteins are indicated. Asterisks show bands corresponding to EWI-2wint protein. B and C, HCVcc
infection levels in Huh-7 cells expressing EWI-2/EWI-2wint proteins. Infected cells were stained using anti-NS5 mAb (2F6/G11) and secondary antibodies were
conjugated with PE. Noninfected cells were used as negative controls. A representative histogram of every clone is shown in B. Histograms are characterized
by two peaks, one corresponding to the noninfected cells (left) and the other corresponding to the infected cells (right). In C, results are presented as relative
percentages to full-length EWI-2 expressing cells and reported as the mean � S.D. of three independent experiments. D, CD81 expression on cells expressing
EWI-2Fur or Qcc proteins. Cells were stained using 5A6 and secondary antibodies conjugated with PE. CTL corresponds to cells that were stained only with
secondary antibodies. CD81 expression on cells expressing EWI-2Fur or Qcc EWI-2/EWI-2wint proteins (black line) was compared with that of parental Huh-7
cells (gray line).
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Altogether, our results indicate that mutations in EWI-2/
EWI-2wint that abolish their interaction with CD81 also affect
the inhibitory effect of EWI-2wint on HCV infection. There-
fore, EWI-2wint needs to physically interact withCD81 to exert
its inhibitory effect on the HCV life cycle.
Interaction with EWI-2 and EWI-2wint Depends on CD81

TM Domains 3 and 4 and the Extracellular Domains—After
showing that palmitoylation of CD81 is not essential for inter-
action with its partner, we wanted to find the essential compo-
nents of CD81 for this interaction. CD81, like other tetraspan-
ins, is composed of a small (SEL) and a large (LEL) extracellular
loop, four TM domains (TM1–4), and three cytosolic domains
(Fig. 7A). To identify domains involved in EWI-2/EWI-2wint
interaction, we constructed a set of chimeras in which we suc-

cessively exchanged domains of CD81 with corresponding
domains of CD82 (Fig. 7A), another tetraspanin that does not
form strong enough complexes with EWI-2 to withstand our
lysis conditions (Fig. 7B, IP CD82). As shown in Fig. 7B, all
chimeras were correctly expressed as seen by immunoprecipi-
tation of cell surface-biotinylated lysates (IP CD81) and immu-
noblotting (WB CD81/CD82), and they were all palmitoylated
([3H]palmitic acid). In our experiments, CD82 and LEL-82 chi-
meras were only very weakly labeled after surface biotinylation,
but expression of these proteins was clearly visible after immu-
noblotting (Fig. 7B, WB CD82). EWI-2 and EWI-2wint were
equally expressed in all samples as seen by direct co-immuno-
precipitation (Fig. 7B, IP FLAG). Co-immunoprecipiation
experiments (Fig. 7B, IP CD81) showed that replacement of the
first two TM domains (TM1 and TM2) of CD81 did not affect
the interaction with EWI-2/EWI-2wint, whereas exchange of
the SEL led to a decreased interaction. However, this chimera
showed a diffuse migration pattern with two bands under
nonreducing conditions (Fig. 7B, SEL) and only one band under
reducing conditions (Fig. 7C, SEL). This was likely due to an
altered conformation of CD81 because it has been shown that
CD81 SEL helps stabilize the LEL active conformation (31) and
might therefore influence the interaction of CD81with its part-
ners. Substitution of TM3orTM4with corresponding domains
of CD82 dramatically reduced the interaction of CD81 with its
partners (Fig. 7B). It should be noted that the TM3 chimera and
to a lesser extent, the TM4 chimera showed an additional band
in anti-CD81 immunoprecipitations, which was also detected
in CD81 immunoblotting (Fig. 7B, asterisk). This indicates that
these proteins have an increased tendency to oligomerize under
our experimental conditions, suggesting a potential role for
TM3 and TM4 domains in the oligomerization of CD82.
Replacement of the LEL of CD81 by that of CD82 also abolished
the interactionwith EWI-2/EWI-2wint (Fig. 7,LEL-82). In con-
trast, replacement of the LEL of CD82 by that of CD81 led to
some co-precipitation of EWI-2/EWI-2wint (Fig. 7, LEL-81), as
compared with CD82. In conclusion, our results show the
importance of the extracellular, TM3 and TM4 domains of
CD81 for its interaction with EWI-2/EWI-2wint proteins.
We identified three glycine-rich motifs in TM1, TM2, and

TM3 domains of CD81 (Fig. 8A). Because we found that a gly-
cine-zipper motif in the TM domain of EWI-2/EWI-2wint is
essential for the interaction with CD81, we next assessed the
role of glycine-richmotifs in TMdomains of CD81 in the inter-
action with EWI-2/EWI-2wint. For this purpose, we generated
different CD81 proteins in which glycine-rich motifs were
mutated by substitution of glycine/alanine for leucine residues
(Fig. 8A). Glycine motifs were mutated separately (CD81 TM1,
TM2, and TM3) or in combination with another motif (CD81
TM12, TM13, TM23). We also generated a CD81 protein in
which all three glycine-rich motifs were mutated (CD81
TM123). As shown in Fig. 8B, the mutation of glycine-rich
motifs did not lead to any drastic effects on the interaction with
EWI-2/EWI-2wint, indicating that thesemotifs inTMdomains
of CD81 do not play a major role in the interaction with EWI-
2/EWI-2wint. It should be noted that mutation of polar resi-
dues (NEE) in TMdomains of CD81 also did not affect its inter-
action with EWI-2/EWI-2wint (data not shown).

FIGURE 7. Motifs in CD81 important for its interaction with EWI-2/EWI-
2wint. A, schematic representation of the different CD81/CD82 chimeras.
B, EWI-2/EWI-2wint (wt) and chimeric CD81 proteins were co-expressed in
CHO cells, surface biotinylated, labeled with [3H]palmitic acid, or directly
lysed in PBS/Brij97/EDTA. IP were performed with 5A6, TS82b, or M2 antibodies.
Proteins were detected using streptavidin-HRP, autoradiography, or immuno-
blotting. Oligomers of CD81 are indicated by an asterisk. C, chimeric CD81 pro-
teins were expressed in CHO cells, biotinylated, lysed in PBS/Brij97/EDTA, and
precipitated with 5A6. Proteins were resolved by SDS-PAGE under reducing (bot-
tom) or nonreducing (top) conditions and detected using streptavidin-HRP.
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Extracellular, TM3 and TM4 Domains in CD81 Are Neces-
sary for CD81 Functionality in HCV Entry—The HCV entry
stage is a multistep process involving several cellular factors
including CD81, which plays a major role during a post-attach-
ment step (reviewed in Ref. 10). Recently, we described aHuh-7
cell line (Huh-7w7) that has lost CD81 expression and is there-
fore resistant to HCV infection (24). Huh-7w7 cells can be
infected when CD81 is ectopically expressed. We therefore
took advantage of these cells to analyze the capacity of the dif-
ferent CD81 chimeras to restore permissivity of Huh-7w7 cells
to HCVcc. Because CD81 LEL is the critical region for interac-
tion with the HCV E2 envelope protein and virus entry, we
generated Huh-7w7 cell lines stably expressing only chimeras
containing CD81 LEL (Fig. 9). Protein expression in each cell
line was controlled by flow cytometry (Fig. 9A) and immuno-

FIGURE 9. Functionality of CD81/CD82 chimeras in HCV infection.
A, Huh-7w7 cells stably expressing CD81/CD82 chimeras were infected
with HCVcc and infection levels were evaluated by flow cytometry. Cells
were double stained by using anti-CD81 and anti-NS5 mAbs, as described
under “Experimental Procedures.” A representative double staining dot
plot of each cell line is shown in A. Huh-7w7 cells transfected with the
pcDNA3.1 empty vector were used as negative controls. In B results are
presented as relative percentages to full-length CD81 expressing cells and
reported as the mean � S.D. of three independent experiments.

FIGURE 8. Mutation of glycine-rich motifs in transmembrane domains of
CD81. A, schematic representation of mutations of glycine-rich motifs in TM1,
TM2, and TM3 of CD81. The first amino acid (G/A), in each motif was replaced
by a leucine residue (L). B, mutated CD81 proteins were co-expressed with
wild-type EWI-2/EWI-2wint proteins (wt), biotinylated, lysed in PBS/Brij97/
EDTA, and immunoprecipitated with 5A6 or M2 antibodies. Proteins were
separated by SDS-PAGE under nonreducing conditions and detected using
HRP-streptavidin.
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blotting (data not shown). Cell lines were next infected with
HCVcc particles and infection levels were evaluated by flow
cytometry. Because CD81 is essential for HCV infection, infec-
tion levels were evaluated only for CD81 positive cells. A rep-
resentative double staining dot plot of each cell line is shown in
Fig. 9A. Huh-7w7 cells transfected with the pcDNA3.1 empty
vector were used as a negative control. In Fig. 9B, results are
presented as relative percentages to full-length CD81 express-
ing cells and reported as the mean � S.D. of three independent
experiments. Huh-7w7 cells expressing TM1 or TM2 chimeras
were infected at the same level as control cells. In contrast, cells
expressing SEL or TM3 chimeras showed reduced infection
levels. To a higher extent, cells engineered to express TM4 or
LEL-81 chimeras were almost resistant to HCVcc infection
(Fig. 9). It should be noted that the TM4 and LEL-81 chimeras
were more cell surface expressed than the TM2 chimera that
was functional in HCV entry. This indicates that differences in
infectivity were not due to the expression levels of chimeras. As
an additional control, we generated Huh-7w7 cells expressing
LEL-82, which as expected was completely resistant to HCV
infection despite good expression of the chimeric protein (data
not shown). Together, these results indicate that the CD81
sequence of the extracellular loops, TM3 and TM4, are neces-
sary for CD81 function in HCV entry.

DISCUSSION

Here, for the first time, we characterized the essential
requirements for the functionality and the interaction of CD81
with two of its major partners: EWI-2 and EWI-2wint.
In our study, we showed that the membrane-proximal Ig4

and TM domains of EWI-2/EWI-2wint are essential for the
interaction with CD81. More precisely, a glycine-zipper motif
in the TM domain, and palmitoylation on two juxtamembra-
nous cysteines are essential for this process. These results con-
cur with recent findings, which demonstrate the necessity of
TM regions for the interaction of EWI-F, another protein of the
EWI family, which also interacts with CD81 (20, 32). Interest-
ingly, EWI-F, like EWI-2/EWI-2wint, displays a glycine-zipper
motif in its TMdomain thatmay potentiallymediate theCD81/
EWI-F interaction. Our results stand in contrast to a previous
report that showedmouse EWI-2 lackingmembrane distal Ig1-
Ig2 domains were no longer able to co-precipitate CD81 (13),
which might be due to differences in co-precipitation ap-
proaches. The finding that palmitoylation of EWI-2/EWI-
2wint is important for the interaction shed light on the loss of
interaction between CD81 and EWI-2 containing the cytoplas-
mic tail of CD2 (33), as this sequence cannot be palmitoylated.
Analysis of requirements for the interaction also showed that

there is an interaction between CD81 TM3, TM4, and EWI-2/
EWI-2wint TM domains, which might be strengthened by the
additional extracellular interactions. The structure of the LEL
of CD81 is known through x-ray defraction (34) and the com-
plete molecule has been modeled (35). Based on this model,
TM3 and TM4 domains have a common face and the TM
domain of EWI-2 might interact on this side of the molecule
bringing the Ig4 extracellular domain in close contact with the
LEL of CD81, both domain exchanges decreased the CD81/
EWI-2/EWI-2wint interaction. In the context of the develop-

ment of new antiviral molecules and therapeutic strategies
against HCV, the interacting extracellular domains constitute a
good basis for the design of peptides or miniproteins interact-
ing with CD81 and leading to an inhibition of HCV infection.
We showed that interaction with the Ig4 domain is specific

for CD81. Our results, taken together with a published report
on the interaction of EWI-2 with CD9 (11), indicate that the
interaction between EWI-2 and its direct tetraspanin partners
might be similar. Both tetraspanins require TM3 and LEL
regions to fully interact with EWI-2. In contrast, only the TM4
of CD81 is required for the CD81-EWI-F interaction (20) and it
has been shown that deletion of the most membrane proximal
Ig domain of EWI-F does not affect interaction with CD81 and
CD9 (32). Until now, there are no clear data regarding the role
that palmitoylation might play in this interaction, as the
sequence used to replace the EWI-F cytosolic tail in this report
(32) still contains a cysteine that could be palmitoylated (based
on CSS-Palm 2.0, a palmitoylation site prediction software
(36)).
EWI family members have a propensity for oligomerization.

EWI-101/CD101 has been described as a disulfide-bonded
homodimeric polypeptide (37) and it has been recently demon-
strated that EWI-F forms oligomers at the cell surface that are
directly associatedwith tetraspaninsCD9 andCD81 (32). Inter-
estingly, EWI-2 has also been observed to form protein com-
plexes containing at least two EWI-2 molecules (32). EWI-
2wint oligomerizes with EWI-2 as well. It should be noted that
all domain exchanges and mutations in the EWI-2 protein
described in this study did not affect oligomerization of EWI-
2wint with EWI-2. We therefore cannot exclude the possibility
that EWI-2wint needs EWI-2 to interact with CD81.
Most, if not all, tetraspanins are palmitoylated and the palmi-

toylation plays a role in heterologous tetraspanin-tetraspanin
interaction and therefore TEM assembly. In accordance with
previous studies (11, 39), we found that palmitoylation of CD81
and CD9 is not involved in their interaction with EWI-2/EWI-
2wint. The absence of palmitoylation might even favor interac-
tions with their partners, an observation made with an
unpalmitoylated CD9 mutant for which an enhanced EWI-2
association has been observed (39) and is also visible in our
experiments (Fig. 4). In contrast, we showed that the interac-
tion between a tetraspanin and a partner molecule can be
dependent on the palmitoylation of the partner protein. Indeed,
palmitoylation of EWI-2/EWI-2wint is important for interac-
tion with CD81, as well as CD9, showing that the effect of this
post-translational modification is a more general feature.
Palmitoylation increases the hydrophobicity of proteins and
contributes to their membrane anchoring. Palmitoylation also
influences the trafficking of some transmembrane proteins; it
affects aggregation, endocytosis, recycling, protein stability,
transport from the ER to the plasma membrane, and associa-
tionwith lipid rafts (40, 41). Through its reversibility, palmitoy-
lation also provides mechanisms for regulation of functional
activities of transmembrane proteins. Thus, palmitoylation of
EWI-2/EWI-2wint may regulate interaction with CD81 and
CD9 tetraspanins for a number of possible reasons. Palmitoy-
lation may control homo- and hetero-oligomerization of
EWI-2 and EWI-2wint, whichmight be required for their inter-
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actionwithCD81.Alternatively, palmitoylationmay contribute
to the enrichment/stabilization of EWI-2/EWI-2wint in lipid
microdomains favorable to the interaction with tetraspanins.
Although EWI-2Plm is recognized by 8A12, a conformation-
sensitive anti-EWI-2 monoclonal antibody (11), we cannot
exclude the possibility that the absence of palmitoylation alters
the conformation of Ig domains of EWI-2/EWI-2wint, as it has
been described for MHC class I molecules (42).
So far, there are only two reports regarding palmitoylation of

the tetraspanin partner protein (43, 44). In the case of tetraspa-
nin CD151 and integrin�6�4, it has been shown that palmitoy-
lation occurs early in biosynthesis and undergoes little subse-
quent turnover (44). Depalmitoylation of both CD151 and its
interactor �6�4 has no effect on the direct association of those
two molecules, but weakens the interaction with other tetras-
panins and the TEMs in total. In the case of synaptotagmin VII
(Syt VII), a Ca2� sensor that regulates lysosome exocytosis and
plasma membrane repair, mutation of palmitoylation sites dis-
rupts Syt VII targeting to lysosomes. Flannery et al. (43) dem-
onstrated that palmitoylation-dependent association with the
lysosomal tetraspanin CD63 is a requirement for the intracel-
lular trafficking of SytVII from theGolgi complex to lysosomes.
Generally, palmitoylation of tetraspanins is thought to stabilize
the tetraspanin web and to be relatively stable; nevertheless, it
has been shown that palmitoylation of CD81 can be modulated
by oxidative stress and that non-palmitoylated CD81 could
then interact with intracellular signaling protein 14-3-3 (45).
The fact that the interaction of EWI-2/EWI-2wint with CD81
and CD9 tetraspanins depends on the palmitoylation of EWI-
2/EWI-2wint suggests that these interactions can be regulated
by depalmitoylation, thus allowing the cell to regulate functions
of the tetraspanins as well as signaling through dissociation of
tetraspanin partner complexes. Together these results suggest
that regulation of protein-protein interactions through palmi-
toylation is a general principle used in TEMs.
Although its exact role is still unclear, CD81 is essential for

the HCV life cycle. HCV is a hepatotropic pathogen of signifi-
cant importance to public health. It has a very narrow host
range due to its specificity for the human homologues of some
of its receptors (46). It also has a very narrow cell tropism in
humans, infecting almost exclusively liver cells. This cell tro-
pism might be partly due to the fact that most cells express
EWI-2, which is subsequently cleaved to produce EWI-2wint,
which in turn inhibits the interaction of CD81 with the viral E2
glycoprotein. In hepatocytes, this cleavage is notably absent,
enabling the binding of E2 to CD81 and infection. We found
that cleavage of EWI-2 is dependent on two basic residues
(RXR, where X is any amino acid) and occurs after N-glycan
maturation, suggesting that it takes place in a post-ER compart-
ment. These results might now help us to identify the protease
responsible for the cleavage, thus leading to a better under-
standing of the cellular tropism of HCV. Such a protease might
either be lacking in liver cells or accessibility of EWI-2 to pro-
tease(s) may be modulated by other components of the TEMs
that vary in different cell types (1).
EWI-2 has been shown to be involved in cellular processes

such as cellular migration. It has been found that its expression
reduces migration on fibronectin and laminin (18, 19), whereas

its silencing increasesmigration toward the chemokine SDF-1�
(17). As already described, EWI-2wint has a functional effect on
HCV infection through inhibition of the interaction between
CD81 and HCV E2 (16). Interestingly, we found in this study
that mutations in EWI-2/EWI-2wint that abolish their interac-
tionwithCD81 also affect the inhibitory effect of EWI-2wint on
HCV infection. Therefore, the inhibitory effect of EWI-2wint
on HCV infection depends on the interaction of EWI-2/EWI-
2wint with CD81.
The LEL of CD81 is the major HCV E2 glycoprotein binding

site on CD81 (6, 47) and characterization of chimeric proteins
betweenCD81 andCD9, its closest counterpart, confirmed that
the LEL sequence is the region of CD81 defining HCV entry
(48). In our study, we generated chimeras between CD81 and
CD82, a tetraspanin that interacts with different proteins
than CD81 or CD9. Interestingly, we found that expression of
CD81/CD82 chimeras, which interact less or no longer with
EWI-2, only partially restored susceptibility to HCV infection.
In particular, cells expressing TM3, TM4, and LEL-81 chimeras
showed highly reduced infection levels. Although chimeras are
recognized by 5A6, a conformation-sensitive anti-CD81mono-
clonal antibody (4), and behave similarly (except for SEL) under
reducing and nonreducing conditions, we cannot exclude that
domain exchanges lead to conformational changes in LEL
structure incompatible with the viral entry. Further experi-
ments with a soluble form of E2 will be necessary to determine
whether domain exchanges lead to a direct disruption of
CD81-E2 binding. However, our results indicate that HCV
infection levels might correlate with interaction levels of CD81
with its partners. EWI-2 is likely not directly involved in HCV
life cycle because its silencing has no effect on infection (16). In
contrast, the tight junction protein Claudin-1 forms functional
complexes with CD81, which play a major role in the HCV
entry process (38, 49–52). Domain exchanges in CD81/CD82
chimeras might affect CD81�Claudin-1 complex formation. It
has been shown that homoclustered CD9 shifts toward hetero-
clusters upon EWI-2 and EWI-F expression (39), indicating
that partner proteins modulate tetraspanin oligomerization.
We therefore propose that TM3, TM4, and LEL-81 chimeras
are not functional inHCVentry because in the absence of inter-
action with their partners, these proteins may have a higher
tendency to homo-oligomerize. In accordance with this, we
showed that TM3 and TM4 chimeras have an increased tend-
ency to oligomerize under our experimental conditions. As
already suggested (24), homoclustered CD81 might be less
competent for HCV entry.
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