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Abstract

The tetraspanin web refers to a network of molecular interactions involving tetraspanins and other molecules. Inside the tet-
raspanin web, small primary complexes containing only one tetraspanin and one specific partner molecule such as CD151/a3f1
integrin and CD9/CD9P-1 (FPRP) can be observed under particular conditions. Here we demonstrate that when cells are lysed with
Brij97, the tetraspanins CD151 and CD9 allow and/or stabilize the interaction of their partner molecules with other tetraspanins and
that their two partners associate under conditions maintaining tetraspanin/tetraspanin interactions. The tetraspanins were also
found to partition into a detergent-resistant membrane environment to which the integrin o381 was relocalized upon expression of

CD151.
© 2003 Elsevier Science (USA). All rights reserved.
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The tetraspanins are four transmembrane region
molecules found in all cells but erythrocytes. They have
been implicated in many cellular functions such as ad-
hesion, migration, co-stimulation, signal transduction,
and sperm—egg fusion [1-4]. Increasing evidences also
show the importance of tetraspanins in pathological
situations including certain cases of X-linked mental
retardation [5], hepatitis C [6], malaria [7], and meta-
stasis [8,9] (for review see [10]).

How tetraspanins function at the molecular level is
poorly understood. A unique property of these mole-
cules is their ability to associate with many other cell
surface molecules. Remarkably, in mild lysis conditions
(using detergents like Brij or CHAPS), they clearly co-
immunoprecipitate the same molecules [11-13], includ-
ing Bl integrins in most cell types (in particular a4p1,
a3B1, and a6p1), CD4, CD8, MHC class II molecules or
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CD19 in lymphoid cells (for review [1,14]). Intracellular
signaling enzymes such as phosphatidylinositol 4-kinase
and protein kinase C may also associate with several
tetraspanins [15,16]. These data, together with the
strong association of tetraspanins with each other, show
that they are involved in a network of molecular inter-
actions, the “tetraspanin web’’ [12]. Monoclonal anti-
bodies (mAbs) to different tetraspanins often produce
similar effects in vitro and this suggests that mAbs
similarly engage the tetraspanin web in a way that could
modulate the activity of the non-tetraspanin molecules.
For example, modulation of migration produced by
anti-tetraspanin mAb is proposed to be related to the
association with integrins [17-22] while tyrosine phos-
phorylation observed in lymphoid B cells following an-
tibody-ligation of tetraspanins has been suggested to be
to some extent a consequence of their association with
CD19, which is itself phosphorylated under such stim-
ulation [23,24].

Further characterization of the tetraspanin web is
essential to understand how tetraspanins work. Two
steps have already been taken in this direction. First, it
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has been shown that under particular lysis conditions,
primary complexes containing only one tetraspanin as-
sociated with a limited number of molecular partners
could be observed. If the interaction of CD151 with the
integrin a3p1 could be observed in the presence of Tri-
ton X-100 [25], many more primary complexes were
identified when cells were lysed with digitonin. These
include CD81/CD19, CDS81/a4p1, CD151/a6p1, CDY/
CD9P-1 (FPRP), CDS81/CD9P-1, CD9/EWI-2, and
CDS1/EWI-2 [24,26-30]. The second important step has
been the demonstration that the molecules present in
one primary complex interacted directly with each other.
This was achieved using chemical cross-linking experi-
ments, for the CD151/a3B1 and the CD9/CD9P-1 pairs.
These experiments also demonstrated the limited size of
these primary complexes [29,31,32]. These data revealed
some preferences of interactions within the tetraspanin
web, which could be explained by either different sta-
bilities of tetraspanin/non-tetraspanin interactions or by
different levels of interactions. In the present study, we
investigated whether the expression of a particular
tetraspanin was required for the interaction of its mo-
lecular partner with the other tetraspanins, using the
CDI151/23B1 and CD9/CD9P-1 pairs as a model, be-
cause of the stability and the high stoichiometry of these
complexes. Also, the tetraspanins were shown to parti-
tion in part in a detergent-resistant membrane (DRM)
environment with properties different from those of the
plasma membrane microdomains enriched in choles-
terol, glycosphingolipids, and GPI-anchored molecules
known as rafts [33,34]. CD151 was demonstrated to
induce the redistribution of a3B1 integrin within this
environment.

Materials and methods

Monoclonal antibodies. Anti-tetraspanins mAbs used in this study
were SYB-1, ALB-6 (CD?9, [12]), TS81 and Z81 (CD81, [29,35]), TS151
and TS151r (CD151, [28,29]), TS53 (CD53, 1gG1), and TS82 (CD82,
[29]). mAb 1F11 is directed to CD9P-1 [29] mAbs to integrins used for
this study were C9 (B1) [12], M-KID 2 (a3 [36]), V5-vjf (a5) [28], and
Gi9 (02 Coulter-Immunotech, Marseille, France), and rabbit poly-
clonal antibodies to a3 and a5 integrins were purchased from Chem-
icon (Temecula, CA). A goat polyclonal antibody to CD71 was from
Santa-Cruz biotechnology (Santa-Cruz, CA).

Cell lines, cell culture, and transfection. The lymphoid B cell line
Daudi was cultured in RPMI 1640 medium (Eurobio, Les Ulis,
France) supplemented with 10% FCS, 2mM glutamine, and antibiotics
(all from Life Technologies, Cergy-Pontoise, France). The adherent
cell lines HeLa (cervical carcinoma), A431 (epidermoid), and CHO
(Chinese Hamster Ovary) were grown in DMEM (Eurobio). CHO cells
stably expressing CD9P-1 and CD9-transfected Daudi cells have pre-
viously been described [24,29]. For this study, Daudi cells were first
transfected as previously described [24] with cDNA encoding o3 and
B1 subunits (in pcDNA3, Invitrogen), and then with either CD151 or
CD9 cDNA (in pcDNA3hygro, Invitrogen, Carlsbad, CA).

Cell lysis and immunoprecipitations. Adherent cells were lysed di-
rectly in the tissue culture flask (2ml for a 75cm? flask) and hemato-
poietic cells were lysed at the concentration of 2 x 107/ml, in a lysis

buffer containing 1% detergent (Brij97, or digitonin, both from Sigma),
10mM Tris, pH 7.4, 150 mM NaCl, I mM CacCl,, I mM MgCl,, 0.02%
NaN;, 1mM PMSF, 0.5pg/ml leupeptin, 1pg/ml pepstatin A, and
10 KIU/ml aprotinin. Digitonin was first dissolved in methanol at the
concentration of 10% (w/v) and then diluted in lysis buffer without
divalent cations. The samples were cleared by centrifugation at 12,000g
and the supernatant was precleared overnight by addition 1/200
volume heat inactivated goat serum and 1/40th volume protein
G-Sepharose beads (Amersham-Pharmacia, Rainham, UK) and an
additional centrifugation at 12,000g for 15min. Proteins were then
immunoprecipitated by adding 1 pl ascitic fluid and 10 pl protein G-
Sepharose beads to 200-400 pl of the lysate. After 5h incubation at
4°C under constant agitation, the beads were washed 5 times in lysis
buffer. The immunoprecipitates were separated by 5-15% SDS-poly-
acrylamide gel electrophoresis under non-reducing conditions and
transferred to a PVDF membrane (Amersham). Western blotting on
immunoprecipitates was performed using biotinylated mAbs and a
streptavidin-biotinylated horseradish peroxidase complex (Amer-
sham), which was revealed by enhanced chemiluminescence (NEN,
Boston, MA).

Equilibrium density gradient centrifugation. The cells were pelleted
and lysed in an equal volume of 2x ice-cold lysis buffer containing
25mM Tris-HCl, pH 7.5; 150mM NacCl; 0.5mM CaCl,, 0.5mM
MgCl,, 0.2mM Na;VOy,, protease inhibitors, and either 1% Brij97 or
0.5% Triton X-100. The ratio of lysis buffer volume to cell number was
kept constant throughout the experiments. After a 30 min incubation
on ice, the preparation was made 40% with respect to sucrose, in the
lysis buffer without detergent. Then, 0.8 ml of lysate-sucrose mixture
was sequentially overlaid with 2ml of 30% sucrose and 1 ml of 4%
sucrose prepared in the same buffer, without detergent, and the mix-
ture was centrifuged at 200,000g for 14-16h in an SW50.1 rotor
(Beckman). The gradient was fractionated in 0.5-ml fractions from the
top of the tube. All steps were at 4 °C except when indicated.

Results and discussion

CDI151 and CD9 allow the association of their partners
(integrin o3 1 and CD9P-1) with other tetraspanins

We first investigated whether the integrin o381 could
associate with other tetraspanins in cells lacking CD151.
Because we failed to identify a cell line expressing the
integrin o3B1 but not CDI151, experiments were per-
formed using the B lymphoid cell line Daudi that lacks
both CD151 and CD9. The integrin 31 was trans-
fected in Daudi cells (Fig. 1A), and its possible associ-
ation with the endogenous tetraspanins CDS81 and
CD53 was studied by co-immunoprecipitation after
Brij97 lysis, a condition preserving tetraspanin/tetra-
spanin interactions. As shown in Fig. 1B, in these cells,
the integrin a3B1 could not be detected in the CD81 and
CD53 immunoprecipitates, and reciprocally, failed to
co-immunoprecipitate CD81. This shows that the stable
interaction of a3B1 integrin with tetraspanins other than
CD151 requires an additional molecule. To determine
whether this additional molecule was CD151, the a3p1-
expressing Daudi cells were further transfected with
CD151, or CD9 as a control. Their expression level was
comparable to that of endogenous tetraspanins (CD81
and CD53) and to their expression level in other human
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Fig. 1. CD151 allows the interaction of a3B1 integrin with other tet-
raspanins. (A) Flow-cytometric analysis Daudi cells transfected with
a3p1 integrin alone or with CD151 or CD9. (B) Analysis of a3B1 in-
tegrin association with tetraspanins. a3B1 integrin-transfected Daudi
cells, expressing or not CD9 or CD151, were lysed with Brij97 and
immunoprecipitations were performed as indicated on the top of each
lane. The blots were revealed with either a polyclonal mAb to o3
integrin (upper) or a biotin-labeled mAb to CD81 (Z81, lower).

cells (Fig. 1A, [28]). As expected, the co-expression of
CD151 resulted in its strong association with the inte-
grin o3B1 as shown by co-immunoprecipitation (Fig.
1B). Furthermore, the reactivity with the mAb TS151r,
which only binds to CDI151 when it is not complexed
with a3B1 or a6B1 [28], indicated that ~60% of surface
CD151 was associated with a3B1 (data not shown). In
the cell line expressing CD151, the integrin o331 was co-
immunoprecipitated with both CD81 and CDS53 while
accordingly, CD81 appeared in the a3B1 immunopre-
cipitate (Fig. 1B). No association of a3p1 integrin with
tetraspanins could be detected in cells expressing CD9
instead of CD151.

This result was extended to another tetraspanin/
partner pair. CD9P-1 is a partner for both CD9 and
CDS81 [28,29]. Because we did not identify a human cell
line not expressing these two tetraspanins, we used
transfected CHO cells. CHO cells stably expressing
CD9P-1 were transiently transfected with CD151 alone,
or also with CD9 or CDS2 (Fig. 2A), and the association
of CD9P-1 with CD151 was studied by co-immunopre-
cipitation, after cell lysis in Brij97. CHO cells express
endogenous hamster CD9 and CDS1, and thus a basal
level of interaction of CD9P-1 with CD151 was expected
in the absence of ectopically expressed CD9. However,

A
Transfection: , ¢ontrol  CD9P-1 ~ CD151 CcD82 CD9
e PNV
CD151
+CD82 M
CD151
+CD9
10' 10? 10° 10' 10° 10° 10' 10° 10° 10' 10° 10° 10' 107 10°
Fluorescence Intensity
B N \
K80 K0 G § Q¢ oo
SEITFS SS® o°
- - - bl - |
CD9P-1 ' k= -
| 1 1 |
+CD82 +CD9

Fig. 2. CD?9 specifically allows the interaction of CD9P-1 with CD151
and CD82. (A) Flow cytometric characterization of CHO cells stably
expressing CDI9P-1 and transiently transfected with CD151 alone or
with CD9 or CDS82. (B) Association of CD9P-1 with tetraspanins.
CDO9P-1-expressing CHO cells transiently transfected with CD9 or
CD82 and CDI151 were lysed with Brij97 and immunoprecipitations
were performed as indicated on the top of each lane. The immuno-
precipitates were analyzed by Western blotting using a biotin-labeled
anti-CD9P-1 mAb 1F11.

using cells expressing high levels of CD9P-1, this basal
level was low and detectable only with long exposures,
probably because most of endogenous CD9 or CD81 are
engaged in other interactions. CD9, but not CDS2,
strongly associated with CD9P-1 and increased the
association of CD151 with CD9P-1 (Fig. 2B).

Altogether, these data show that a tetraspanin induces
or stabilizes the association of its molecular partner(s)
with other tetraspanins. These data also strongly suggest
that a tetraspanin interacts only indirectly with the mo-
lecular partners of other tetraspanins. In this regard,
cross-linking experiment on cells expressing high levels of
CD9 and CD151 did not reveal any CD151/CD9P-1 in-
teraction under conditions in which CD9/CD9P-1 com-
plexes were readily detected [29].

The integrin «3f1 associates with CD9P-1 under condi-
tions preserving tetraspaninl/tetraspanin interactions

We then investigated whether the Bl integrin and
CDO9P-1 could be present in the same complex. As
shown in Fig. 3, a complex containing these two mole-
cules could be detected when A431 cells were lysed in
Brij97 to preserve the tetraspanin/tetraspanin interac-
tions, but not when they were lysed in digitonin.
Moreover, CD9P-1 associated with the integrin o331, a
tetraspanin-associated integrin, but not with o2p1 or
a5B1, two integrins not associated with tetraspanins.
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Fig. 3. Presence of CD9P-1 and integrin o3f1 in the same complex.
A431 cells were lysed in the presence of Brij97 or digitonin. Immu-
noprecipitations were performed as indicated on the top of each lane
and analyzed by Western blot using biotin-labeled mAbs to Bl-integrin
(top) or CD9P-1 (bottom).

These data strongly suggest that CD9P-1 and the inte-
grin a3B1 interact only indirectly through tetraspanin/
tetraspanin interactions.

Buoyant properties of tetraspanins

The tetraspanins were recently found to partition in
DRM. To determine whether CD151 could influence the
localization of the integrin a3f1 in DRM, Brij97-resis-
tant membranes were isolated by buoyancy at low-
density fractions of a bottom-loaded discontinuous
sucrose gradient and analyzed by immunoblotting (Fig.
4A). In initial experiments, the density pattern of tet-
raspanins from HeLa cells was studied and compared to
usual controls. As expected, the GPI-anchored molecule
CD55, a resident of GPI-microdomains [34], was mainly
recovered in low-density fractions (1-3), and CD71, a
protein not associated with DRM, was recovered in
high-density fractions (5-8). A significant proportion of
the tetraspanins CD9, CD81, CD151 (up to ~30%, Fig.
4A), and CD63 (not shown) were found to partition into
low-density fractions, both in lymphoid cells (data not
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shown) and HeLa cells (Fig. 4), indicating that the tet-
raspanins can associate with Brij97-resistant mem-
branes. The partition of tetraspanins into low-density
fractions did not occur after lysing the cells in Triton X-
100 (Fig. 4C), a condition which preserves the GPI-
microdomains and disrupts the tetraspanin/tetraspanin
complexes. To determine whether the localization of
tetraspanins in DRM reflects an association with rafts
or with other membrane structures, the cells were trea-
ted with Brij97 at 37°C (instead of 4°C in standard
conditions), to disrupt rafts [34]. The tetraspanins still
floated within low-density fractions while raft markers
such as CD55 redistributed into high-density fractions
(Fig. 4B), indicating that tetraspanins localize in a
membrane environment different from rafts: this is fur-
ther suggested by previous reports failing to put in evi-
dence any association between tetraspanins and raft
resident molecules such as GPI-anchored molecules
([32,37] and data not shown) or protein kinases [38].
Also, the tetraspanin-associated HLA-DR molecules
(CDw78) showed a restricted repertoire of self-peptides
as compared to the raft-associated HLA-DR molecules
[39]. These data do not exclude the possibility that under
particular circumstances, the tetraspanin complexes and
GPI-microdomains could cluster. This might explain a
discrepancy between our data and a previous report.
Indeed, in murine T cells, a low fraction of CD9 was
recently shown to be present in low-density fractions
after lysis with Triton X-100, a property shared by other
co-stimulatory molecules [40].

CDI151 redistributes the integrin o331 into DRM

The tetraspanin-associated o3 integrin [13,28], but
not the non-associated o5, was also readily detected in
the low-density fractions of sucrose gradients (Fig. 4B).
In addition, the behavior of a3 paralleled that of the
tetraspanins, i.e., o3 was buoyant after lysis with Brij97
at 4 or 37°C (Fig. 4B) but was fully recovered in the
high-density fractions after cholesterol depletion with
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Fig. 4. Association of tetraspanins and a3l integrin with detergent-resistant membranes. HelLa cells were lysed and the extracts were directly
subjected to equilibrium density gradient centrifugation. Gradient fractions were collected and analyzed by Western blot. The fractions are indicated
on the top of each lane. Fractions 1-3 correspond to low-density fractions (L), and 5-8 to high-density fractions (H). (A) Lysis in Brij97 lysis buffer at
4°C. (B) Lysis in Brij97 lysis buffer either at 4 or at 37°C. (C) Lysis in Triton X-100 lysis buffer.
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Fig. 5. CDI151 allows the redistribution of the a3fl integrin into
DRM. Daudi cells expressing the integrin o331 with or without CD151
or CD9 were lysed at 4°C in the presence of Brij97 and the extracts
were directly subjected to equilibrium density gradient centrifugation.
Gradient fractions were collected and analyzed by Western blot. The
fractions are indicated on the top of each lane. Fractions 1-3 corre-
spond to low-density fractions and 5-8 to high-density fractions.

MBCD (data not shown). The buoyancy of a3B1 inte-
grin is dependent on its association with tetraspanins.
Indeed, in transfected Daudi cells, this integrin distrib-
uted into the low-density fractions only when CD151
was expressed and the integrin associated with other
tetraspanins (Fig. 5).

In previous studies, other tetraspanin partners were
shown to partition into low-density fractions of dis-
continuous sucrose gradients [27,30] and it is likely that
their partition also depends on the association with
tetraspanins.

A model for the tetraspanin web

The data presented in this paper strengthen a model of
a tetraspanin web organized in several different levels. At
the first level, each tetraspanin forms primary complexes
with a limited number of molecular partners which are
best revealed after digitonin extraction [28,29]. These
primary complexes most likely involve direct protein/
protein interaction as demonstrated for the CD151/inte-
grin and CD9/CD9P-1 pairs [29,31,32]. They are proba-
bly independent from lipid interactions, since they can be
observed after extraction with digitonin [24,29,31,41],
which does not extract any cholesterol and very few
lipids [42]. At the second level, several primary com-
plexes would assemble through tetraspanin/tetraspanin
interaction, in a cholesterol-containing environment
(submitted for publication), to form higher-ordered
complexes. It is possible that this assembly is facilitated
by the 4 hydrophobic (presumably transmembrane) do-
mains of the tetraspanins as well as their palmitoylation
[43-45]. As suggested by Claas et al. [37], the observation
that a certain number of molecules can be observed only
after lysis in detergents that are milder than Brij97 sug-
gests the possible existence of a third level of interaction.
Because tetraspanin to tetraspanin interactions are
readily observed in Brij97, it is likely that the basis for this

third level of interaction is different from the tetraspanin/
partner pair model. The data presented in this paper
further suggest that tetraspanins function as ‘““organiz-
ers” of multimolecular complexes [12] that may represent
regulatory units controlling particular properties of tet-
raspanin’s partner molecules. Diseases associated with a
loss or a decreased expression of tetraspanins may relate
to the disorganization of these complexes.
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