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Abstract. Receptor tyrosine kinases play essential roles 
in cell proliferation and differentiation. We have recently 
shown that peptides corresponding to the transmembrane 
domains of the epidermal growth factor (EGF) and 
ErbB2 receptors inhibit their corresponding receptor 
activation in cancer cell lines. We extend this observation 
to cells transfected with chimeric insulin receptors where 
the transmembrane domain has been replaced by that of 
the EGF receptor or a mutated Erb2 domain. Peptides 
corresponding to the transmembrane domains of the 

EGF receptor and ErbB2 are able to inhibit specifi cally 
the autophosphorylation of insulin receptors with the cor-
responding domain. This inhibitory effect is correlated 
with the propensity of the different transmembrane do-
mains to self-associate in a genetic reporter assay. Thus, 
our data strengthen the notion that transmembrane do-
mains are involved in erbB receptor activation, and that 
these receptors can be modulated by inhibiting protein-
protein interactions within the membrane.
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Receptor tyrosine kinases (RTKs) are transmembrane 
(TM) glycoproteins that consist of a variable extracellular 
N-terminal domain, a single membrane-spanning domain, 
and a large cytoplasmic portion composed of a juxtam-
embrane domain, the highly conserved tyrosine kinase 
domain, and a C-terminal regulatory region [1]. Dimeri-
zation is necessary for RTK activation [2]. Nevertheless, 
recent data have shown that receptor dimerization may 
not be suffi cient for activation. This notion stems mostly 
from experimental modifi cations of the TM domain of 
some RTKs and other related receptors [3]. Although 

this domain was initially thought to be a merely passive 
anchor of the receptor into the membrane bilayer, a Val 
→ Glu point mutation in the TM domain of one RTK, 
(neu/ErbB2) was found to enhance its transforming prop-
erties through increased dimerization and constitutive 
activation of signaling [4]. This increased dimerization is 
thought to be mediated by direct interactions between the 
TM domains. Indeed, the TM domains of all four recep-
tors of the ErbB/HER RTK family have been shown to 
have a strong propensity to interact and dimerize [5].
Furthermore, we have recently reported the effect of 
the expression of hydrophobic TM peptides on the ac-
tivation of ErbB2 and epidermal growth factor (EGF) 
receptors overexpressed in human cancer cells [6]. Our 
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results demonstrated that expression of peptides corre-
sponding to the TM domain of these receptors is able to 
inhibit specifi cally the corresponding receptor activation 
in whole cells. To demonstrate further that this inhibi-
tion is exclusively due to TM-TM domain interactions, 
we decided to test the effect of TM peptides on chimeric 
insulin receptors (IRs) where the TM domain had been 
replaced by that of the EGF receptor (EGFR) or by the 
Val → Glu mutated neu/ErbB2 TM domain (ErbB2m). 
Our results show that expression of peptides correspond-
ing to the TM domain of EGFR and ErbB2m can inhibit 
specifi cally chimeric IRs with the corresponding TM 
domain while expression of peptides corresponding to 
the IR TM domain does not inhibit activation of wild-
type or chimeric IRs in whole cells. Furthermore, this 
inhibition of activation of chimeric IRs by expression 
of peptides is accompanied by an inhibition of AKT, an 
enzyme which belongs to signaling pathways coupled to 
the IR and which is implicated in cell proliferation. We 
also attempted to correlate these effects of TM peptides 
with their propensity to autodimerize in the Toxcat bacte-
rial assay [7] and found that the ability of TM peptides 
to inhibit kinase activity of wild-type or chimeric IRs is 
proportional to their ability to form dimers.

Materials and methods

Plasmid construction. The expression plasmid encoding 
the chimeric IR was prepared as previously described [8] 
from the PetNdeI plasmid. It contains the entire cDNA 
sequence of the human IR with the exception of the TM 
domain sequence (corresponding to amino acids Lys928 
to Gln956), which was deleted by site-directed mutagen-
esis and replaced by a unique NdeI restriction site. The 
chimeric receptors (Pet IR-EGFR and Pet IR-ErbB2m) 
were constructed with complementary oligonucleotides 
phosphorylated and annealed to form a linker represent-
ing the wild-type TM sequence of the human EGFR or 
the transforming Val →  Glu-mutated sequence of the rat 
neu/ErbB2 receptor [4]. 
Expression vectors for the short TM domains were con-
structed with pSecTagA vectors (Invitrogen) as described 
elsewhere [6]. This vector contains a leader sequence, a 
multiple cloning site, and two tag sequences [myc and 
polyhistidine (polyHis)]. The minigenes encoding the 
short TM sequence peptides (of the IR, EGFR, mutated 
rat ErbB2, or wild-type human ErbB2) were constructed 
by ligation of synthetic oligonucleotides, using the 
EcoRV and HindIII restriction sites. The fi nal sequence 
comprised the signal peptide and an adjacent extracel-
lular sequence joined to a sequence incorporating the 
entire putative TM domain and C-terminal intracellular 
tag sequences (Myc and polyHis) (fi g. 1). All plasmids 
were verifi ed by sequencing.

Transfection of cDNAs and selection of cell lines. Chi-
nese hamster ovary (CHO) cells were cultured in Ham’s 
F12 medium containing 10% fetal calf serum as de-
scribed previously [8], transfected with Pet IR-EGFR or 
Pet IR-ErbB2m plasmids, and selected by fl uorescence-
activated cell sorting as previously described [8]. The 
resulting cell lines which overexpress chimeric IRs with 
an EGFR or ErbB2m TM were termed IR-CHO-EGFRTM 
and IR-CHO-ErbB2mTM, respectively. IR-CHO-wt cells 
(transfected with the native human IR cDNA) were pre-
pared and selected in parallel.
For peptide expression studies, all three CHO cell lines 
were transiently transfected at 50–60% confl uence by 
lipofectamine (Invitrogen) using 2 µg pSecTag plasmid 
DNA encoding the EGFR, ErbB2m, ErbB2 or IR TM 
peptide.

125Insulin-binding assays, and purifi cation of recep-
tors. Insulin binding on whole cells, solubilization and 
wheat germ agglutinin (WGA) purifi cation of receptors 
were performed as previously described [8]. 

Antibodies for extracellular tag detection. The extra-
cellular tag (ET) antibody was produced after immuni-
zation of rabbits with a synthetic amino acid sequence 
(DAAQPARRAVRSFC) conjugated to keyhole limpet 

Figure 1. Schematic diagram of the minigenes used to encode 
the transmembrane sequences (A). Each box represents a sec-
tion of the constructions made within the Invitrogen pSecTag A 
plasmid. Amino acid sequences were as follows (one-letter code): 
signal sequence peptide (METDTLLLWVLLLWVPGSTG, 1–20), 
artifi cial extracellular sequence (extracellular tag, ET) from the 
multiple cloning site (DAAQPARRAVRSF, 21–33), different trans-
membrane regions as indicated (B) including the stop transfer tri-
basic sequence (as indicated, 34–60), followed by the intracellular 
domain (HPAQWRPLESRGPEQKLISEEDLNSAVDHHHHHH, 
61–94) containing the myc and polyHis tags. Putative dimerization 
domains of the type GXXXG (two glycines separated by any three 
residues), or smallXXXsmall (two small residues separated by any 
three residues), are underlined in each sequence (see Discussion), 
and the tribasic stop sequence is italicized. Position of the mutant 
glutamic acid is shown in bold in the ErbB2mut sequence [4].



2126 A. Bennasroune et al. Insulin receptor inhibition by transmembrane peptides

hemocyanin (Eurogentec). This sequence corresponds 
to the remaining 5’ part of the pSecTag plasmid multiple 
cloning site, and has no homology with any sequence 
found in databases. The polyclonal antibodies were puri-
fi ed (CAP-8 IgG Purifi cation Kit; Sterogene) before use.

Western blotting. After incubation with 10–8 M insulin 
for 5 min, cells were washed with ice-cold phosphate-
buffered saline (PBS) and harvested in lysis buffer [20 
mM Tris pH 8, 137 mM sodium chloride, 1% (v/v) No-
nidet P-40, 10% (v/v) glycerol, 50 mM sodium fl uoride, 
10 mM sodium pyrophosphate] supplemented with a 
protease inhibitor cocktail (Roche) and 5 mM sodium or-
thovanadate. Cell lysates were cleared by centrifugation 
at 14,000 g for 10 min at 4 °C. Proteins in total lysates 
or WGA-purifi ed receptors were assayed before SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), using 
the BCA Protein Assay Kit (Pierce) with bovine serum 
albumin as a standard. After SDS-PAGE separation, 
proteins were transferred onto nitrocellulose membrane 
(Whatman), blots were blocked overnight, and then in-
cubated for 2 h with primary antibody: anti-IR antibody 
(1 µg/ml; Neomarkers, clone CT-3), anti-PTYR antibody 
(0.2 µg/ml; Upstate Biotechnology clone 4G10), anti-
phosphorylated Akt antibody (1:2000 dilution; Cell Sig-
naling Technology, ref. 9271S), or anti-myc antibody (1 
µg/ml; NeoMarkers, clone 67P05). The membranes were 
then washed and incubated with peroxidase-labeled re-
combinant A/G protein (Pierce) diluted to 1:100,000 for 
1 h. In some experiments, membranes were stripped of 
antibody (Restore Western blot stripping buffer; Pierce) 
and reprobed with a different antibody. Bands were 
visualized using the SuperSignal West Dura Extended 
Duration Substrate kit (Pierce), according to the manu-
facturers instructions, and recorded with a computerized 
Syngene GeneGnome imager.

Double labeling immunocytochemistry and confo-
cal laser scanning microscopy. IR-CHO cells were 
transiently transfected as described above. Cells were 
grown on polylysine coated glass coverslips for 3 days. 
Cells were then rinsed with PBS, and subsequently fi xed 
with 4% (w/v) paraformaldehyde. Following 6 rinses at 
37°C, cells were incubated with 3% (w/v) serum albumin 
in PBS at 37 °C for 45 min to reduce non-specifi c stain-
ing. Coverslips were then incubated at room temperature 
for 2 h with primary antibody: ET antibody (20 µg/ml) 
or IR antibody (2 µg/ml; Neomarkers, clone 83-7). After 
six washes, cells were incubated for 60 min at 25 °C with 
cyanin 3 (CY3)-labeled anti-mouse antibody (1:2 000 
dilution; Jackson Immuno Research) or Alexa Fluor 
488-conjugated anti-rabbit (1:300 dilution; Molecular 
Probes). After extensive washing, the coverslips were 
mounted in mowiol 4-88. Immunofl uorescence staining 
was monitored with a Zeiss laser scanning microscope 

(LSM 510) equipped with a Pan-Achromat x63 oil im-
mersion lens (numerical aperture 1.4). Alexa Fluor 488 
emission was excited using the 488-nm ray of the argon 
laser, while CY3 was excited using the 543 nm line of the 
helium/neon laser. Emission signals of Alexa Fluor 488 
and CY3 were fi ltered with a BP 505-530 and an LP 560 
fi lter, respectively.

Synthesis and purifi cation of hydrophobic peptides. 
Peptides corresponding to the TM domains of the EGF 
and insulin receptors (sequences SIATGMVGALLL-
LLVVALGIGLFMR and KIIIGPLIFVFLFSVVIGSI-
YLFLR, respectively) were synthesized and purifi ed by 
Neosystems using FMOC chemistry. HPLC analysis (re-
verse phase C4 column) demonstrated that the peptides 
were ~98% pure, and they were checked by sequencing. 

TOXLUC (TOXCAT) assays. To explore the ability of 
the studied isolated TM domain sequences to undergo 
homo-oligomerization, we employed a modifi ed TOX-
CAT assay [7], which measures the association between 
TM helices in the E.scherichia coli inner membrane. The 
assay exploits a dimerization-dependent activator of tran-
scription, called ToxR. The TM sequence of interest is 
expressed in the bacteria as a chimeric protein fl anked by 
ToxR and by the maltose-binding protein (MBP). TM do-
main-mediated oligomerization results in ToxR-activated 
expression of a reporter gene encoding chloramphenicol 
acetyltransferase (CAT) in the original version of the sys-
tem. For convenience, we used conventional molecular 
biology methods to replace the initial CAT gene by that 
of luciferase. Synthetic TM sequences corresponding 
to the IR, EGFR and mutant or wild-type ErbB2 were 
cloned into the new plasmid as NheI/DpnII fragments. 
Chimeras with TM sequences derived from glycophorin 
A or its G83I mutant [7] were used as controls. The 
luciferase assay was performed using the Roche assay 
kit, according to the manufacturers instructions, and a 
Berthold Microlumat plate luminometer.

Results

Characterization of the chimeric receptors. We fi rst 
checked whether the replacement of the native TM do-
main of the IR with that of the EGFR and mutant ErbB2 
had any effect on ligand binding and autophosphoryla-
tion. Analysis of 125I-insulin binding in competition ex-
periments showed that displacement curves were super-
imposable for all three types of cells studied (not shown). 
Total binding levels were equivalent, as expected, after 
fl uorescence-activated cell sorting with anti-receptor 
antibodies. Kinase activity of the receptors was assayed 
in whole cells by anti-phophotyrosine Western blotting 
(fi g. 2). Both wild-type and EGFRTM chimeric receptors 
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displayed a typical dose response upon insulin stimula-
tion. In contrast, receptors from IR-ErbB2mTM cells dis-
played a markedly elevated basal activity in the absence 
of insulin, and a modest stimulation by the hormone, as 
previously shown by Cheatham et al. [9]. These results 
demonstrate that replacement of the TM domain of the 
IR by that of the EGFR has no major effect either insulin 
binding or signaling of this receptor. Previous muta-
genesis studies of this TM domain have shown it to be 
quite tolerant to modifi cations [10, 11], except when the 
activating domain of mutant ErbB2 [9] or the inhibitory 
domain of glycophorin A [8] were introduced in place of 
the wild-type TM domain. 

Expression of hydrophobic TM sequences. To test the 
potentially inhibitory effects of TM peptides on the acti-
vation of wild-type or chimeric IRs, we took advantage 
of the characteristics of the pSecTag expression plasmid. 
In this plasmid, we constructed mini-genes comprising a 
sequence signal at the N terminus, which should direct 
the protein to the cell surface, a short antigenic extracel-
lular portion termed ET, the different TM sequences of 
interest, a basic short stop sequence to anchor the peptide 
in the proper orientation, and two C-terminal intracel-
lular tags (myc and polyHis) (see fi g. 1). Anti-myc tag 
antibodies were used in Western blotting experiments to 
control the synthesis of a peptide with correct apparent 
molecular mass (~9 kDa) after transient transfection in 
CHO cell lines. The 9 kDa fusion peptide expression was 
maximal at day 2 after transfection and was not detect-
able in non-transfected control cells (data not shown). 
Immunolocalization of the fusion peptides via confocal 
laser microscopy and the anti- ET antibodies demon-
strated their localization on the cell membrane. Figure 3 
shows the labeling patterns in non-permeabilized (upper 
panels) and permeabilized (lower panels) cells with anti-
ET antibodies and with both anti-ET and anti-receptors 

antibodies. A distinct bright outline labeling for all anti-
bodies indicated the peripheral membrane localization of 
antigens. This was confi rmed by the analysis of pictures 
taken at different scanning depths (Z-scans, not shown). 
IRs appeared to be quite evenly distributed around cells 
while the anti-ET labeling had an uneven, patched aspect 
(fi g. 3B, D), possibly related to the tendency of the TM 
peptides to self-associate or aggregate. IR, EGFR and 
ErbB2m TM peptides yielded similar labeling patterns. 

Effects of TM peptides on receptor expression, phos-
phorylation and signaling. The above-described experi-
ments established that the expression plasmids encoded 
peptides with the correct apparent molecular mass and 
the expected membrane localization and orientation. 
We next assayed whether the expression of these fusion 
peptides had any effect on different functional aspects of 
the IR overexpressed in the CHO cell lines used here. To 
this end, we looked for a possible correlation between the 
expression of receptors and peptides, together with auto-
phosphorylation of receptors and phosphorylation of one 
of the major kinases in signaling pathways, namely Akt. 
This was done by Western blot analysis of cell extracts at 
day 2 after transfection, using antibodies directed against 
the insulin receptor, the myc tag, and antibodies specifi c 
to phosphotyrosine and to the phosphorylated form of 
Akt. Equivalent amounts of protein were used to allow 
comparison between samples, and this was verifi ed by 
measuring the amount of actin in each sample. 
Typical results are shown in fi gure 4A. For the three 
CHO cell lines and all peptide-encoding plasmids, IR 
expression and actin level were constant. Anti-myc 
antibodies revealed the absence of TM peptide in non 
transfected cells and its presence in transfected cells, 
however at variable levels. Anti-phosphotyrosine anti-
bodies analysis of IR autophosphorylation showed no 
detectable peptide effect for the wild-type IR-CHO-wt 
cells. Conversely, expression of the EGFR TM peptide 
induced a decrease in receptor phosphorylation in IR-
CHO-EGFRTM cells, and mutated rat ErbB2 TM peptide 
(ErbB2m) also decreased the receptor phosphorylation 
in IR-CHO-ErbB2mTM cells. In this latter cell line, a hu-
man ErbB2 peptide was also effective, but less than the 
mutant sequence. Very similar peptide-induced effects 
were observed for the phosphorylation of the intracel-
lular kinase Akt. 
Figure 4B summarizes the data from three to four inde-
pendent experiments. Black and hatched histogram bars 
represent IR and Akt phosphorylation, respectively. The 
wild-type IR peptide clearly had no effect while only 
TM peptides corresponding to the TM domain of the 
chimeric receptor constructs inhibited phosphorylation. 
The EGFR TM peptide produced the maximal effect on 
IR-CHO-EGFRTM cells with about 60% inhibition. The 
mutant ErbB2 TM peptide induced an approximately 

Figure 2. Insulin effect on the phosphorylation of its receptor in 
CHO cells transfected with the wild-type (IR-CHO-wt) or the chi-
meric IRs (IR-CHO-EGFRTM and IR-CHO-ErbB2mTM). Cells were 
serum starved overnight and treated with the indicated concentra-
tion of insulin for 5 min. Cells were then lysed and equal amounts 
of protein were submitted to SDS-PAGE, followed by blotting with 
anti-phosphotyrosine antibody. A typical experiment is shown. The 
apparent molecular mass corresponding to the receptor beta subunit 
is shown on the right.
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50% inhibition of receptor phosphorylation in IR-CHO-
ErbB2mTM cells, whereas the wild-type human ErbB2 
TM peptide was only ~15% inhibitory.

Synthetic peptides effects. Our results demonstrate that 
membrane expression of EGFR and ErbB2m TM fusion 
peptides provoke a specifi c inhibition of the autophos-
phorylation and subsequent signaling of chimeric IRs 
containing the same TM domain. Although the expres-
sion of the transfected peptides varied slightly between 
experiments, the observed inhibitory effects were pro-
portional to the amount of detectable peptide. Notably, 
time-course experiments showed inhibition to be maxi-
mal at day 2 after transfection, the day at which maximal 
expression of the peptide was observed (data not shown). 
However, our experimental design with transient trans-
fection did not allow measurement of the amount of ef-
fective peptide. In an attempt to gain more quantitative 
information, similar experiments were carried out using 
synthetic peptides. Shorter peptides corresponding to the 
hydrophobic core of the TM domains of insulin and EGF 
receptors, without tag sequences, were chemically syn-
thesized and purifi ed by reverse-phase HPLC. Peptides 
were then incorporated in detergent micelles and added 
to the WGA purifi ed solubilized receptors prepared from 
both IR-CHO-wt and IR-CHO-EGFRTM cells.
The effect of incorporated peptide on receptor phosphor-
ylation was measured after 1 h incubation with peptides, 

stimulation with 10–8 M insulin for 5 min in the presence 
of 30 µM ATP, followed by SDS-PAGE and Western 
blotting with anti phosphotyrosine antibodies. Figure 
5 presents the results of scanning quantitation of two 
experiments. Again, the IR peptide (black bars) had no 
effect at any concentration tested, and no effect was seen 
in IR-CHO-wt cells (fi g. 5A) with either IR or EGFR 
(hatched bars) TM peptides. In IR-CHO-EGFRTM cells 
(fi g. 5B), no or very modest effects were observed at the 
higher concentration (10–7 M) of EGFR peptide tested. 
In contrast, a striking decrease by ~50% and a mild 
decrease by ~15% of receptor autophosphorylation was 
observed at 10–9 M and 10–8 M of EGFR TM peptide. 
The absence of effect at the higher peptide concentration 
is most certainly due to the observed tendency of the 
peptides to aggregate or self-associate in the membrane, 
and is in close agreement with our previous results in 
A431 cells [6].

Study of TM domains dimerization in E. coli mem-
branes. Altogether, these results clearly demonstrate that 
the inhibition of phosphorylation is due to interactions 
at the TM level, and that this effect is independent of the 
extracellular and cytoplasmic regions of the receptor. To 
further explore the self-association potential of the TM 
sequences, we employed TOXLUC, a modifi ed TOX-
CAT system [7], in which a luciferase system replaces 
the CAT reporter gene (see Materials and Methods). 
Transformation was performed in DH5alpha or MM39 
E. coli cells. Membrane insertion of chimeras was veri-
fi ed by survival on M9-maltose medium for MM39 cells 
(not shown), indicating periplasmic localization of the 
MBP domain.
The results using the TOXLUC assay for sequences de-
rived from the IR, EGFR, wild-type ErbB2, and Val → 
Glu mutant ErbB2 TM domains are depicted in fi gure 6. 
These studies demonstrate that all three sequences have 
some tendency to form homo-oligomers, but to a lesser 
extent than the glycophorin A TM sequence, known to 
possess a strong tendency for homodimerization. For 
comparison, the signal obtained with a glycophorin A 
TM sequence containing a mutation that destabilizes the 
dimer (G83I) is shown. Notably, the TM domain of the 
IR presents a low, but signifi cant, dimerization capabil-
ity. ErbB2 and ErbB2m come next, and the EGFR TM 
domain has the best ability to form a dimer. Our results 
with TM peptides of the EGFR family are in good agree-
ment with previously reported data [5, 12]. Of particular 
interest, the peptide dimerization data correlated well 
with the peptide effects on the chimeric receptor kinase 
activity and signaling. Expression levels of the chi-
meras were assayed using anti-MBP immunoblotting, 
and whole-cell lysates were found to contain identical 
amounts of ToxR-TM-MBP fusion proteins (data not 
shown).

Figure 3. Immunofl uorescence analysis of whole cells expressing 
the transmembrane construct using anti-receptor and anti-tag anti-
bodies. Staining of intact (A, B) or permeabilized (C, D) IR-CHO 
cells with anti-ET (green, B, D) or anti-IR (red, A, C) together with 
anti-ET (green) antibodies (showing intense membrane staining, 
revealing the expression of transmembrane peptides at the cell sur-
face, together with the receptors.
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tle changes in insulin signaling than the few parameters 
studied here.
In contrast, substitution of the IR TM domain by that of 
the mutated (Val → Glu) oncogenic ErbB2 [4] resulted 
in a constitutively active IR kinase, which was hardly, if 
at all, sensitive to insulin. This is in excellent agreement 
with a previous report on a similar construction [9]. In 
addition, it should be pointed out that this peculiar TM 
domain or the introduction of similar mutations in other 
TM domains have been found to cause constitutive acti-
vation in other receptor tyrosine kinases [14–17], again 
suggesting a common mechanism for receptor activa-
tion.
Peptides corresponding to the TM domains of EGFR 
and ErbB2 were found to specifi cally inhibit the auto-
phosphorylation of chimeric IRs with the corresponding 
domains, while the TM domain of the IR was unable to 
do so. We also found that this inhibitory effect is roughly 
correlated with the propensity of the different TM do-
mains to self-associate in a bacterial genetic reporter 
assay. These results are in good agreement with those 
previously obtained on native EGFR and ErbB2 recep-
tors in cancer cells [6].
Nevertheless, some of our results are apparently para-
doxical, especially since the IR is already a covalent 
dimer. First, the absence of effect of the IR TM peptide is 
inconsistent with previous results demonstrating the im-
portance of this domain in receptor activation. Notably, 
replacement of this domain by the known dimerizing TM 

Discussion

In the present paper, we examined the consequence of 
introducing peptides corresponding to the TM sequences 
of the insulin, EGF, and ErbB2 receptors on the signal-
ing activity of TM domain-substituted chimeric IRs. This 
work is an extension of a recently published paper [6] in 
which we have shown that expression vectors encoding 
short fusion peptides encompassing native or mutated 
TM domains of the EGF and ErbB2 receptors were able 
to inhibit specifi cally the autophosphorylation and sig-
naling pathway of their cognate receptor in human cell 
lines overexpressing the wild-type EGFR or ErbB2. 
The IR TM domain has been shown to be quite tolerant 
to TM domain alterations [10]. Thus, it is not surprising 
that replacement of the native TM sequence by that of the 
EGFR did not alter insulin binding, receptor autophos-
phorylation, or Akt activation by insulin. Such tolerance 
for that precise TM domain could also be inferred from 
other chimeric receptors consisting of the IR extracellular 
domain with the TM and kinase domains of the EGFR, 
or the TM and extracellular domains of EGFR with the 
insulin receptor kinase domain [13]. These hybrid pro-
teins were found to be fully functional, showing that the 
two major extra- and intracellular domains of this class 
of receptor are able to interact across the membrane, 
thereby indicating a common scheme for TM signaling. 
Nevertheless, the substitution of the IR TM domain by 
that of the EGFR may quite possibly induce more sub-

Figure 4. Expression, auto-
phosphorylation and signaling 
of IRs in transfected CHO 
cells. Experiments were 
performed at day 2 after 
transfection with pSecTag 
plasmids encoding the TM 
peptides as indicated, for IR-
CHO-wt, IR-CHO-EGFRTM 
and IR-CHO-ErbB2mTM cells 
(from left to right as shown 
at the top). Cells were serum 
starved overnight and treated 
with 10–8 M insulin for 5 min 
before lysis. Identical protein 
amounts of cell lysates were 
subjected to SDS-PAGE and 
Western blotting using anti-
bodies as indicated on the left. 
(A) Typical experiment out 
of three to four similar ones. 
(B) Combined results after 
computer analysis of blots, as 
histograms (mean ± SE) for IR 
(black bars) and Akt (hatched 
bars) phosphorylation. Values 
in non-transfected cells are 
taken as 100%.
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sequences of an oncogenic ErbB2 mutant or glycophorin 
A causes constitutive activation or insulin insensitivity 
of this receptor, respectively [8, 9]. A possible explana-
tion for the discrepancy with our results may reside in 
the lower dimerization potency of the IR TM domain. 
This low dimerization affi nity would not allow the added 
peptides to interact signifi cantly with the whole recep-

tor in our experimental setting, but could be suffi cient 
to contribute to the ligand induced activation within a 
dimeric receptor.
 Another paradox is that the mutated ErbB2 sequence is 
a potent signaling inhibitor while displaying low dimeri-
zation potential, in fact lower than wild-type ErbB2. 
This last point is quite surprising, since this oncogenic 
Val → Glu mutation has been clearly shown to enhance 
dimerization and activation of full-length receptors [see 
e. g. ref. 4]. Using the Toxcat reporter assay, Mendrola 
et al. [5] also found that this mutation actually reduces 
the tendency of the ErbB2 TM peptide to self-associate. 
They proposed that the dimerization affi nity of isolated 
TM peptides is not the only factor in their contribution 
to receptor activation, but that the structural details of the 
dimerization interface and the resulting reorientation of 
other receptor domains are to be considered. Replace-
ment of the IR TM domain by the mutated ErbB2 se-
quence most probably imposes conformational changes 
which cause constitutive activation; this would then 
make the chimeric receptor sensitive to inhibition by ex-
ogenous correspondent peptides. Our results favor such 
a mechanism, but detailed confi rmation will have to wait 
until complete crystallographic structures of full-length 
receptors are available.

Figure 5. Autophosphorylation of IRs solubilized from IR-CHO-
wt and IR-CHO-EGFRTM cells and incubated with synthetic TM 
peptides. Peptides corresponding to the hydrophobic core of the TM 
domain of insulin and EGF receptors were chemically synthesized 
and purifi ed, incorporated in detergent micelles and incubated with 
WGA-purifi ed receptors for 1 h. After 5 min incubation in the 
presence of 10–8 M insulin and 30 µM ATP, equal amounts of protein 
were submitted to SDS-PAGE and Western blotting with anti-IR and 
anti-phosphotyrosine antibodies. Densitometric analysis of blots 
was performed and results normalized according to the amount of 
immunoreactive IRs in each sample, and expressed as percentage 
of the observed autophosphorylation in the absence of peptides 
(taken as 100%). Results are depicted as histograms for the effects 
of IR (black bars) and EGFR (hatched bars) TM domains at three 
concentrations on receptors prepared from IR-CHO-wt (A) and IR-
CHO-EGFRTM (B) cells. The fi gure represents the results (mean ± 
SE) of two similar experiments performed in duplicate.

Figure 6. Homo-dimerization of the isolated receptors TM se-
quences. The modifi ed TOXCAT assay TOXLUC was used to meas-
ure homo-oligomerization of the insulin, EGF, and ErbB2 receptor 
TM sequences in the E. coli inner membrane. Cells expressing the 
TOXCAT chimeras were lysed and assayed for luciferase activity. 
Activity for the glycophorin A (GpA) construct was taken as 100%. 
Bars report the mean ± SD values of at least three independent 
measurements. 
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In conclusion, the present paper shows that: (i) substitu-
tion of the IR TM domain by that of the EGFR has no 
effect on insulin binding, receptor autophosphorylation 
or the insulin effect on Akt phosphorylation, whereas the 
introduction of a mutant oncogenic form of the ErbB2 
TM domain results in the constitutive activation of recep-
tor kinase; (ii) the introduction of TM peptides, either 
through expression plasmids or as synthetic compounds, 
induces the inhibition of receptor activity in a specifi c 
manner, i. e. a given sequence can inhibit only the chi-
meric receptor containing the same TM domain, which 
demonstrates that TM interactions are responsible for 
the inhibitory effect; (iii) the IR TM peptide is ineffec-
tive, and (iv) there is a correlation between the potency 
of the peptide sequence and their propensity to dimerize 
in a bacterial hybrid system, but structural details of the 
dimer interface are also clearly important.
In some other receptor systems, such as the beta2-adren-
ergic receptor [18], the CXCR4 and CCR5 chemokine re-
ceptors [19], and the T cell antigen receptor [20], recep-
tor function can be inhibited using hydrophobic peptides 
similar to their TM domains. Our results show that such a 
sequence-based method of disrupting membrane protein 
association and function is also applicable to RTKs, and 
may provide new insights into the mechanism underlying 
activation of this class of receptors.

Acknowledgments. We wish to thank Drs Russ and Engelman (Yale 
University) for the gift of the TOXCAT membrane protein interac-
tion reporter system, Dr. J. Sturgis for helpful comments, and P. 
Gadroy (U.575) for his help in running TOXCAT experiments. This 
work was funded by INSERM (Institut National de la Santé et de la 
Recherche Médicale), and supported by grants from the CNRS (PCV 
Physico-Chimie du Vivant program), the French Association pour la 
Recherche contre le Cancer (ARC) and the French Ligue contre le 
Cancer (Bas-Rhin, Haut-Rhin and Montbéliard committees).

 1 Hubbard S. R. and Till J. H. (2000) Protein tyrosine kinase 
structure and function. Annu Rev Biochem. 69: 373–398

 2 Heldin C. H. (1995) Dimerization of cell surface receptors in 
signal transduction. Cell. 80: 213–223

 3 Jiang G. and Hunter T. (1999) When dimerization is not enough. 
Curr. Biol. 9: R568–R571

 4 Weiner D. B., Liu J., Cohen J. A., Williams W. V. and Greene, 
M. I. (1989) A point mutation in the neu oncogene mimics li-
gand induction of receptor aggregation. Nature 339: 230–231

 5 Mendrola J. M., Berger M. B., King M. C. and Lemmon M. A. 
(2002) The single transmembrane domains of ErbB receptors 
self-associate in cell membranes. J. Biol. Chem. 277: 4704–4712

 6 Bennasroune A., Fickova M., Gardin A., Dirrig-Grosch S., 
Aunis D., Crémel C. et al. (2004) Transmembrane peptides 

as inhibitors of erbB receptor signaling. Mol. Biol. Cell 15: 
3464–3474

 7 Russ W. P. and Engelman D. M. (1999) TOXCAT: a measure 
of transmembrane helix association in a biological membrane. 
Proc. Natl. Acad. Sci. USA. 96: 863–868

 8 Gardin, A., Auzan C., Clauser E., Malherbe T., Aunis D., 
Crémel G. et al. (1999) Substitution of the insulin receptor 
transmembrane domain with that of glycophorin A inhibits 
insulin action. FASEB J. 13: 1347–1357

 9 Cheatham B., Shoelson S. E., Yamada K., Goncalves E. and 
Kahn C. R. (1993) Substitution of the erbB-2 oncoprotein trans-
membrane domain activates the insulin receptor and modulates 
the action of insulin and insulin-receptor substrate 1. Proc. Natl. 
Acad. Sci. USA 90: 7336–7340

10 Frattali A. L., Treadway J. L. and Pessin J. E. (1991) Evidence 
supporting a passive role for the insulin receptor transmembrane 
domain in insulin-dependent signal transduction. J. Biol. Chem. 
266: 9829–9834

11 Yamada K., Goncalves E., Kahn C. R. and Shoelson S. E. (1992) 
Substitution of the insulin receptor transmembrane domain with 
the c-neu/ErbB2 transmembrane domain constituvely activates 
the insulin receptor kinase in vitro. J. Biol. Chem. 267: 
12452–12461

12 Sulistijo E., Jaszewski T. and MacKenzie K. (2003) Sequence-
specifi c dimerization of the transmembrane domain of the BH3-
only protein BNIP3 in membranes and detergent. J. Biol. Chem. 
278: 51950–51956

13 Riedel H., Dull T. J., Honegger A. M., Schlessinger J. and 
Ullrich A. (1989) Cytoplasmic domains determine signal 
specifi city, cellular routing characteristics and infl uence ligand 
binding of epidermal growth factor and insulin receptors. 
EMBO J. 8: 2943–2954

14 Wides R. J., Zak N. B. and Shilo B. Z. (1990) Enhancement 
of tyrosine kinase activity of the Drosophila epidermal growth 
factor receptor homolog by alterations of the transmembrane 
domain. Eur. J. Biochem. 189: 637–645

15 Miloso M., Mazzotti M., Vass W. C. and Beguinot L. 
(1995) SHC and GRB-2 are constitutively activated by an 
epidermal growth factor receptor with a point mutation in the 
transmembrane domain. J. Biol. Chem. 270: 19557–19562

16 Chen L. I., Webster M. K. , Meyer A. N. and Donoghue D. 
J. (1997) Transmembrane domain sequence requirements for 
activation of the p185(c-neu) receptor tyrosine kinase. J. Cell 
Biol. 137: 619–631

17 Petti L. M., Irusta P. M. and DiMaio D. (1998) Oncogenic 
activation of the PDGF beta receptor by the transmembrane 
domain of p185neu*. Oncogene 16: 843–851

18 Hebert T. E., Moffett S., Morello J. P., Loisel T. P., Bichet D. 
G., Barret C. et al. (1996) A peptide derived from a beta2-
adrenergic receptor transmembrane domain inhibits both 
receptor dimerization and activation. J. Biol. Chem. 271: 
16384–16392

19 Tarasova N. I., Rice W. G. and Michejda J. C. (1999) Inhibition 
of G-protein coupled receptor function by disruption of 
transmembrane domain interactions. J. Biol. Chem. 274: 
34911–34915

20 Wang X. M., Djordjevic J. T., Kurosaka N., Schibeci S., Lee 
L., Williamson P. et al. (2002) T-cell antigen receptor peptides 
inhibit signal transduction within the membrane bilayer. Clin. 
Immunol. 105: 199–207


