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ABSTRACT: The role of the insulin receptor carboxyl-terminal domain in regulation of insulin signal 
transduction was studied with antipeptide antibodies against the sequence 1321-1 338, which contains two 
autophosphorylation sites, tyrosine 1328 and tyrosine 1334. The antibodies were introduced by electroporation 
in murine fibroblasts transfected with an expression plasmid encoding the human insulin receptor. We found 
that introduction of these antipeptides into cells stimulated cellular proliferation, compared to cells loaded 
with nonimmune Ig. In contrast, neither glucose transport nor amino acid transport was stimulated by the 
antibodies. Despite its stimulatory effect on cell growth, the injected antipeptide did not enhance phos- 
phorylation of ribosomal protein S6. In vitro, anti-C 1 antipeptide stimulated insulin receptor auto- 
phosphorylation but did not increase receptor-mediated phosphorylation of the copolymer (glutamate/tyrosine, 
4/ 1 ), while histone phosphorylation was increased. We interpret our results to mean that perturbation of 
the receptor C-terminus could lead to phosphorylation of selected substrates, which may be involved in cell 
growth regulation. Taken together, our data suggest that (i) insulin receptor mediated stimulation of cell 
growth and stimulation of ribosomal protein S6 phosphorylation result from divergent signaling pathways 
and (ii) the insulin receptor C-terminal domain exerts an inhibition on the growth signal mediated by the 
receptor. This inhibition appears to be released upon insulin binding to receptor or by interaction of the 
antipeptide with the receptor. 

Insulin generates its biological effects through interaction 
with its specific cell surface receptor. This receptor is a tet- 
rameric glycoprotein consisting of two extracellular CY subunits 
and two transmembrane subunits, linked together by di- 
sulfide bonds. The cy subunit binds insulin, whereas the p 
subunit cytoplasmic domain contains an insulin-sensitive 
tyrosine kinase activity (Gammeltoft & Van Obberghen, 1986; 
Kahn & White, 1988; Rosen, 1987). Studies of the mecha- 
nism of receptor activation have led to the proposal of the 
following scenario. Insulin binding results in a conformational 
change in  the receptor molecule, which is transmitted to the 
8 subunit down to the C-terminal domain (Baron et al., 1990). 
The receptor becomes then competent for autophosphorylation, 
and this phosphorylation not only enhances the receptor tyr- 
osine kinase activity toward substrates (Klein et al., 1986; 
Rosen et al., 1983; Yu & Czech, 1984) but also promotes 
another conformational change unmasking epitopes recognized 
by certain antipeptides (Herrera & Rosen, 1986; Perlman et 
al., 1989). Despite extensive research, the necessary links 
between insulin receptor activation and the final cellular re- 
sponses are still missing. While putative substrates for the 
insulin receptor tyrosine kinase have been identified in intact 
cells, their role in insulin signaling has not been documented 
(Sadoul et al., 1985; Rees-Jones & Taylor, 1985; White et al., 
1985). Studies using mutated receptors suggest that divergent 
signal transduction pathways may be involved in the generation 
of the pleiotropic cellular program evoked by insulin. Thus, 
a number of mutations in the insulin receptor p subunit affect 
differently the growth-promoting effects of insulin compared 
to the metabolic ones (Thies et al., 1989; Wilden et al., 1990). 
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The 8-subunit C-terminal region contains two auto- 
phosphorylation sites, tyrosine 1328 and tyrosine 1334, which 
are probably not playing a determining role in receptor tyrosine 
kinase activation (Tornqvist & Avruch, 1988; White et al., 
1988). Moreover, this domain is the place of conformational 
changes during the process of receptor activation and auto- 
phosphorylation (Baron et al., 1990). Thus, an intriguing 
question arises as to its role in signal transduction. To define 
the function of the C-terminus including the auto- 
phosphorylation sites, tyrosine 1328 and tyrosine 1334, we took 
advantage of an antipeptide antibody to this region which we 
previously reported to detect conformational changes in the 
receptor. We show here that our antibody stimulates cell 
growth without affecting metabolic responses, such as glucose 
and amino acid transport. Interestingly, the antipeptide does 
not enhance phosphorylation of ribosomal protein S6, which 
is a rapid effect of insulin (occurring within minutes) but which 
is commonly considered as part of the growth response (Kozma 
et al., 1989). Our results emphasize the notion that insulin- 
and/or phosphorylation-induced conformational changes allow 
removal of a constraint imposed by the C-terminus on re- 
ceptor-mediated induction of cell growth. 

MATERIALS AND METHODS 
(1) Cell Culture. NHIR cells, mouse embryo fibroblasts 

transfected with an expression plasmid encoding the human 
insulin receptor, were a gift from Jonathan Whittaker (Stony 
Brook, NY) (Whittaker et al., 1987). They were grown in 
DMEM (GIBCO) supplemented with 10% fetal calf serum 
(FCS) . 

( 2 )  Production and Purification of the Antipeptide. Peptide 
C1 corresponds to the insulin receptor sequence 1321-1338 
according to the sequence published by Ebina et al. (1985). 
Antibodies were produced and partially purified on protein 
A-Sepharose as described previously (Baron et al., 1990). 
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Affinity purification was performed with a column of peptide 
bound to Sepharose. The elution procedure consisted of using 
the following buffers sequentially: (i) buffer 1 containing 0.1 
M glycine and 0.5 M NaCl, pH 2, followed by a wash with 
PBS (phosphate-buffered saline), pH 7.5, and (ii) buffer 2 
containing 3.5 M NaSCN in PBS, pH 7.5. The antibodies 
were then dialyzed against PBS and concentrated to 2 mg/mL. 

( 3 )  Cell- Free Insulin Receptor Autophosphorylation and 
Phosphorylation of Substrates. Insulin receptors from NHIR 
cells were partially purified as previously described by chro- 
matography on wheat germ agglutinin (Van Obberghen et al., 
1981). These receptors (300 fmol/sample) were incubated 
with partially purified antipeptide antibodies or preimmune 
immunoglobulins for 2 h at 22 OC, and when indicated insulin 
( M) was added for 1 h. Receptor autophosphorylation 
was initiated by addition of 15 pM [y-32P]ATP (2.5 mCi/ 
mmol), 4 mM MnC12, and 8 mM MgC12, for the periods 
mentioned in the figure legends. For measurement of substrate 
phosphorylation, the receptor was preincubated with either the 
copolymer (Glu/Tyr, 4/1) (0.2 mg/mL) or histone H2b (50 
pg/sample), the phosphorylation mixture was added, and 
phosphorylation was measured during 30 min for the co- 
polymer (Glu/Tyr) and during 15 min for histone. Phosphate 
incorporation into the copolymer (Glu/Tyr) was determined 
as previously described with a filter paper assay (Le Marc- 
hand-Brustel et al., 1985). Histone phosphorylation and re- 
ceptor autophosphorylation were stopped by addition of 
Laemmli sample buffer containing 5% 8-mercaptoethanol, and 
the phosphoproteins were analyzed by one-dimensional SDS- 
polyacrylamide gel electrophoresis (Laemmli, 1977). 

( 4 )  Transfer of Antipeptide Antibodies into Cells. Transfer 
was performed by electroporation as described by Chakrabarti 
et al. (1989) using the Electropulsing Unit Apelex, Paris, 
France. Exponentially growing cells were used to optimize 
the efficiency of electroporation. Briefly, cells were trypsinized, 
washed once with DMEM/lO% FCS and once with PBS, and 
resuspended in PBS at 2.5 X lo6 cells/mL containing 250 
pg/mL purified anti-Cl or nonimmune Ig. Cells were 
transferred to the sterile electroporation chambers and exposed 
to a single electric pulse of 750 V/cm for 0.93 ms at 23 OC. 
They were maintained for 10 min at 4 OC. Then, they were 
resuspended into DMEM/lO% FCS and plated. When fully 
attached (approximately 3 h after electroporation), cells were 
washed three times with PBS and placed in DMEM containing 
10% FCS or 0.2% BSA. 

Incorporation into cells was quantitated by performing the 
electroporation protocol described above in the presence of 
immunoglobulins labeled with lZsI. After 4 h the attached cells 
were washed with PBS and placed in DMEM/ 10% FCS. The 
next day they were washed three times with PBS, membranes 
were disrupted, and cell lysates were centrifuged at 15000g 
for 20 min. Radioactivity accumulated in the cytosols of 
electroporated and nonelectroporated cells was counted. Under 
these experimental conditions, approximately 6 pg of Ig/mL 
of cell volume was transferred into cells. 

( 5 )  Glucose and Amino Acid Transport. Cells were loaded 
with anti421 or nonimmune Ig and plated in 12-well dishes 
with DMEM containing 10% serum. Fifteen hours after 
electroporation, they were washed twice with PBS and incu- 
bated for 3 h in DMEM supplemented with 0.2% BSA and 
then for an additional 3-h period without or with insulin 
M). Glucose transport and amino acid transport were mea- 
sured as described by Le Marchand-Brustel et al. (1 978) and 
Fehlmann et al. (1983), respectively. Briefly, cells were 
washed with KRP/HEPES buffer (glucose transport) or KRB 
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Table I: Effect of Anti-C1 on Cell Growth" 
cell number (% of cell number at day 0) 

nonimmune 100 96 f 0.7 100 f 5.4 107 h 7.8 
anti-Cl 100 126f 7.8 1 4 8 i  13 180 

"Cells were loaded with nonimmune or anti41 Ig and placed in 
DMEM/O.2% BSA, as described under Materials and Methods. Cell 
number was determined at 1 ,  2, and 3 days after electroporation. Re- 
sults are means f SEM of three wells. bDays after cell loading. 

buffer (amino acid uptake) and incubated for 15 min in the 
corresponding buffers containing 0.2% BSA in the absence or 
presence of insulin. Thereafter, 0.1 mM [3H]deoxyglucose 
(DOG; 0.2 pCi/well) or 0.1 mM [14C]aminoisobutyric acid 
(AIB; 0.1 pCi/well) was added for 5 and 30 min, respectively. 
After three washes with cold PBS, cells were solubilized in 
NaOH for scintillation counting. 

(6) Cell Proliferation. Nonimmune Ig and purified anti- 
peptides were transferred into cells, seeded in six-well culture 
plates. Four hours after electroporation, attached cells were 
washed three times in PBS and incubated for 2 days in 
DMEM/O.2% BSA supplemented with buffer, insulin (1 0-' 
M), or serum (10%). The medium was removed and fresh 
DMEM/BSA without or with effectors was added. The next 
day cells were trypsinized and resuspended in 1 mL of 
DMEM/ 10% FCS, and the cell number was determined with 
a Coulter counter (Coultronics, Paris, France). 

(7) Phosphorylation of Ribosomal Protein S6. Fifteen 
hours after electroporation, injected cells (12 X lo6 cells/dish) 
were incubated in DMEM/0.2% BSA for 4 h and then with 
[32P]orthophosphate (0.5 mCi/mL) in a phosphate-free buffer 
containing 0.2% BSA for 3 h at 37 OC and, finally, exposed 
to buffer, insulin ( M), or serum (1 0%) for 15 min. Cells 
were solubilized in 50 mM Tris-HC1, pH 7.4, 1.5 mM KCI, 
5 mM MgCI2, 1% Triton X-100, 1% deoxycholic acid, 100 
mM sodium fluoride, 200 pM sodium vanadate, 100 mM 
sodium tetraphosphate, and protease inhibitors. Samples were 
subjected to a first centrifugation during 30 min at 15OOOg. 
Supernatants were then centrifuged on a sucrose cushion for 
15 h at 170000g. Pellets containing total ribosomal proteins 
were analyzed by SDS-PAGE in reducing conditions on a 10% 
acrylamide gel (Nielsen et al., 1982). 

RESULTS 
To investigate the role of the insulin receptor C-terminus 

in regulation of receptor-mediated responses, we transferred 
the antipeptide, anti-C1, into murine fibroblasts expressing 
human insulin receptors and studied its effects on a series of 
biological responses including glucose and amino acid uptake, 
cellular growth, and ribosomal protein S6 phosphorylation. 

( I )  Effect of Anti-CI Antipeptide on Cell Growth. We first 
tested the effect of an t ic1  antipeptide at different times after 
cell injection. Cells were loaded with nonimmune or anti-C1 
Ig and incubated in DMEM/O.2% BSA. The cell number was 
determined at 1,2, and 3 days after electroporation. As shown 
in Table I, anti-C1 stimulates the cell growth, this effect being 
observed as early as 1 day after cell loading and increasing 
until day 3. We could not prolong the experiment further, 
since after 4 days in serum-deprived medium the cell number 
sharply decreased in all conditions. Therefore, other exper- 
iments concerning cell growth measurement were performed 
3 days after electroporation. 
In these experiments, cells were loaded with nonimmune Ig 

or purified anti-C1 and incubated in DMEM/0.2% BSA or 
in the same medium enriched with insulin ( M) or FCS 
(10%). The cell number was determined after 3 days. As 
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FIGURE 1: Effect of antic1 antipeptide on cellular growth. Cells 
injected with nonimmune or antLC1 Ig were placed in DMEM/O.2% 
BSA, without or with insulin (lo-' M). After 2 days, the medium 
was changed, and after an additional day, cell numbers were deter- 
mined with a Coulter counter. (A) NHIR cells, mouse fibroblasts 
transfected with an expression plasmid encoding the human insulin 
receptor, were used. Results are the means f SEM of five experiments, 
each run in triplicate. (B) Untransfected NIH 3T3 cells were used. 
This is the mean of two experiments run in triplicate. 

shown in Figure lA, electroporation does not impair the ca- 
pacity of cells to respond to insulin. Indeed, the hormone 
stimulates NHIR cell growth by a factor of 2 approximately 
as compared to unstimulated cells. Cells loaded with anti421 
have a proliferation rate 2-fold higher than cells loaded with 
nonimmune Ig. Thus, the antibody is able to induce cell 
proliferation, and the anti-Cl stimulation of cell growth is of 
the same magnitude as the hormone-induced one. Further, 
the effects of the antipeptide and insulin are not additive. 

Anti-Cl does not appear to modify the level of serum 
stimulation, since maximal growth stimulation, obtained with 
10% FCS, was 502 f 119% of basal levels in control cells and 
708 f 254% in cells loaded with anti-C1 (data not shown). 

To ensure that the anti-C1 effect on cell growth was due 
to a direct interaction with human insulin receptors, the an- 
tibody was injected into NIH 3T3 cells, which were not 
transfected with human insulin receptor cDNA and possess 
few endogenous murine insulin receptors. Figure 1 B shows 
that, in these cells, injection of anti-Cl antipeptide does not 
result in increased proliferation compared to cells loaded with 
nonimmune Ig. Likewise, insulin does not stimulate NIH 3T3 
cell growth. Taken together, our results indicate that the 
increase in cellular proliferation seen with anti-C 1 antibodies 
is due to their interaction with human insulin receptors. 

( 2 )  Effect of Anti-CI on Glucose and Amino Acid Trans- 
port. The effect of anti-Cl on glucose and amino acid 
transport, which are two metabolic responses stimulated by 
insulin, was measured 15 h after electroporation. As illustrated 
in Figure 2, insulin enhances both uptake of glucose and of 
amino acid in cells injected with nonimmune Ig. In contrast 
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FIGURE 2: Effect of anti-cl antibodies on glucose and amino acid 
transport. Cells loaded with nonimmune or anti-Cl Ig were incubated 
without or with insulin (lo-' M) for 3 h. After measurement of 
transport, cells were solubilized in NaOH and the incorporated ra- 
dioactivity was counted after addition of scintillation fluid. (A) 
[3H]Deoxyglucose was added for 5 min. Results are the means i 
SEM of five experiments. (B) ['4C]Amin~i~~butyric acid was added 
for 30 min. The means f SEM of three experiments are shown. 

to its stimulatory action on cell growth, anti421 antipeptide 
is without effect on basal and on insulin-induced transport of 
glucose and amino acid. 

(3 )  Effect of Anti-CI on Ribosomal Protein S6 Phospho- 
rylation. Since anti-Cl was shown to stimulate cell growth, 
it was of interest to investigate whether phosphorylation of 
ribosomal protein S6 was also increased by the antibody. 
Figure 3A represents the results observed 24 h after electro- 
poration of cells with antibody. Injected cells were labeled 
with [32P]orthophosphate and incubated for 15 min with 
buffer, insulin, or serum before solubilization. As expected, 
both insulin and serum stimulated protein S6 phosphorylation. 
However, no effect was observed in cells electroporated with 
anti-C1 alone. Several lengths of insulin exposure as well as 
different postelectroporation periods were tested. In the ex- 
periment shown in Figure 3B, insulin was added after cell 
recovery and maintained during 24 h. Thus, cells were exposed 
to anti-C1 or insulin during the same period. Insulin stimu- 
lation of protein S6 phosphorylation was still observed after 
this period, but no stimulation by the antipeptide anti-Cl could 
be detected. The anti-C1 lack of effect on S6 phosphorylation 
was still observed 3 days after its injection into cells, the time 
at which we measured cellular growth (data not shown). In 
conclusion, antibodies to the receptor C-terminus are able to 
stimulate cell multiplication, but they do not induce detectable 
phosphorylation of ribosomal protein S6. 

(4 )  Effect of Anti-Cl on in Vitro Insulin Receptor Kinase 
Activity. The electroporation technique used in this study 
requires a recovery period between cell loading and mea- 
surement of biological responses. As insulin-induced receptor 
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FIGURE 3: Effect of antLC1 on ribosomal protein S6 phosphorylation. 
(A) Cells loaded with nonimmune or anti-C1 I were placed in a 
phosphate-free buffer containing 0.2% BSA and [f2P]orthophosphate 
(0.5 mCi/mL) during 3 h at 37 "C. Then buffer, insulin (10- M), 
or fetal calf serum (10% v/v) was added for 15 min. Ribosomal 
proteins were extracted and analyzed by SDS-PAGE chromatography. 
(B) The experiment was performed as described above, except that 
insulin was added at the time of electroporation and maintained during 
the experiment. 

autophosphorylation and phosphorylation of endogenous 
substrates occur within minutes, we could not investigate the 
effect of the antipeptide in intact cells. Therefore, we used 
receptor cell-free phosphorylation. 

Figure 4 shows the effect of the antipeptide on receptor 
autophosphorylation in the absence of insulin and at various 
phosphorylation times. Anti-C 1 increased receptor auto- 
phosphorylation compared to nonimmune Ig (Figure 4A). 
However, when compared to the insulin-induced receptor 
phosphorylation illustrated in Figure 4B, the magnitude of the 
antipeptide stimulation was smaller than the one obtained with 
insulin, even at optimal antibody concentration. 

We next examined the effect of anti-Cl antipeptide on 
receptor-mediated phosphorylation of two exogenous sub- 
strates. The antibody had a weak effect on phosphorylation 
of poly(Glu/Tyr) (Figure 5A). Indeed, at a concentration 
of anti-C1 which was found to be optimal for stimulation of 
receptor autophosphorylation, phosphate incorporation into 
poly(Glu/Tyr) amounted to 17 1 f 15% of basal. For com- 
parison, insulin produced a 480% increase in phosphorylation 
of this substrate. 

In contrast, our antipeptide was able to stimulate phosphate 
incorporation into histone (Figure 5B). The increase amounted 
to 1361% of basal with 100 pg/mL anti-C1 and to 3265% of 
basal with insulin (lo-' M). Note that the magnitude of 
antipeptide stimulation of histone phosphorylation correlated 
well with its effect on receptor autophosphorylation. 

DISCUSSION 
In a previous work we demonstrated that the insulin receptor 

C-terminal domain participates in conformational changes 
which occur after insulin binding (Baron et al., 1990). This 
observation led us to believe that this receptor domain could 
be implicated in the generation and/or regulation of insulin's 
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FIGURE 4: Effect of anti-C1 on cell-free insulin receptor auto- 
phosphorylation. (A) Partially purified receptors were incubated with 
anti-C1 antibodies or nonimmune Ig for 2 h at 22 "C and then with 
[Y-~~PIATP during 5,  10, 15, or 40 min. The phosphorylation reaction 
was stopped by addition of SDS (3% v/v), and samples were analyzed 
by SDS-PAGE under reducing conditions. (B) Insulin receptors were 
incubated with anti-Cl or nonimmune Ig for 2 h at 22 "C and then 
without or with insulin ( M) for 60 min. Finally, [T-~~PIATP 
was added for 15 min and phosphorylation was stopped as described 
in (A). 

biological effects. To test our views, antipeptide antibodies 
against the receptor C-terminal domain comprising amino 
acids 1321-1 338 were introduced into cells. 

The use of the electroporation technique allows accumula- 
tion of macromolecules into cells with a low cell mortality 
(<lo%). The alternative approach to define the role of certain 
receptor domains in biological signaling-i.e., expression of 
mutated receptors-has a major drawback as basal activities 
and sensitivities to ligands generally differ among the trans- 
fected cell lines. The method based on the microinjection of 
antipeptides into cells to study receptor domains does not suffer 
from this problem as the receptor is the same in all conditions 
studied. 

We show here that glucose transport and amino acid 
transport were not modified in cells injected with anti-Cl 
antipeptide compared to cells injected with nonimmune Ig, 
independently of the presence or absence of insulin. By con- 
trast, an increased cell growth was found in cells loaded with 
anti-Cl in the absence of insulin. This stimulatory action was 
mediated through the transfected human insulin receptors, 
since the antibodies had no effect in cells which were not 
transfected with human insulin receptor cDNA. 

The results showing an increase in cellular proliferation after 
anti-Cl injection are in agreement with studies using C-ter- 
minal deleted insulin receptor mutants, since expression of this 
mutant receptor into cells led to increased growth compared 
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FIGURE 5: Effect of anti-C1 on receptor tyrosine kinase activity toward 
substrates. Partially purified insulin receptors were incubated with 
anti-Cl or nonimmune Ig for 2 h at 22 “C, prior to addition of buffer 
or insulin (lo-’ M) for 60 min. (A) Poly(Glu/Tyr) at a final con- 
centration of 0.2 mg/mL was added with the phosphorylation mix. 
After 30 min at 22 “C, the reaction was terminated by precipitation 
on filter papers following addition of TCA (10% v/v). Phosphate 
incorporation was determined by Cherenkov counting. Data are the 
means f SEM of five separate experiments. (B) Histone H2b (50 
pg/sample) was added with [ T - ~ ~ P I A T P  for I5 min at 22 “C, and 
the reaction was stopped as described in the legend to Figure 4A. 
Samples were analyzed by SDS-PAGE electrophoresis. An auto- 
radiogram of the gel is shown. 

to cells carrying native receptors (Thies et al., 1989). However, 
these truncated receptors display in addition a low activity in 
mediating insulin-stimulated “metabolic” responses such as 
glucose transport and glycogen synthase (Maegawa et al., 
1988; McClain et al., 1988). At variance with these obser- 
vations, we did not observe any change in glucose transport 
or amino acid uptake in anti-Cl electroporated cells. This 
interesting difference may be due to the fact that the receptors 
we use possess the native receptor C-terminus. 

Taken together, our data indicate that the insulin receptor 
C-terminal domain is likely involved in signaling. This role 
could be operating at least at two levels, namely, (i) recognition 
of metabolic substrates and (ii) imposition of a constraint on 
some cellular growth signal, which is released upon insulin 
binding. 

An intriguing observation of the present work is the lack 
of anti-C 1 effect on ribosomal protein S6 phosphorylation. 
Although we did observe that insulin stimulation of protein 
S6 phosphorylation persists over 72 h, the possibility exists that 
anti-C 1 antipeptide stimulates S6 phosphorylation in a tran- 
sient way or with a rapid dephosphorylation. The most simple 
explanation of our findings could be that the kinases, which 
are thought to be links between the insulin receptor tyrosine 
kinase and the S6 kinase, are not good substrates for the 

anti-Cl-activated receptor. This view is supported by our 
findings that, at least in a cell-free system, the insulin receptor 
activated by anti-C1 appears to have a more limited substrate 
choice compared to receptors stimulated by insulin. Hence, 
anti-C1 could favor receptor association with cellular proteins, 
which are thought to be involved in generation of mitogenic 
signals and which appear to be independent of protein S6 
phosphorylation. 

Usually insulin and growth factors modify the phosphory- 
lation of S6 protein and cellular growth in a parallel fashion. 
Our data could indicate that the pathways involved in insulin 
stimulation of protein S6 phosphorylation and of cellular 
growth may be differentially regulated and that the insulin 
receptor C-terminal domain may play a role in generation of 
this divergency. To our knowledge, this is the first observation 
that phosphorylation of S6 protein seems to be uncoupled from 
cellular proliferation in the case of a receptor tyrosine kinase. 

To explain the biological effects induced by our antipeptide, 
we propose that anti-C1 antibodies induce or stabilize a re- 
ceptor conformation, which leads to a modification in receptor 
interaction with a particular set of substrates directly involved 
in growth control. Alternatively, our antipeptides could in- 
terfere with receptor autophosphorylation, especially in the 
C-terminal domain. Indeed, we observed that, in a cell-free 
system, anti-C 1 increases receptor autophosphorylation. In- 
terestingly, a previous report has shown that antipeptides 
against the sequence 1340-1 355 in the C-terminal domain 
have no effect on receptor autophosphorylation or on kinase 
activity toward substrates (Herrera et al., 1985). This dif- 
ference could be due to the fact that our antipeptide is directed 
against the autophosphorylation sites 1328 and 1334. The 
phosphorylation state of tyrosine kinase receptors appears to 
be crucial for association with regulatory proteins such as the 
rafl kinase or phosphatidylinositol 3-kinase (PI3-kinase) 
(Cantley et al., 1991; Ullrich & Schlessinger, 1990). Fur- 
thermore, it has recently been shown that the tyrosine phos- 
phorylated C-terminal domain of the EGF receptor is the 
binding site for PLC-7 (Margolis et al., 1990; Skolnik et al., 
1991). Incidentally, the insulin receptor domain which is 
recognized by our antipeptide resembles the consensus se- 
quence for receptor binding to PI3-kinase (Cantley et al., 
1991). 

After this paper was submitted, it was reported by Takata 
et al. (1991) that a receptor mutated at the two auto- 
phosphorylation sites, 1328 and 1334, has an unaltered ca- 
pacity to transmit metabolic signals, whereas this mutated 
receptor displays enhanced insulin-induced mitogenic signals. 
This is in total agreement with our study and further docu- 
ments the specific function of the receptor C-terminal part in 
cell growth regulation. 
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a-Conotoxins, Small Peptide Probes of Nicotinic Acetylcholine Receptors? 
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ABSTRACT: a-Conotoxins, a family of small peptides from the venoms of the Conus marine moluscs, are 
selective, snake a-neurotoxin-competitive antagonists of the nicotinic acetylcholine receptor. A new a- 
conotoxin, SIA, has been purified, sequenced, and synthesized. Cross-linking with bivalent reagents and 
photoaffinity labeling of the acetylcholine receptor with a-conotoxin yield covalent adducts. Surprisingly, 
cross-linking to other subunits is considerably more efficient than to the a subunit. The relative efficiency 
of photoactivatable cross-linking to different subunits of the receptor is a function of placement of the 
photoactivatable group on the toxin. Since the structures of a-conotoxins can be solved by 2D NMR [see 
Pardi et al. (1989) Biochemistry 28, 5494-5508; Kobayashi et al. (1989) Biochemistry 28, 4853-48601, 
this family of toxins should provide a set of new ligands for probing the acetylcholine receptor with considerable 
precision. 

%e fish-hunting cone snails (Conus) use venoms to paralyze 
their faster moving prey. These venoms are complex mixtures 
of peptides, each targeted to a particular macromolecular 

receptor (Olivera et al., 1989, 1990). The a-conotoxins, the 
subject of this report, are paralytic peptides found in the 
venoms which target to the nicotinic acetylcholine receptor 
(Gray et al., 1981; Olivera et al., 1990). Other characterized 

channels (the w-conotoxins; Olivera et al., 1984), muscle so- 
dium channels (the yconotoxins; Cruz et al., 1987), and 
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