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ABSTRACT: Chimeric receptors encoding either the whole or a portion of the cytoplasmic domain of the 
drosophila insulin receptor (IR) with the extracellular domain of the human IR were expressed either 
transiently in COS cells or stably in Chinese hamster ovary cells and compared with the wild-type human 
IR. All three receptors bound insulin equally and exhibited an insulin-activated tyrosine kinase activity. 
The ability of the drosophila cytoplasmic domain to mediate the tyrosine phosphorylation of insulin receptor 
substrate 1, stimulate cell proliferation, and activate MAP kinase was found to be indistinguishable from 
that of the human IR. The chimeric drosophila receptors did not bind more phosphatidylinositol 3-kinase 
than the human IR, despite containing a C-terminal extension with potential tyrosine phosphorylation 
sites in the motif recognized by the SH2 domain of this enzyme. Thus, the essential signal-transducing 
abilities of the IR appear to have been conserved from invertebrates to mammals, despite the considerable 
differences in the sequences of these receptors. 

The insulin receptor (IR)' is a member of a family of 
receptor tyrosine kinases that includes the insulin-like growth 
factor I (IGF-I) receptor and the insulin receptor-related 
receptor (Siddle, 1992; Seta et al., 1993; Lee & Pilch, 1994). 
All three receptors are synthesized as a single polypeptide, 
which is then cleaved to yield an a-chain that is completely 
extracellular (with an apparent molecular mass of ap- 
proximately 130 kDa) and an 80-95 kDa P-chain, which 
contains an extracellular domain, a single membrane- 
spanning region, and a cytoplasmic domain. All three 
receptors exhibit considerable sequence identity throughout, 
although some regions appear to be more conserved than 
others (Ullrich et al., 1986; Shier & Watt, 1989). For 
example, the lunase domains of the three receptors appear 
to be most highly conserved (exhibiting 80% sequence 
identity), whereas the carboxy tails of the receptors appear 
to show the least conservation (exhibiting as little as 20% 
sequence identity). Different regions of the receptors have 
been identified as playing a role in ligand binding and signal 
transduction by the use of chimeric receptors containing 
portions of one receptor on the backbone of another member 
of the family. For example, the cysteine-rich region in the 
a-chain appears to be important in confemng ligand 
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specificity in the IGF-I receptor, whereas the amino terminus 
of the a-chain and a region carboxy terminal to the cysteine- 
rich region appear to be important in the high-affinity binding 
of insulin to its receptor (Gustafson & Rutter, 1990; Zhang 
& Roth, 1991; Schaffer et al., 1993; Schumacher et al., 1993). 
The signal-transducing abilities of these three receptors have 
also been studied by the chimeric receptor approach. 
Although small differences in signaling have been observed 
in some studies, these three receptors appear to be quite 
similar in regard to the endogenous substrates phosphory- 
lated, as well as the biological responses mediated via these 
molecules (Roth et al., 1988; Lammers et al., 1989; Siddle, 
1992; Zhang & Roth, 1992; Myers et al., 1993; Seta et al., 
1993; Faria et al., 1994; Lee & Pilch, 1994; Tartare et al., 
1994). 

Another potential member of this family is the putative 
drosophila IR. Although a drosophila insulin-like molecule 
has yet to be isolated, a receptor in Drosophila melanogaster 
was partially purified and shown to bind mammalian insulin, 
exhibit an insulin-activated tyrosine kinase activity, and react 
with antibodies to the mammalian receptor (Petruzzelli et 
al., 1985; Femandez-Almonacid & Rosen, 1987). The ability 
of this receptor to stimulate various biological responses was 
not, however, reported. When cDNA clones encoding this 
receptor were isolated, their deduced sequence exhibited clear 
homologies to the mammalian IR family (Nishida et al., 
1986; Petruzzelli et al., 1986; Femandez-Almonacid, 1992). 
However, the sequence of this insect receptor diverges from 
that of the human IR to a greater degree than any other 
known member of this family. For example, the kinase and 
juxtamembrane domains of this receptor are only 64% and 
29% identical, respectively, to the comparable regions of the 
human IR (Figure 1). The kinase domain of the drosophila 
IR does retain the three key tyrosines known to be required 
for activation of the mammalian IR tyrosine kinase (Avruch 
et al., 1990) in a 22 amino acid region that is 100% identical 
to that present in the human IR (Femandez-Almonacid, 
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FIGURE 1 :  Schematic diagram of human (h) and drosophila (d) IR 
and the two chimeric receptors (dIR1 and dIR2). The transmem- 
brane (TM), juxtamembrane (JM), cysteine-rich (Cys-rich), and 
kinase domains are indicated. The numbers of the last human amino 
acid in the chimeras are given. The 96 sequence identity of different 
regions of the drosophila IR is also given in comparison to the 
human IR [adapted from Fernandez-Almonacid (1992)j. 

1992). In addition, the juxtamembrane region of the insect 
receptor, although showing very little overall homology, does 
retain a tyrosine in the motif NPXYXS (Fernandez-Almo- 
nacid, 1992) that corresponds to a tyrosine present in the 
human IR, which has been shown to be important for signal 
transduction and the ability of this receptor to phosphorylate 
IRS-1, a major endogenous substrate of the IR (White & 
Kahn, 1994). Most surprisingly, the deduced sequence of * 

the drosophila IR indicated that the /?-subunit of this 
receptor contains a carboxy-terminal extension of 60 kDa 
(yielding a p-subunit of approximately 150- 170 kDa) and 
that this extension had several potential tyrosine autophos- 
phorylation sites, including several in the motif YXXM 
previously found to be recognized by the SH2 domains of 
the phosphatidylinositol (PI) 3-kinase (Femandez-Almonacid, 
1992). Thus, this carboxy-terminal extension could serve 
to bind different SH2-containing proteins, thereby playing 
an IRS- 1 -like function. 

In the present study, we have prepared cDNAs encoding 
chimeric receptors containing the complete extracellular 
domain of the human IR and either the complete cytoplasmic 
domain of the drosophila IR or a portion of the cytoplasmic 
domain of this receptor. These chimeric receptors were 
expressed and their signal-transducing properties studied in 
mammalian cells. Despite the presence of the carboxy- 
terminal extension and great divergence in sequence, the 
drosophila IR appeared to signal in a manner indistinguish- 
able from that of the human IR. 

EXPERIMENTAL PROCEDURES 

Construction of cDNAs Encoding Chimeric IR dIRl or 
dIR2. To construct dIRl and dIR2, cDNAs encoding the 
transmembrane and juxtamembrane regions were obtained 
by PCR using either the human or Drosophila melanogaster 
cDNA as template and cloned into pBluescript I1 KS 
(Promega). The forward and reverse primers were 5'- 

CCCAGCTCTC-3' and 5'-GAATATTGCTAAGGTCT- 

ACAC-3', respectively. BamHI and SspI restriction sites 
(underlined) were introduced, and the PCR products were 
cut out with these enzymes. The 3 kb fragment of the 
drosophila IR cDNA encoding its kinase domain and carboxy 

TCITGGACGGAACCCACC-3'/5'-CGAAGGATCCCTGC- 

TTCTGGCTACTG-3'/5'-GGACTTCAGGATACCCTCAT- 

tail extension and the PCR products were subcloned into the 
human IR cDNA (in the SRa expression vector) (Zhang et 
al., 1991) digested with SspI and XbaI to remove its 
transmembrane and cytoplasmic domain. The correct se- 
quence of the junctions and PCR products was confirmed 
by DNA sequencing. 

Transient and Stable Expression of Human and Chimeric 
IRs. COS-7 cells were transiently transfected with the 
cDNAs encoding human and chimeric IRs using the calcium 
phosphate method as described (Zhang et al., 199 1 ). Stable 
transformants of CHO cells were established as described 
(Chin et al., 1993). In brief, 5 x IO5 CHO cells were 
cotransfected with 20 pg of plasmid encoding IR and 1 pg 
of plasmid confemng puromycin resistance by calcium 
phosphate precipitation (de la Luna et al., 1988). After 48 
h, 10 pglmL puromycin was added to the culture medium. 
Two weeks later, colonies were picked and tested for [ 1251]- 
insulin binding to select cells expressing high levels of 
receptors. 

[1251]Insulin and 1251-Labeled Antibody Binding. Insulin 
and a monoclonal antibody to the a-subunit of the human 
IR (5D9) (Morgan & Roth, 1986) were labeled with by 
the IODOGEN method (Pierce Chemical Co.), and their 
specific activities were 200 and 400 CVg, respectively. 
Transfected COS-7 cells were lysed in a lysis buffer [50 m M  
HEPES (pH 7.6), 150 mM NaCl, 10% glycerol, 1% Triton 
X- 100, 1 mM phenylmethanesulfonyl fluoride (PMSF), and 
1 mg/mL bacitracin]. Fifty microliters of lysates was added 
to 96-well poly(viny1 chloride) plates previously coated with 
a monoclonal antibody to the a-subunit of human IR (3D7) 
and incubated overnight at 4 "C. Wells were washed three 
times with WGBT [50 mM HEPES (pH 7.6), 150 mM NaCl, 
0.1 % Triton X- 100 ,O .  1 % Tween 20, and 0.1 % bovine serum 
albumin] and 2 x 104 cpm of labeled insulin with various 
concentrations of unlabeled insulin or 1 x 105 cpm of labeled 
5D9 was added to each well. After an overnight incubation 
at 4 "C, the wells were washed with WGBT three times, 
and the radioactivity of each well was counted. Binding of 
insulin to intact cells was also performed with transfected 
CHO cells grown in 24-well tissue culture plates. Cells were 
washed once with phosphate-buffered saline and incubated 
overnight at 4 "C with serum-free medium containing 4 x 
104 cpm of labeled insulin. Cells were washed three times 
with ice-cold phosphate-buffered saline and lysed in 0.05% 
SDS, and the radioactivity in the lysates was measured. 

In Vitro Activation of Tyrosine Kinase Activities of IRs. 
COS-7 cells were transiently transfected and IRs were 
adsorbed to 96-well plates as described earlier. The immu- 
nocaptured receptors were first treated to remove the variable 
levels of phosphotyrosine (Zhang et al., 199 1) by incubation 
with 50 pL of 0.275 unit/mL alkaline phosphatase (EC 
3.1.3.1, Type VI1 from bovine intestinal mucosa, Sigma) in 
0.1 M Tris (pH 8.0) at 25 "C for 30 min, followed by three 
washes with WGBT. Dephosphorylated receptors were then 
activated by incubation with 50 pL of activation mixture [50 
mM HEPES (pH 7.6), 150 mM NaCl, 5 mM MgC12, 0.1% 
Triton X-100, 0.1% bovine serum albumin, 5 mM MnC12, 

M insulin, and 1 mM ATP] at 25 "C for 30 min. The 
wells were washed three times with WGBT, and 20 pL of 
kinase reaction mixture [50 mM HEPES (pH 7.6), 150 mM 
NaCl, 5 mM MnC12, 0.1% Triton X-100, 1 mg/mL poly- 
(Glu,Tyr) (4: I), and 2 pCi of [y-32P]ATP] was added to each 
well and incubated at 25 "C. At the indicated times, 10 pL 
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of reaction mixture was spotted on a Whatman 3MM filter 
paper strip, and the strips were soaked in ice-cold 10% 
trichloroacetic acid1 0 mM sodium phosphate for 10 min, 
boiled in 5% trichloroacetic acid10 mM sodium phosphate 
for 30 min, washed twice in 95% ethanol and once in 
acetone, and then counted. The amount of receptors bound 
to parallel wells was measured by utilizing '251-labeled 5D9 
as described earlier. 

Phosphorylation of Endogenous Substrates. Parental CHO 
cells or CHO cells overexpressing IRs were incubated in 
serum-free medium for 30 min and treated with various 
concentrations of insulin for the indicated times. The cells 
were lysed in a lysis buffer [50 mM HEPES (pH 7.6), 150 
mM NaCl, 10% glycerol, 1 % Triton X- 100, 1 mM PMSF, 1 
mg/mL bacitracin, 1 mM sodium orthovanadate, and 50 mM 
b-glycerophosphate]. The lysates were electrophoresed on 
7.5% SDS-PAGE and transferred to nitrocellulose mem- 
branes. The membranes were incubated with anti-phospho- 
tyrosine antibody RC20 (Transduction Laboratories), and 
bound antibody was visualized by chemiluminescence (ECL, 
Amers ham). 

Immunoprecipitation and Immunoblotting of IRS-I and 
IRs. CHO cells or CHO cells overexpressing IRs were 
serum-starved for 30 min and treated with M insulin 
for 10 min. Cells were lysed as before and centrifuged. The 
supernatants were incubated with anti-IRS-1 serum (a gift 
of Dr. Alan Saltiel) (Ohmichi et al., 1993) or 5D9 and 3D7 
previously bound to protein G-Sepharose. The immuno- 
precipitates were electrophoresed as before and analyzed by 
immunoblotting with either RC20, anti-drosophila IR /&sub- 
unit antiserum, or anti-human IR monoclonal antibodies 
(3B11+2H2) (a gift of Dr. Kozui Shii) (Hagino et al., 1994). 

Phosphatidylinositol 3-Kinase Activity. CHO cells or 
CHO cells overexpressing IRs were serum-starved for 30 
min and treated with M insulin for 10 min. Cells were 
lysed as before, and the lysates were immunoprecipitated 
with either normal mouse IgG or anti-phosphotyrosine 
(PY20) antibody. The PI 3-kinase activity in the precipitates 
was determined as described previously (Chin et al., 1993). 

Proliferation Assay. Five thousand parental CHO cells 
or CHO cells overexpressing IRs were incubated in 96-well 
tissue culture plates with serum-free medium containing 0.1 % 
bovine serum albumin, 20 mM HEPES (pH 7.4), and various 
concentrations of insulin for 48 h at 37 "C. After this period, 
20 pL of MTSPMS solution (Promega) was added to each 
well and incubated for 2 h at 37 "C. The absorbance at 490 
nm was measured in a microtiter plate reader (Bio-Rad). 

MAP Kinase Assay. CHO cells were serum-starved for 
18 h and stimulated with the indicated concentration of 
insulin for 5 min. The cells were washed with ice-cold 
phosphate-buffered saline and lysed with 400 pL of lysis 
buffer containing 50 mM HEPES (pH 7.6), 150 mM NaCI, 
1% Triton X-100, 1 mM PMSF, 1 pM aprotinin, 1 mM 
vanadate, 50 mM NaF, and 0.5 mM EGTA and centrifuged. 
The supernatants were incubated for 4 h at 4 "C with anti- 
MAP kinase antibody (a gift of Dr. John Blenis) (Chen & 
Blenis, 1990) previously bound to protein A-Sepharose. The 
immunoprecipitates were washed and incubated in 40 pL of 
kinase reaction mixture [20 mM Tris-HC1 (pH 7.6), 13 mM 
MgC12,20pM ATP, 1.5 mM EGTA, 1 mg/mL myelin basic 
protein, and 0.22 pCi of [Y~~P]ATP] for 15 min at 25 "C. 
The reaction was stopped by adding 20 pL of 3 x Laemmli's 
sample buffer and boiling. The samples were electrophore- 
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FIGURE 2: Expression of chimeric IRs in COS-7 cells. COS-7 cells 
were transiently transfected with either the vector alone (c), a 
plasmid encoding human IR (h), or chimeric receptors dIRl (dl)  
or dIR2 (d2). Cells were lysed, and the lysates were analyzed by 
immunoblotting with either anti-human IR a-subunit or anti-human 
IR ,!?-subunit, as indicated. 

sed on, 15% SDS-PAGE, and the gel was stained with 
Coomassie Brilliant Blue, dried, and autoradiographed. 
Myelin basic protein was excised from the gel and counted. 

RESULTS AND DISCUSSION 

Two chimeric drosophila IRs were analyzed: one con- 
tained the complete extracellular domain of the human IR 
with the transmembrane and cytoplasmic domains of the 
drosophila receptor (called dIR2), whereas the other con- 
tained the extracellular domain, the transmembrane domain, 
and the juxtamembrane domain of the human IR with the 
remainder of the cytoplasmic domain of the drosophila 
receptor (called dIR1) (Figure 1). The cDNAs encoding 
either the wild-type human IR or the two chimeric drosophila 
IRs were transiently transfected in COS cells, and the 
resulting proteins were analyzed. All three receptors were 
comparably expressed and processed to give the same human 
a-chain (Figure 2) and bound insulin with comparable 
affinity (Figure 3). The tyrosine kinase activities of these 
three receptors were also assessed in vitro after immuno- 
capture on microtiter plates. All three receptors exhibited 
dramatic (approximately 100-fold) activation after pretreat- 
ment with insulin in the presence of 1 mM ATP (data not 
shown). For comparable amounts of receptor, dIR 1 and dIR2 
were approximately 70% and 50% as active as human IR, 
respectively, at phosphorylating poly(Glu,Tyr) (Figure 4). 

Chinese hamster ovary (CHO) cells stably expressing the 
two chimeric drosophila IRs were produced and character- 
ized. Insulin, in a dose (Figure 5) and time (Figure 6) 
dependent manner, clearly stimulated a greater increase in 
the tyrosine phosphorylation of high molecular weight 
proteins in cells expressing the two chimeric receptors than 
in the parental CHO cells, comparable to what was observed 
in the CHO cells overexpressing the human IR. Both 
chimeric receptors also did not contain the major 95 kDa 
tyrosine phosphorylated protein observed in CHO cells 
overexpressing the human IR (Figures 5 and 6), which is 
consistent with the predicted larger size of the drosophila 
IR /%chain. In cells expressing dIR1, the major bands 
exhibiting increased tyrosine phosphorylation migrated at 
positions of approximately 170 and 150 kDa, whereas in 
dIR2 a single insulin-stimulated phosphotyrosine-containing 



Drosophila Insulin Receptor Biochemistry, Vol. 34, No. 15, 1995 4965 

120' 
100 

80 

60 

40 

20 

n - 0.001 0.01 0.1 1 10 1 0 0  1000 

Insulin (nM) 

FIGURE 3: '251-labeled insulin binding to human IR and chimeric 
receptors. Human IR and chimeric receptors dIRl and dIR2 were 
transiently expressed in COS-7 cells. Receptors were adsorbed to 
microtiter wells coated with an anti-IR monoclonal antibody. and 
then incubated with [t251]insulin in the presence of the indicated 
concentrations of unlabeled insulin. Results are presented as the 
percentage of binding in the absence of a competing ligand (the 
maximum binding). These values were 8830,8094, and 9354 cpm 
for hIR, dIRl, and dIR2, respectively. Results shown are means of 
triplicate determinations. 
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FIGURE 4: Tyrosine kinase activities of human IR and chimeric 
IRs. COS-7 cells were transiently transfected with either vector 
alone, cDNAs encoding the human IR or chimeric receptors dIRl 
or dIR2. The expressed receptors were adsorbed to microtiter wells 
and activated as described in the Experimental Procedures. Tyrosine 
kinase activity was measured as the incorporation of radioactivity 
into the exogenous substrate poly(Glu,Tyr) (4: 1 ). In parallel wells, 
the amount of captured receptor was assessed by labeled antibody 
binding. Antibody binding was 9, 607, 712, and 706 for vector 
alone, hIR, dIR1, and dIR2, respectively. Results are means of 
triplicate determinations. 

band of 170 kDa was observed (Figures 5 and 6). To further 
identify these high molecular weight tyrosine phosphorylated 
proteins, extracts of insulin-treated cells were immunopre- 
cipitated with either an antibody to the extracellular domain 
of the human IR (this antibody reacts with both chimeric 
receptors as well as the human IR), an antibody to IRS-1, 
or control Ig. The precipitates were then electrophoresed, 
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FIGURE 5: Insulin dependent stimulation of the tyrosine phospho- 
rylation of endogenous substrates by the chimeric IRs. Either 
parental CHO cells (c) or cells overexpressing the human IR (h), 
the chimeric dIRl (dl), or the chimeric dIR2 (d2) were serum- 
starved for 30 min and then treated with the indicated concentration 
of insulin at 37 "C for 10 min. Cells were lysed, and the lysates 
were analyzed by immunoblotting with anti-phosphotyrosine an- 
tibody (RC20). 

transferred to nitrocellulose, and blotted with either antibodies 
to phosphotyrosine, the /3-subunit of the drosophila IR, or a 
mix of monoclonal antibodies to the a- and /3 chains of the 
human IR. The anti-IR precipitates from the cells expressing 
dIRl clearly exhibited a single band of 150 kDa, which 
reacted with both the antibody to the /3-subunit of drosophila 
IR and anti-phosphotyrosine antibodies, indicating that this 
was the /3-subunit of this chimeric IR (Figure 7). 

In addition, the anti-IRS-1 precipitates of the extracts of 
these cells contained a 170 kDa band that reacted with the 
antibodies to phosphotyrosine but not the antibodies to 
drosophila IR, identifying this band as IRS-1 (Figure 7). The 
tyrosine phosphorylation of the IRS-1 band was clearly 
increased in these cells in comparison to that in the parental 
CHO cells (Figure 7). In dIR2 cells, the increase in tyrosine 
phosphorylation of the IRS-1 band over that in CHO cells 
was also observed; however, the /3-subunit of this chimeric 
receptor appeared to migrate at a slightly higher position than 
that of dIR1, close to that of IRS-1 (Figure 7). Anti-IR 
precipitates of both cells also appeared to contain a precursor 
form of the chimeric receptors (corresponding to the band 
above the 215 kDa marker protein), which was not tyrosine 
phosphorylated, as well as a protein of the appropriate 
molecular weight and immunoreactivity of the a-chain of 
the human receptor. In cells overexpressing the human IR, 
the anti-IR precipitates contained a tyrosine phosphorylated 
band at 95 kDa that comigrated with the band that interacted 
with the monoclonal antibody to IR (Figure 7). This 
precipitate also contained a tyrosine phosphorylated protein 
that migrated at a position close to IRS- 1. However, this 
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FIGURE 6: Time course of the insulin-stimulated tyrosine phos- 
phorylation of endogenous substrates by the chimeric IRs. Either 
parental CHO cells (c) or cells overexpressing the human IR (h), 
the chimeric dIRl (dl), or the chimeric dIR2 (d2) were treated 
with IO-' M insulin at 37 "C for the indicated times. Cells were 
lysed, and the lysates were analyzed by immunoblotting with anti- 
phosphotyrosine antibody (RC20). 

band migrated to a position slightly different from that of 
immunoprecipitated IRS- 1 and instead comigrated with a 
band that was recognized by the monoclonal anti-IR antibod- 
ies (Figure 7), indicating that this was probably a precursor 
form of the IR and not IRS-1. Thus, under the conditions 
of these studies, no association of IRS-1 was observed with 
either the human or drosophila IR. 

The preceding studies indicated that the chimeric droso- 
phila IRs could mediate the tyrosine phosphorylation of 
IRS-1 in the intact cell. Additional studies have shown that 
IRS-1 could also be phosphorylated in vitro with these 
chimeric receptors (data not shown). Insulin treatment of 
the CHO cells expressing the chimeric drosophila IRs was 
found not to stimulate the tyrosine phosphorylation of either 
GAP or the PI 3-kinase. Insulin treatment of these cells did 
result in an increase in the tyrosine phosphorylation of the 
GAP-associated p60 and Shc proteins (data not shown). 
These results are identical to what has been observed 
previously with the human IR (Zhang & Roth, 1992; Seta 
et al., 1993). After insulin-stimulated tyrosine phosphory- 
lation by the human IR, IRS-l has been shown to be bound 
by the PI 3-kinase (White & Kahn, 1994). The chimeric 
receptors therefore were tested to determine whether they 
could mediate this response. Cells expressing the different 
receptors were treated with or without insulin and lysed, the 
lysates were precipitated with anti-phosphotyrosine antibod- 
ies, and the amount of PI 3-kinase activity in the precipitates 
was measured. Both chimeric receptors were found to 
mediate an insulin-induced increase in anti-phosphotyrosine 
precipitable PI 3-kinase activity comparable to that observed 
in cells expressing the human IR and much greater than that 
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FIGURE 7: Identification of the tyrosine phosphorylated proteins 
by immunoprecipitation. Either parental CHO cells or CHO cells 
ovet'expressing IRs were treated with lo-' M insulin at 37 "C for 
10 min and lysed, and the lysates were immunoprecipitated with 
normal mouse IgG (N), monoclonal anti-IR, or rabbit polyclonal 
anti-IRS 1 (S 1) antibodies. The immunoprecipitates were analyzed 
by immunoblotting with either an anti-phosphotyrosine antibody 
(anti-pY), an anti-drosophila IR P-subunit antibody (anti-dIR/J), or 
a mixture of anti-human IR antibodies (anti-hIRa+anti-hIRP). The 
nonspecific bands at 105 kDa in the blot with anti-dIRP represent 
a reaction of the secondary antibody used to develop this Western 
blot with the rabbit anti-IRS-l antibodies used to precipitate this 
protein. 
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FIGURE 8: Insulin-stimulated PI 3-kinase activity. Either parental 
CHO cells or cells overexpressing IRs were treated with or without 

M insulin at 37 "C for 10 min and lysed, and the lysates were 
immunoprecipitated with anti-phosphotyrosine antibody (PY20). PI 
3-kinase activity was measured by adding PI and [p3*P]ATP as 
described in the Experimental Procedures. 

observed in the parental CHO cells (Figure 8). To determine 
whether the PI 3-kinase activity was bound to the receptors, 
the extracts were also precipitated with antibodies to IR. The 
two chimeric receptors did not exhibit any significant 
increase in PI 3-kinase activity in the anti-IR precipitates 
over that observed with the human IR (Figure 9). Additional 
experiments studying the association in vitro of the PI 
3-kinase from either mammalian cells or drosophila cells 
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FIGURE 9: Lack of association of PI 3-kinase activity with human 
and chimeric RS. Either parental CHO cells or cells overexpressing 
IRs were serum-starved for 30 min, treated with M insulin at 
37 "C for 10 min, and lysed, and the lysates were immunoprecipi- 
tated with either normal mouse IgG (NM), anti-IR antibodies (IR), 
or anti-phosphotyrosine antibody (PY). PI 3-kinase activity in the 
precipitates was measured as described. 

(Schneider cells) with the different autophosphorylated 
receptors also did not indicate that the drosophila IR bound 
PI 3-kinase with any higher affinity than the human IR. 
Attempts to measure in vitro a specific binding of the 
drosophila chimeric IRs with recombinantly produced droso- 
phila Grb-2 (called Drk) (Simon et al., 1993) or the 
drosophila tyrosine phosphatase corkscrew (Perkins et al., 
1992) were also unsuccesful. 

To study the ability of the cytoplasmic domain of the 
drosophila receptor to mediate various biological responses, 
the different CHO cells were treated with various concentra- 
tions of insulin and then examined for either a proliferative 
response or the activation of MAP kinase. Insulin caused a 
dose dependent proliferative response and an increase in 
MAP kinase activity in cells expressing the two chimeric 
receptors, which was shifted to the left (i.e., more sensitive 
to low concentrations of insulin) in comparison to the 
parental CHO cells (Figures 10 and 11). The shift in this 
response was comparable to that observed in cells expressing 
the human IR (Figures 10 and 11). 

SUMMARY 

The ability of two chimeric receptors containing either the 
entire cytoplasmic domain of the drosophila IR or only a 
portion of it to signal in CHO cells was found to be 
indistinguishable from that of the human IR expressed in 
the same cells, despite the considerable differences in the 
sequences of these two receptors as well as the presence of 
a cytoplasmic extension on the drosophila receptor (Feman- 
dez-Almonacid, 1992). Thus, the drosophila insulin receptor 
is the most distantly related member of the insulin receptor 
family so far that has been shown to have this property. In 
contrast, a chimeric receptor containing the extracellular 
domain of the human insulin receptor and the cytoplasmic 
domain of the chicken sarcoma virus UR2 protein tyrosine 
kinase called ros (which shares 50% sequence identity with 
the human insulin receptor kinase domain) was previously 
found to be incapable of mimicking the human insulin 
receptor's signaling ability (Ellis et al., 1987). 
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FIGURE 1 0  Insulin-stimulated proliferation of CHO cells expressing 
the different receptors. The indicated cells were cultured for 48 h 
in 96-well dishes with serum-free medium containing the indicated 
amounts of insulin. Cells were incubated with MTSPMS, and the 
absorbance at 490 nm was measured. Results are means of 
quadruplicate determinations. 
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FIGURE 11: Insulin-stimulated MAP kinase activity in CHO cells 
expressing the different receptors. The indicated cells were serum- 
starved for 18 h, treated with the indicated concentrations of insulin 
for 5 min at 37 OC, and lysed, and the lysates were immunopre- 
cipitated with an anti-MAP kinase antibody. Kinase activity was 
measured in the precipitates by using the exogenous substrate 
myelin basic protein as described in the Experimental Procedures. 

The cytoplasmic domains of the human and drosophila 
insulin receptors appeared to have comparable abilities to 
phosphorylate three different substrates, IRS- 1 (Figures 5-7), 
Shc, and the 60 kDa GAP-associated protein (data not 
shown), and to stimulate cellular growth (Figure 10) and 
MAP kinase (Figure 11). These results are consistent with 
the high degree of sequence conservation in regions of the 
kinase domains important for the signal transduction of these 
two IRs, as well as the retention of a critical tyrosine in the 
NPXYXS motif in the juxtamembrane region of the droso- 
phila IR (Fernandez-Almonacid, 1992). The finding that 
both receptors directly bound comparable low levels of PI 
3-kinase in the CHO cells was surprising, considering the 
presence of three tyrosines in the YXXM motif in the 
carboxy tail extension of the drosophila IR. However, these 
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tyrosines are not preceded by the negatively charged residues 
generally preferred by the IR tyrosine kinase (Avruch et al., 
1990). Thus, in the context of the CHO cells in which IRS-1 
is present, the drosophila receptor may preferentially phos- 
phorylate the tyrosines present in IRS-1 since these residues 
are preceded by negatively charged amino acids (White & 
Kahn, 1994). In contrast, in cells lacking IRS-1 (i.e., 
drosophila cells), the phosphorylation of the tyrosines in this 
carboxy tail extension may be more predominant. The 
phosphorylation of these tyrosines may create binding sites 
for SH2-containing proteins. However, two such known 
proteins, drosophila Grb-2 (Simon et al., 1993) and the 
drosophila SH2 containing tyrosine phosphatase called 
corkscrew (Perkins et al., 1992), did not appear to bind to 
the autophosphorylated Drosophila IR (data not shown). 

Low levels of mammalian PI 3-kinase binding were 
detected in vitro with the autophosphorylated chimeric 
receptors, comparable to what was observed with the human 
IR. It should be noted that, at the present time, a PI 3-kinase 
in drosophila has not been identified. Thus, it is possible 
that the drosophila PI 3-kinase binds to the phosphorylated 
tyrosines in the drosophda receptor with much higher affinity. 
Alternatively, it is possible that a distinct drosophila protein 
binds to these tyrosines. The chimeric drosophila IR 
expressed in CHO cells also differed from the previously 
described receptor in drosophila cells, since no processing 
of this receptor to yield a 90 kDa fragment of the /3-subunit 
was observed in the CHO cells as was previously noted in 
drosophila cells (Petruzzelli et al., 1985; Fernandez-Almo- 
nacid & Rosen, 1987). Thus, the processing of the droso- 
phila receptor may occur by a species or tissue specific 
process. 
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