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Differential Phosphorylation of pp120 by Insulin and Insulin-like Growth Factor-1
Receptors: Role for the C-Terminal Domain of tBeSubunit
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ABSTRACT. ppl20, a plasma membrane glycoprotein expressed by hepatocytes, is a substrate of the insulin
receptor tyrosine kinase. Since insulin-like growth factor-1 (IGF-1) and insulin receptors are structurally
homologous, we investigated whether pp120 is also a substrate of the IGF-1 receptor tyrosine kinase.
IGF-1 receptor failed to phosphorylate pp120 in response to IGF-1 in stably transfected NIH 3T3 fibroblasts.
However, replacement of the C-terminal domain of {heubunit of the IGF-1 receptor with the
corresponding fragment in the insulin receptor restored ligand-stimulated pp120 phosphorylation, suggesting
that this domain plays a regulatory role in pp120 phosphorylation. Since ppl120 is the first identified
substrate specific for the insulin visvés the IGF-1 receptor tyrosine kinase, the pp120 signaling pathway
may constitute a novel mechanism for the distinct cellular effects of insulin and IGF-1, the former being
principally involved in metabolism, and the latter in mitogenesis.

Evidence derived from targeted mutagenesis in mice al., 1991; Yamasaket al.,1992; Gr@nborgt al.,1993; Kato
suggests that insulin and insulin-like growth factor receptors et al.,1994; Danielsemt al.,1995). Partial convergence of
(IR and IGF-1R, respectively/serve different functions, with  the signaling pathways is demonstrated by the observations
insulin receptor regulating intermediary metabolism (Accili that genetic ablation of IRS-1 affects both growth and glucose
et al.,1996), and IGF-1 receptor mediating fetal development metabolism (Arakiet al., 1994; Tamemotet al., 1994).

and growth (Bakeet al., 1993; Liuet al., 1993). Substrate phosphorylation is required to mediate the effects
Insulin receptor is heterotetrameric, consisting of two of insulin and IGF-1 on target cells (White & Kahn, 1994).
extracellular ligand bindingi-subunits and two transmem-  However, the common signaling pathways of the insulin and
branej-subunits that contain the tyrosine kinase domain and |GF-1 receptors have failed to explain the different functions
the phosphorylation sites. Ligand binding activates the of the two receptors. Thus, the apparent distinct physiologi-
tyrosine kinase which phosphorylates the receptor and severakg| functions elicited by IGF-1 and insulin have instead been

endogenous proteins (Kasugtal., 1982).

IGF-1 receptor is structurally related to insulin receptor
and shares with it common substrates such as insulin recepto
substrate-1 (IRS-1) and Shc (Izueti al., 1987; Kadowaki
et al., 1987; Yamamotcet al., 1992; Myerset al., 1993;
Giorgettiet al., 1994; Sasaokat al., 1994). Furthermore,
all conserved tyrosine residues that are phosphorylated in
the insulin receptor in response to insulin are also phosphor-
ylated in the IGF-1 receptor in response to IGF-1 (Pikdy
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1 Abbreviations: IGF-1, human insulin-like growth factor-1; IGF-
1R, human insulin-like growth factor-1 receptor; IR, human insulin
receptor; WT, wild-type; CHI, chimeric IGF-1 receptor in which the
C-terminal domain was replaced by that of the insulin receptor; YF3,
a site-directed mutant isoform of human IGF-1 receptor in which
tyrosine residues in the triple tyrosine cluster (% Tyr''35 and
Tyr'139 in the kinase domain were mutated to nonphosphorylatable
phenylalanine; IGFBP, IGF-1 binding proteins; IRS-1, insulin receptor
substrate-1; pp120, ppl20/ecto-ATPase/HA4/C-CAM/CAM-105; WT
pp120, the full-length isoform of ppl120; a.a., amino acids; pBPV,
bovine papilloma virus-based expression vector; NIH 3T3, NIH 3T3
mouse skin fibroblasts; B/F, bound/free ligand; WGA, wheat germ
agglutinin—agarose affinity chromatographgpTyr, anti-phospho-
tyrosine monoclonal antibody.

attributed to the differential tissue-specific distribution of the
receptors and their substrates (Gr@nbetgl., 1993).

r ppl20, a hepatocyte membrane glycoprotein Nof
~120 000, is a substrate of the insulin receptor tyrosine
kinase (Rees-Jones & Taylor, 1985; Perrettial., 1987;
Margolis et al., 1988). The rat pp120 is expressed as two
alternatively spliced variants in the hepatocyte (Nagjzal.,
1993). The truncated isoform contains 10 out of the 71
amino acids of the intracellular tail, and lacks most of the
phosphorylation sites. In contrast to the full-length isoform,
the truncated isoform is not phosphorylated by the insulin
receptor tyrosine kinase (Najjat al., 1995).

Supportive evidence for a role of pp120 in cell adhesion
(Edlund & Qbrink, 1993; Linet al., 1995; Knowles, 1995)
and membrane transport in the hepatocyte (Sigpedl.,
1993; Formisanet al., 1995) has emerged in recent years.
Sippelet al. (1993) have proposed that pp120 serves as a
bile acid transporter. We have observed that decreasing
ppl120 expression in H4-lI-E hepatoma cells by antisense
MRNA transfection led to a-23-fold decrease in insulin/
insulin receptor endocytosis and degradation, suggesting that
pp120 is part of a complex of proteins required for receptor-
mediated internalization of insulin (Formisaabal.,1995).
Furthermore, insulin internalization in NIH 3T3 fibroblasts
cotransfected with insulin receptors and full-length pp120
was increased 2-fold compared to cells expressing insulin
receptors alone. In contrast, coexpression of insulin receptors
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and phosphorylation-defective pp120 isoforms (truncated andhuman insulin receptors alone or in addition to full-length
site-directed mutants in which phosphorylation sites were wild-type pp120 were also previously described (Nagar
altered) had no effect on insulin internalization in transfected al., 1995). Cotransfection of NIH 3T3 cells with cDNAs
cells, suggesting that this function of pp120 is mediated by encoding full-length wild-type pp120 and IGF-1 receptors
phosphorylation of the intracellular tail of the protein (wild-type, YF3, and chimeric mutants) was achieved by the
(Formisancet al., 1995). Dependence on the intracellular Lipofectamine method (GIBCO-BRL) in the presence of 1.5
tail of ppl20 for bile acid transport and cell adhesion ug of the pRSV-Nebneomycin-resistant gene as we have
properties has also been reported (Sigpall., 1993; Cheung previously described (Formisared al., 1995). Individual

et al.,1993). clones were picked and expanded, and confluent cells were

Since phosphorylation of pp120 appears to mediate its up-lysed in 1% Triton X-100 for analysis on 7.5% SBS
regulatory effect on insulin endocytosis, we set out to Polyacrylamide (SDSPAGE) gels and screening for pp120
investigate whether pp120 could be phosphorylated by othereéxpression by immunoblotting with a pp120 polypeptide
receptor tyrosine kinases, in particular IGF-1 receptor, the antibody (295).
closest relative to insulin receptor. Phosphorylation studies IGF-1 Binding. [*]IGF-1 binding in intact cells was
in stably transfected NIH 3T3 mouse fibroblasts revealed measured to screen for IGF-1 receptor expression, as
that IGF-1 receptors did not phosphorylate pp120 in responseindicated by the bound/free (B/F) ligand ratio. As previously
to IGF-1. Moreover, since the C-terminal domain of the described (Formisan@t al., 1995), 76-80% confluent
B-subunit is poorly conserved (44% homology) (Ullrieh monolayers of transfected NIH 3T3 cells in 6-well tissue
al., 1986), we investigated pp120 phosphorylation by a culture plates were washed 3 times with phosphate-buffered
chimeric IGF-1 receptor in which the C-terminal domain was saline (PBS), pH 7.4, and incubated at@ overnight in
replaced by the corresponding domain of the insulin receptor binding buffer (100 mM Hepes, pH 7.4, 120 mM NaCl, 1.2
(Fariaet al.,1994). Replacement of the C-terminal domain MM MgSGO,, 1 mM EDTA, 15 mM CHCOONa, 10 mM
restored ligand-stimulated pp120 phosphorylation by IGF-1 glucose, and 1% BSA) containing 30 pM{]IGF-1. IGF-1
receptors, suggesting a regulatory role for this domain in (1 #g/mL) was added to some wells to measure nonspecific

pp120 phosphorylation. binding. Following removal of unbound ligand with three
washes of ice-cold PBS, pH 7.4, cells were solubilized in
EXPERIMENTAL PROCEDURES 0.4 N NaOH fo 2 h on ice andcollected to count in a

. . . y-counter. Specifically bound ligand was calculated as total
Materials. Recombinant human IGF-1, monoclonal anti- (in the absence of cold IGF-1) minus nonspecific (in the

phosphotyrosine opTyr) antibodies, polyclonal antibody  presence of cold IGF-1) boun#fiJIGF-1. In some parallel
against the C-terminal domain of the rat IRSIRS-1),  experiments, cells were washed with 1 mL of 0.1% BSA-
and fetal calf serum were purchased from Upstate BiOteCh'supplemented acid PBS (pH 3.5) for 10 min prior to
nology, Inc. ?4]IGF-1 (2000 Ci/nmol, RIA grade) were  gojypilization in NaOH. Radioactivity in the acid wash was
purchased from Amersham Life Science, anePP]ATP collected and counted as surface-bound ligand, and specific
(6000 Ci/mmol) and¥P]orthophosphoric acid (856®120  pinding was measured as the sum of surface-bound and cell-
Ci/mmol) from NEN-Dupont. Ab-53, a polyclonal antibody  45sqciated radioactivity. The difference between the mea-
rz?used in rabblt against a co_nserved region in the tyrosine g ;e specific binding in these parallel experiments was
klna_se domain _of the insulin and IGF-1 receptors, Was minimal, suggesting that IGF-1 binding proteins (IGFBPs)
previously described (Levy-Toledamtal., 1994). Descrip- g not significantly interfere with IGF-1 binding to its
tion of antibodies against pp120 and sources of human 'nSU“”receptors in the competition binding assays described above.
and reagents for tissue culture, phosphorylation assays, andrhis was not surprising since NIH 3T3 cells predominantly
polyacrylamide gel electrophoresis were previously indicated express IGFBP-6 and much less of IGFBP-1 (Claussen
(Najjar et al., 1995). al., 1995), which, contrary to other secreted binding proteins,

Construction of Expression VectorSynthesis and sub-  do not associate with the cell surface and/or extracellular
cloning into a bovine papilloma virus-based expression vector matrix of cultured cells.
(pBPV, Pharmacia) of the cDNA encoding the full-length  Phosphorylation of pp120 in Intact Celld\NIH 3T3 cells
wild-type (WT) isoform of the rat pp120 were previously coexpressing full-length wild-type pp120 and either insulin
described (Najjaet al., 1995). Synthesis and subcloning or IGF-1 receptors (wild-type, YF3, and chimeric mutants)
into pBPV of recombinant cDNAs encoding wild-type (WT)  were expanded to confluence in 100 mm plates. Following
and the YF3 mutant isoform of the human IGF-1 receptor gvernight incubation in serum-free Dulbecco’s-modified
in which the triple tyrosine cluster (T¥% Tyr''*, and Eagle’s medium (DMEM) containing 0.1% insulin-free BSA
Tyr''39 in the kinase domain was mutated to nonphos- and 25 mM Hepes (pH 7.4), cells were incubated in 4 mL
phorylatable phenylalanine were originally described (Kato of phosphate- and serum-free DMEM medium for 90 min,
et al,, 1994). Construction of the pBPV plasmid construct |abeled with f2P]orthophosphate (800Ci) for 90 min at
containing the cDNA that encodes chimeric IGF-1 receptors 37 °C, and incubated in the presence or absence of IGF-1
(CHI) in which the entire C-terminal domain (a.a. 1230 (1077 M) for 3 min. Even though IGF-1 binds the insulin
1337) of thef-subunit was replaced by the corresponding receptor with lower affinity than the IGF-1 receptor, it
tail of the insulin receptor (a.a 1243.343) was previously  activates the insulin receptor and causes its autophosphory-
described (Fari@t al., 1994). lation at the high concentration used (IM). Following

Cell Culture and Transfection.NIH 3T3 cells stably hormone treatment, cells were lysed in a lysis buffer
overexpressing IGF-1 receptors (wild-type, YF3, and chi- containing protease and phosphatase inhibitors as previously
meric mutants) were previously described (Ketal.,1994; described (Najjaret al., 1995), and glycoproteins were
Fariaet al., 1994). NIH 3T3 cells stably overexpressing partially purified on wheat germ agglutinin (WGApgarose



Insulin Receptor Specific Substrate

affinity chromatography. Equal amounts of purified proteins
were then immunoprecipitated by the pp120/HA4 mono-
clonal antibody and analyzed on SBBAGE followed by
autoradiography and immunoblotting as described above.
Experiments were carried out with two independent clones
for each construct derived from the same transfection.

In order to examine the activation state of receptors in
these cells, NIH 3T3 cells coexpressing ppl20 and either
insulin or IGF-1 receptors (wild-type and chimeric) were
expanded to confluency in 100 mm plates, incubated
overnight in serum-free DMEM, and treated with either
buffer alone or IGF-1 (1¥ M) for 3 min prior to lysis in
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the presence of phosphatase and protease inhibitors aggure 1: Phosphorylation of recombinant pp120 in intact NIH

described above. Cell lysates were then divided into three
equal aliquots which were individually subjected to immu-
noprecipitation with either an anti-phosphotyrosine mono-
clonal antibody ¢pTyr), a polyclonal antibody against IRS-1
(alRS-1), or a polyclonal antibody against a common peptide
of the tyrosine kinase domain of the insulin and IGF-1
receptors (Ab-53). Following analysis on SBBAGE,
proteins were transferred on nitrocellulose membranes an
immunoblotted with horseradish peroxidase (HRP)-coupled
apTyr antibody to detect phosphorylated proteins by the

3T3 cells. Stably transfected NIH 3T3 cells were serum-starved
overnight, incubated in phosphate-free medium for 90 min, and
subsequently incubated in the presencé#f]prthophosphoric acid
for 90 min. Cells were then incubated in the presercedd lanes)

or absence- even lanes) of IGF-1 (10 M) for 3 min. Following
partial purification on affinity chromatography, proteins were
immunoprecipitated with pp120/HA4 monoclonal antibody, ana-
lyzed on SDS-PAGE electrophoresis, and transferred on nitro-

gcellulose paper. The nitrocellulose membrane was then subjected

to autoradiography (panel A) and immunoblotting with anti-pp120
polyclonal antibody (panel B) using the horseradish peroxidase
(HRP) Enhanced Chemiluminescence (ECL) detection system to

Enhanced Chemiluminescence (ECL) detection system (Fariaassess the level of expression of pp120. Except for the untransfected

et al., 1994).

In Vitro Phosphorylation. Cell lysates from transfected
NIH 3T3 cells stably expressing full-length wild-type pp120
alone or receptors alone or coexpressing full-length wild-
type ppl20 and IGF-1 receptors (wild-type, YF3, and
chimeric) were partially purified on WGAagarose and
eluted in 0.3 MN-acetylglucosamine, 0.1% Triton X-100,
150 mM NaCl, 50 mM Hepes, pH 7.6, and 1@/mL
protease inhibitors (Najjaet al., 1995). Lectin-purified
glycoproteins (1Qtg) were subjected to phosphorylation in
the absence or presence of IGF-1 or insulin=(1®) in
MgCl; (75 mM), CTP (1 mM), ATP (5Q:M), and 100uCi
of [y-32P]JATP. After 15 min at room temperature, the
reaction was stopped at€ in the presence of a phosphatase
inhibitor cocktail (EDTA, 4 mM; NaF, 100 mM; sodium
pyrophosphate, 10 mM; sodium phosphate, 10 mM; ATP, 2
mM; sodium orthovanadate, 20 mNN-ethylmalemide, 5
mM; and Hepes, 40 mM, pH 7.6). One-third of the
phosphorylation mixture was immunoprecipitated veifsTyr
to detect phosphorylated receptors, and the rest was immu
noprecipitated with pp120 monoclonal antibody to detect

NIH 3T3 cells (UT, lanes 910), all cell lines were stably
transfected with wild-type (WT) pp120 plus either wild-type insulin
receptors (IR; lanes-78), wild-type IGF-1 receptors (IGF1-R; lanes
5—6), chimeric IGF-1 receptors (CHI; lanes-3), or the YF3 IGF-1
receptor mutant (YF3; lanes—R). As discussed in the text, the
identity of the M, ~90 000 band in panel A is not known, but
appears not to be thg-subunit of the receptors.

(B/F of 0.85-0.96) were metabolically labeled witB?P]-
orthophosphate and incubated in the presence (Figute 1,
odd lanes) or absence (Figure ,even lanes) of IGF-1
(107 M) for 3 min at 37°C. Cell lysates were partially
purified and immunoprecipitated with anti-pp120 monoclonal
antibody. Expression and phosphorylation of ppl20 in
untransfected cells were not detected (UT; Figure 1A,B, lanes
9 and 10). However, in cells coexpressing wild-type pp120
and insulin receptors, IGF-1, at doses (10M) able to
activate insulin receptors, increased ¥ content of pp120
by ~6-fold (IR; Figure 1A, lane 7 vs 8) after correcting for
the amount of ppl20 in the immunoprecipitates from
untreated (IR; Figure 1B, lane 8) and ligand-treated cells
(IR; Figure 1B, lane 7). The increased level*#® content

phosphorylated pp120 (since phosphorylated pp120 is not°f PP120 in cells overexpressing insulin receptors in response

recognized byoapTyr antibody) (Perrottiet al., 1987).
Immunopellets were subjected to 7.5% SEFAGE and
transferred to a nitrocellulose paper for autoradiography and
subsequent immunoblotting with pp120 polypeptide antibody
(a295). Experiments were carried out with at least two

to IGF-1 (107 M) was identical to that exhibited by these
cells when stimulated by identical doses of insulin (Najjar
et al., 1995). Moreover, since pp120 phosphorylation was
not detected in cells overexpressing pp120 alone in response
to IGF-1 (data not shown), the endogenous levels of insulin

independent clones for each construct derived from the samd €C€PIOrs in parent NIH 3T3 cells were probably too low to

transfection.

Quantitation of Proteins.Quantitation of the amount of
proteins reflected on autoradiograms was achieved by
analysis on the Image NIH1.59 Macintosh software
program.

RESULTS

Phosphorylation of Recombinant pp120 in Intact NIH 3T3
Cells. NIH 3T3 cells coexpressing comparable levels of
recombinant full-length wild-type (WT) pp120 and receptors

drive pp120 phosphorylation, suggesting that pp120 phos-
phorylation in clones overexpressing insulin receptors in
response to IGF-1 is probably due to IGF-1 activation of
overexpressed insulin receptors in these cells. In contrast
to its effect on cells overexpressing insulin receptors, IGF-1
was unable to alter thé&?P content of ppl20 in cells
coexpressing pp120 and wild-type IGF-1 receptors (IGF1-
R; Figure 1A, lane 5 vs 6), revealing the failure of the IGF-1
receptor to mediate pp120 phosphorylation in response to
IGF-1. Substitution of the C-terminal tail of thsubunit

of the insulin receptor for that of the IGF-1 receptor in the
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chimeric receptor led to a-2—3-fold increase in the?P pp120/WT IR pp120/WT IGF-1Ra
content of pp120 derived from ligand-stimulated cells (CHI; lh 2 3 4 5 6|l [7 8 9 10 1 12|(kDa)
Figure 1A, lane 3 vs 4), suggesting that the C-terminal —200

domain of the insulin receptor plays a regulatory role in

pp120 phosphorylation by the receptor tyrosine kinase. YF3, 51GF-1R

IRS-1— - -
a phosphorylation-defective IGF-1 receptor mutant (Gr@n- = = S . *® - _J°
borget al., 1993; Katoet al., 1994), failed to induce pp120 BIR - " —85
phosphorylation in response to IGF-1 (YF3; Figure 1A, lane BN . . — e
1 vs 2). This suggests a significant up-regulatory effect of
the C-terminal domain of thé-subunit of the insulin receptor ey (107M) 1+ = llt =4 o] [+ <t =it =]
on ppl20 phosphorylation in intact cells. P opTyr oIRS-1 oR apTyr o IRS-1 oR
Moreover, IGF-1 stimulated the phosphorylation of an
additional species witivi; ~ 90 000 that was immunopre- PP120/CHI
cipitated by a monoclonal antibody against pp120/HA4 in [13 14 15 16 17 18 I(koa)
cells coexpressing pp120 and either insulin or chimeric IGF-1 — 200
receptors (Figure 1A, lanes 7 and 3, respectively). The
identity of this and lower molecular weight bands is not yet
established. Nevertheless, probing of the immunoblot with a ” 68
a polyclonal antibody against a conserved peptide in the B CHIR—>= 8 =3
tyrosine kinase domain of the insulin and IGF-1 receptors —66
failed to detect thevl, ~90 000 protein (data not shown), ‘ - n
suggesting that it is not th@-subunit of the receptor. . a7
In order to examine whether the expressed receptors are IGF-1 (107M) [+ = ||+ =]+ =]
autophosphorylated and, in turn, capable of phosphorylating Ip apTyr alRS-1 «R
other endogenous proteins in response to ligand, we aimedrcure 2: Phosphorylation of endogenous substrates in intact NIH
to examine phosphorylation of endogenous IRS-1 in these3T3 cells coexpressing pp120 and receptors. Stably transfected NIH
transfected cells. To this end, we treated serum-starved3T3 cells, from clones used in Figure 1, were serum-starved

; ~ ; ° ; overnight prior to incubation in the presenceé dd lanes) or
cultured cells with IGF-1 (10 M) for 3 min at 37°C prior absence- even lanes) of IGF-1 (10 M) for 3 min. Cell lysates

to lysis and immunoprecipitation with antibodies against \yere equally divided into three aliquots that were individually
either phosphotyrosinesTyr), IRS-1 @IRS-1), or recep- immunoprecipitated (Ip) with antibodies against phosphotyrosines
tors @R). Following transfer into a nitrocellulose membrane, (apTyr), IRS-1 @IRS-1), or receptorsaR). Following analysis
potens were probec wih HRP-coupled ant phosphobrosine %, 025 FACT. SEE TS, S U o
amlbOd.y tc.) detect tyrosyl-phosphorylated proteins. As opTyr antibody, and detection by the ECL system as described in
shown in Figure 2A, thévl; ~95 000 band that underwent  the jegend to Figure 1.

phosphorylation in response to IGF-1 in cells coexpressing

pp120 and insulin receptors (lane 1 vs 2) was specifically Figure 2B reveals that replacement of the C-terminal domain
immunoprecipitated by the anti-receptor antibody (lane 5), of the IGF-1 receptor by the corresponding fragment in the
thus confirming that IGF-1 binding to insulin receptors in insulin receptor did not affect the activation of the chimeric
these cells caused the receptor’s activation and autophos+eceptor insofar as it was phosphorylated in response to
phorylation of thes-subunit of the insulin receptor (lane 5 IGF-1 (lanes 13 vs 14 and 17 vs 18). The expressed chimeric
vs 6). Moreover, aM; ~185 000 band was also phospho- receptor was, in turn, capabale of causing ligand-stimulated
rylated in response to IGF-1 (lane 1 vs 2). Specific phosphorylation of IRS-1, as revealed by immunoprecipita-
immunoprecipitation of this band with an antibody raised tion with eitherapTyr (Figure 2B, lane 13 vs 14) allRS-1
against IRS-1 revealed that this band corresponded to IRS-(Figure 2B, lane 15 vs 16) antibody.

1, and that the activated insulin receptors were capable of In Vitro Phosphorylation of pp120 in Cells Coexpressing
phosphorylating IRS-1 (lane 3 vs 4). When cells coexpress- pp120 and ReceptorsLectin-purified glycoproteins (from
ing pp120 and IGF-1 receptors were treated with IGF-1{10 NIH 3T3 cells coexpressing full-length wild-type pp120 and
M), a M, ~100 000 band that underwent tyrosyl phosphor- either wild-type or the YF3 mutant isoform of IGF-1
ylation (lane 7 vs. 8) was specifically immunoprecipitated receptors) were allowed to phosphorylate in the presence of
by anti-receptor antibody (lane 11), thus confirming that IGF-1 (1077 M) and [y-*2P]JATP. Two-thirds of the phos-
IGF-1 binding caused activation and autophosphorylation of phorylation product was immunoprecipitated with an anti-
the S-subunit of the IGF-1 receptor (lane 11 vs 12). body directed against pp120 (Figure 3A) prior to SBS
Moreover, aM, ~185 000 band was phosphorylated in PAGE, autoradiography, and immunoblotting usim295,
response to IGF-1 (lane 7 vs 8). Specific immunoprecipi- a polyclonal antibody directed against pp120 (Figure 3B),
tation of this band with an antibody raised against IRS-1 to determine the amount of pp120 in hormone-treated (
revealed that this band was in fact IRS-1, and supported thateven lanes) and untreated pdd lanes) lysates. The other
IRS-1 was phosphorylated in response to IGF-1 (lane 9 vs third of the phosphorylation product was immunoprecipitated
10). Activation of the expressed IGF-1 receptor in these with apTyr monoclonal antibody (Figure 3C) to determine
cells by IGF-1, and its ability to phosphorylate IRS-1, further the activation state of the receptors. Several clones with
supports that pp120 is unique among other insulin receptorvarious levels of coexpressed ppl20 (Figure 3B) and
substrates insofar as its phosphorylation was not stimulatedreceptors (as indicated by the B/F ligand ratio) were
by ligand-activated IGF-1 receptors in the same cell lines examined. High expression of wild-type IGF-1 receptors
that exhibited ligand-stimulated IRS-1 phosphorylation. (B/F of 0.96) in this clone (clone a) revealed significant

IRS-1— -‘ -
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Ficure 4: In vitro phosphorylation of pp120 by coexpressed

. i . chimeric IGF-1 receptors. Cell extracts were prepared from NIH
FIGURE 3: In vitro phosphorylation of pp120 by coexpressed wild-  3T3 cells cotransfected with cDNA encoding wild-type (WT) pp120
type and YF3 mutant IGF-1 receptors. Cell extracts were preparedp|us either wild-type IGF-1 receptors (IGF-1Rb; lanes?), wild-

from NlH 3T3 cells stably COtranSfeC.ted with cDNA enc_odlng f_uII- type insulin receptors (IR; lanes-&), or chimeric IGF-1 receptors
length wild-type (WT) pp120 plus different levels of either wild-  (CHI; lanes 5-8). Glycoproteins were purified and subjected to
type (lanes 712) or YF3 IGF-1 receptors (lanes-8). Following phosphorylation as described in the legend to Figure 3. Following
affinity purification of glycoproteins, phosphorylation assays were immunoprecipitation with a pp120 monoclonal antibody (panel A),
carried out in the absence-(odd lanes) or presence of TOM  proteins were analyzed as described in the legend to Figure 1.
IGF-1 (+ even lanes). Phosphorylation was stopped by adding Clones 52 and 59 are two different clones that derived from the
phosphatase inhibitors and immunoprecipitating with either pp120 same transfection and expressed comparable levels of pp120 but
monoclonal antibody (panel A, lanes-10) or apTyr (panel C,  different levels of chimeric receptors (as assessed by the B/F ligand
lanes 1-10). To evaluate nonspecifically recognized proteins in ratio). The pp120/WT IGF-1Rb used in these experiments is not

the immune complex, lysates from the same pp120/WT IGF-1R the same clone used in Figure 3, even though it has an identical
clone used in lanes-910 were immunoprecipitated with normal  B/F ratio.

rabbit serum (NRS) (lanes #12). Following SDSPAGE,
proteins were analyzed as described in the legend to Figure 1 (panepartially purified cell lysates derived from NIH 3T3 cells
i ot ns s ot o Sty v i g COEXaressing fulllengh wi-type pp120 and chimeric (GF-1
reproduction. B/F’ denotgs the boun()j//fF%%-labeled Iingnd ragtiop recep_tors. We used 'ys"?‘tes from cells coexpressing pp120
as measured in separate binding experiments. and either wild-type insulin (B/F of 0.75) or IGF-1 receptors
(B/F of 0.96) as controls. In this cell-free system, wild-
receptor autophosphorylation in response to IGF-1{M) type IGF-1 receptors failed to mediate ligand-regulated pp120
(Figure 3C, lane 10 vs 9). However, the activated receptor phosphorylation in cells coexpressing ppl120 and IGF-1
failed to mediate substantial ligand-induced ppl120 phos- receptors (IGF-1Rb; Figure 4, lane 1 vs 2, b being a different
phorylation in these cells (Figure 3A, lane 10 vs 9), when clone from the a clone used in Figure 3). In marked contrast,
corrected for the amount of pp120 present in the immu- two different clones (52 and 59) coexpressing ppl120 and
nopellet (Figure 3B). To account for nonspecific background chimeric IGF-1 receptors (B/F of 0.80 and 0.90, respectively)
in the immunopellets, an identical phosphorylation reaction revealed that the chimeric receptor mediated pp120 phos-
from clone a was also immunoprecipitated with normal rabbit phorylation by~10-fold in the presence of IGF-1 (CHI;
serum (NRS) (lanes 11 and 12). This confirmed the Figure 4A, lane 5 vs 6 and lane 7 vs 8). Thus, replacement
specificity of the pp120 band in the phosphorylation product of the C-terminal domain of the IGF-1 receptor by the
of lanes 9 and 10. Low clonal expression of wild-type IGF-1 corresponding segment of the insulin receptor bestowed on
receptors in the clone exhibiting a B/F of 0.09 was manifested the heterologous IGF-1 receptor the ability to phosphorylate
by a lack of receptor autophosphorylation (Figure 3C, lanes pp120, suggesting that this domain is important for pp120
7 and 8). Furthermore, this clone was unable to phos- phosphorylation in response to ligand binding.
phorylate pp120 in the absence or presence of IGF-1 (Figure In Vitro Phosphorylation of pp120 by Lysates from NIH
3A, lanes 7 and 8). Sinc#P was incorporated only in  3T3 Cells Qerexpressing Receptordn order to address
lysates of cells expressing high levels of IGF-1 receptors whether the failure of the IGF-1 receptor to phosphorylate
(Figure 3A, lane 9), and was virtually absent in lysates of ppl120 was intrinsic to the receptor or was due to a
cells expressing much lower levels of IGF-1 receptors (Figure phosphatase activity that copurified with the receptor in cells
3A, lane 7), it seems likely that pp120 was phosphorylated coexpressing pp120, we performiadvitro phosphorylation
by an IGF-1 receptor-dependent pathway in the absence ofexperiments in which partially purified receptors from NIH
IGF-1, and that its phosphorylation did not increase with 3T3 cells stably expressing individual receptors alone were
receptor stimulation by ligand. All clones expressing the allowed to phosphorylate partially purified pp120 that was
YF3 phosphorylation-defective mutant IGF-1 receptor failed derived from cells stably expressing pp120 alone. Thus,
to autophosphorylate (Figure 3C, lanes@); hence, they  purified insulin (from NIH 3T3 cells overexpressing2.5
did not induce ppl120 phosphorylation (Figure 3A, lanes x 1P receptors/cell), IGF-1 (from NIH 3T3 cells overex-
3-6). pressing~1.3 x 10° receptors/cell), and chimeric receptors
In order to confirm the potential regulatory role of the (from NIH 3T3 cells overexpressingl.2 x 1 receptors/
C-terminal domain of thes-subunit of the receptor, we cell) were allowed to phosphorylate comparable amounts of
reexamined ppl120 phosphorylation in the abserce\en purified pp120 (from NIH 3T3 cells overexpressing pp120)
lanes) or presence odd lanes) of IGF-1 (10 M) in in the presence off*?P]JATP and ligand (10’ M). y-32P-

BF 1.0 085 022 009 096 096
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12 34 506 o revealed no phosphorylation of any band in th&20 kDa
A Pitation with region that would correspond to pp120 (data not shown),
pp120—= a . supporting the specificity of the pp120 band in the transfected

cell system herein employed. These data support our
findings that IGF-1 receptor does not mediate ligand-induced
pp120 phosphorylation and that pp120 phosphorylation by
.o B. Immunoblot A. with ligand-stimulated insulin receptor is regulated by the C-

— ] ) : '
prIZ0 o8 e PPI20AD terminal domain of thgs-subunit of the receptor.

C. Immunoprecipitation with

Receptor — . - - - o-pTyr Ab DISCUSSION
Ligand (100 nM) e e - Similar to insulin, IGF-1 binding to its receptor activates
Receptor IGF-1Rc IRc CHIc

) ) o - the tyrosine kinase to phosphorylate the receptor and
FiIGUrRe 5: In vitro phosphorylation of pp120 by affinity-purified endogenous substrates. The common phosphorylation cas-

receptors. Cell extracts prepared from NIH 3T3 cells expressing . . . . . ]
full-length pp120 were purified by affinity chromatography and cade that underlies the basic mechanism of insulin and IGF-1

allowed to be phosphorylated by partially purified receptors that aCtiO!"S ha}s failed_ to eXp|aif‘ the different, albeit overlapping,
derived from NIH 3T3 cells stably expressing either wild-type physiologic functions mediated by the two receptors. The

insulin receptors (IR, lanes-31), wild-type IGF-1 receptors (IGF-  insulin receptor regulates metabolism (Acdtial., 1996),

1R; lanes +-2), or chimeric IGF-1 receptors (CHI; lanes6). and the IGF-1 receptor mediates growth and differentiation
The label ¢ was included to emphasize that these control (:Iones(Bakeret al., 1993; Liuet al., 1993)

expressed individual receptors alone without pp120 and derived _ N
from a different transfection than the one from which the clones in ~ To date, few substrates have been determined to be specific

Figures -4 were obtained. Phosphorylation was performed as to individual members of the insulin receptor family. Among
described in the legend to Figure 3 in the presere@dd lanes)  thege is c-Crk, a potential specific substrate of the IGF-1

or absence-+ even lanes) of 100 nM of either insulin (lanes : : . .
or IGE-1 (gnes ) am)j 5-6). Phosphorylated pro(teins ﬁere receptor tyrosine kinase (Beitner-Johnson & LeRoith, 1995).

immunoprecipitated with either a pp120 monoclonal antibody (Panel Using stably transfected NIH 3T3 cells, we have shown that
A) or anapTyr antibody (panel C), and analyzed as described in the intracellular domain of recombinant pp120 is phos-

the legend to Figure 3. phorylated by the insulin receptor kinase in response to

Phosphorylated proteins were immunoprecipitated with either INSulin (Najjaret al., 1995). In this report, we have presented
pp120 (Figure 5A) onpTyr (Figure 5C) antibody prior to two lines of evidence suggesting _that pplZO constitutes a
analysis by SDSPAGE. Following autoradiography, pro- unlque'model'tlo study insulin action. FII’S'[., recpmbmant
teins in Figure 5A were immunoblotted wita295, a  PP120 is specifically phosphorylated by the insulin but not
polyclonal antibody directed against pp120 (Figure 5B), to by its close relative, the IGF-1 receptor kmasg, in response
assess the amount of immunoprecipated pp120 (Figure 58)° ligand. Second, phosphorylation of pp120 in response to
in hormone-treated# odd lanes) and untreateé- (even ligand is restored by a chlm.erlc IGF-1 receptor in which the
lanes) lysates. As expected, insulin {10M) induced C-terminus of thef-subunit had been replaced by the
autophosphorylation of the insulin receptor (IR; Figure 5C, corresponding sequence of the insulin receptor.

lane 3 vs 4). Similarly, IGF-1 induced autophosphorylation ~ Pp120 Is a Specific Substrate of the Insulin Receptor
of insulin receptors at the same concentration of M (data ~ Tyrosine Kinase.Fanciulliet al. (1989) reported that IGF-1
not shown). Moreover, IGF-1 (10 M) induced autophos-  failed to stimulate pp120 phosphorylation in rat liver lectin-
phorylation of wild-type (IGF-1R; Figure 5C, lane 1 vs 2) purified extracts but induced pp120 phosphorylation in
and chimeric IGF-1 receptors (CHI; Figure 5C, lane 5 vs extracts of AS-30D cells, a hepatoma cell line that expresses
6) Corrected for the amount of pp120 immunoprecipitated both insulin and IGF-1 receptors. The authors SUQQESIEd that
(Figure 5B, lanes 46), insulin stimulated pp120 phospho- PP120 is a substrate for the IGF-1 receptor kiniaseitro.
rylation by ~15-fold in the presence of activated insulin However, the high doses of IGF-1 (100 nM) used in those
receptors (IR; Figure 5A, lane 3 vs 4), as we have previously studies could have stimulated pp120 phosphorylation via
shown (Najjaret al.,1995). In contrast, IGF-1 receptor failed  insulin or hybrid insulin/IGF-1 receptors. Thus, we reevalu-
to phosphorylate pp120 in response to IGF-1 (1) (IGF- ated whether IGF-1 receptor phosphorylates pp120 in trans-
1R; Figure 5A, lane 1 vs 2) even if higher amounts of fected NIH 3T3 cells. We demonstrated that in marked
phosphorylated receptors were used (Figure 5C, lane 1 vscontrast to insulin receptors, IGF-1 receptors failed to mediate
3). Repeated experiments in which the amounts of purified ligand-stimulated pp120 phosphorylation in both cell-free and
IGF-1 receptors and pp120 were increased confirmed theintact cell systems. This is consistent with the predominant
inability of the expressed IGF-1 receptor to phosphorylate parallel expression of pp120 and insulin receptors in the liver,
pp120 in response to IGF-1 (data not shown). Thus, pp1202@ site with low levels of IGF-1 receptors (Morga al.,
phosphorylation in these cells differed from that of IRS-1 1986). The differential phosphorylation of pp120 may thus
which underwent increased phosphorylation by ligand- representa mechanism for the different physiologic functions
stimulated IGF-1 receptors (Farid al., 1994). In marked  €licited by these two receptors.

contrast to wild-type IGF-1 receptor, chimeric IGF-1 receptor  Regulation of pp120 Phosphorylation by the C-Terminal
induced pp120 phosphorylation byl10-fold (CHI; Figure Domain of the3-Subunit of the Insulin ReceptoBecause

5A, lane 5 vs 6) in response to IGF-1, indicating that the C-termini of theS-subunit of the insulin and IGF-1
replacement of the C-terminal domain of the IGF-1 receptor receptors are the least conserved of all the domains of these
by that of the corresponding region of the insulin receptor receptors, it has long been surmised that they may be
restored ligand-stimulated pp120 phosphorylation. Phos-responsible for specific functions regulated by the receptors.
phorylation of cells transfected solely with the Nemne However, deletion and site-directed mutagenesis of the
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tyrosine and serine/threonine phosphorylation sites have ledwith a model in which different substrates are phosphorylated
to controversy about the role of the C-terminal domain in to mediate different biological actions of the two ligands.
the metabolic and mitogenic functions induced by insulin  An extension of our hypothesis is that abnormalities of pp120
and IGF-1 (Tavare & Siddle, 1993). While it is agreed that expression and/or function may be a cause of peripheral
the metabolic effects of insulin can be mediated by C- hyperinsulinemia and insulin resistance. Further studies will
terminally truncated insulin receptors, it is controversial be required to shed light on this possibility.

whether the mitogenic actions of insulin are affected by these
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