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ABSTRACT: Protein kinase C-ú (PKC-ú) participates both in downstream insulin signaling and in the negative
feedback control of insulin action. Here we used an in vitro approach to identify PKC-ú phosphorylation
sites within insulin receptor substrate 1 (IRS-1) and to characterize the functional implications. A
recombinant IRS-1 fragment (rIRS-1449-664) containing major tyrosine motifs for interaction with
phosphatidylinositol (PI) 3-kinase strongly associated to the p85R subunit of PI 3-kinase after Tyr
phosphorylation by the insulin receptor. Phosphorylation of rIRS-1449-664 by PKC-ú induced a prominent
inhibition of this process with a mixture of classical PKC isoforms being less effective. Both PKC-ú and
the classical isoforms phosphorylated rIRS-1449-664 on Ser612. However, modification of this residue did
not reduce the affinity of p85R binding to pTyr-containing peptides (amino acids 605-615 of rat IRS-1),
as determined by surface plasmon resonance. rIRS-1449-664 was then phosphorylated by PKC-ú using
[32P]ATP and subjected to tryptic phosphopeptide mapping based on two-dimensional HPLC coupled to
mass spectrometry. Ser498 and Ser570 were identified as novel phosphoserine sites targeted by PKC-ú.
Both sites were additionally confirmed by phosphopeptide mapping of the corresponding Serf Ala mutants
of rIRS-1449-664. Ser570 was specifically targeted by PKC-ú, as shown by immunoblotting with a
phosphospecific antiserum against Ser570 of IRS-1. Binding of p85R to the S570A mutant was less
susceptible to inhibition by PKC-ú, when compared to the S612A mutant. In conclusion, our in vitro data
demonstrate a strong inhibitory action of PKC-ú at the level of IRS-1/PI 3-kinase interaction involving
multiple serine phosphorylation sites. Whereas Ser612 appears not to participate in the negative control of
insulin signaling, Ser570 may at least partly contribute to this process.

Insulin receptor substrate (IRS)1 proteins are phosphory-
lated on multiple tyrosine residues by the activated insulin
receptor and play a pivotal role in the process of downstream
insulin signaling (1, 2). The phosphotyrosine motifs, specif-
ically within IRS-1 and IRS-2, serve as docking sites for a
series of adaptor proteins that possess src homology 2 (SH2)
domains including Grb2, the intracellular PTPase SHP-2,
Nck, Crk, and phosphatidylinositol 3-kinase (PI 3-kinase)
(3-5). PI 3-kinase is composed of a catalytic 110 kDa
subunit (p110) and a regulatory 85 kDa subunit (p85)

containing two SH2 domains that bind to tyrosine-phospho-
rylated pYMXM and pYXXM motifs in IRS proteins and
induce PI 3-kinase activation (6). This leads to stimulation
of additional downstream kinases including the serine/
threonine kinase PKB/Akt (7, 8) and the atypical protein
kinase C isoformsú andλ (PKC-ú/λ) (9, 10) by phospho-
inositide-dependent kinase 1. Activation of PKB and PKC-
ú/λ and its downstream signals have been shown to play a
critical role in mediating the metabolic actions of insulin such
as GLUT4 translocation and glucose transport (9, 10), GSK3
serine phosphorylation and glycogen synthesis (11), PDE
serine phosphorylation and antilipolysis (12, 13), and mTOR
activation and protein synthesis (14, 15).

Dysregulation of the insulin-signaling system is a multi-
factorial process leading to insulin resistance and type 2
diabetes with the IRS proteins potentially representing a
major target (16). Thus, serine/threonine phosphorylation of
IRS proteins has been proposed to play a key role both in
feedback inhibition of the insulin signal and in the develop-
ment of cellular insulin resistance (for review, see refs16-
18). Covalent modification of IRS-1 on serine/threonine was
shown to impair its insulin-induced tyrosine phosphorylation,
the activation of PI 3-kinase, and the stimulation of glucose
transport (19). In the unstimulated state serine/threonine
phosphorylation of IRS-1 occurs constitutively in the cell
(20), and it is further promoted by cytokines and metabolites
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that inhibit signal transduction like tumor necrosis factor
(TNF) R (21), free fatty acids, glucose, or ceramide (22).
Furthermore, hyperphosphorylation of IRS-1 on serine/
threonine residues is a common finding during insulin
resistance and type 2 diabetes (23).

Despite a key role for the development of insulin
resistance, the serine phosphorylation of IRS-1 has remained
incompletely understood, mainly because IRS-1 contains
more than 100 potential serine phosphorylation sites and
because it was shown to represent a substrate for many
protein kinases including c-Jun N-terminal kinase (JNK) (24),
IκB kinaseâ (25), MAP kinase (26), protein kinase B (PKB)
(27), and AMP-activated protein kinase (AMPK) (28).
Interestingly, both PKB and AMPK were found to operate
as a positive regulator of IRS-1 function, supporting the
notion that serine/threonine phosphorylation of IRS-1 has a
dual role, either to enhance or to terminate insulin signaling
(29). Identification of residues within different domains of
IRS-1 undergoing serine phosphorylation in response to
different stimuli has improved our understanding of this
highly complex regulatory step in insulin action. Thus, Ser307,
which is located near the phosphotyrosine-binding (PTB)
domain, has been identified as a target for stress-activated
kinases including JNK (24) and may also play a role as a
negative feedback regulator of insulin action (30). Ser789 is
targeted by AMPK and positively modulates insulin action
(28); however, Ser789 phosphorylation by unidentified kinases
was also found to attenuate insulin signaling (31). Ser612,
Ser632, Ser662, and Ser731 are located within or near the PI
3-kinase interaction domain; however, the functional impli-
cations of these sites have remained elusive (32-34).

In contrast to the protein kinases mentioned above, protein
kinase C (PKC)ú, which is an atypical member of the PKC
family of serine/threonine kinases, appears to participate both
in the downstream transduction of the insulin signal and in
the negative feedback control of IRS-1 function (10, 35-
38). Thus, PKC-ú was found to colocalize with GLUT4 and
to be essential for insulin-regulated GLUT4 translocation and
glucose transport in skeletal muscle (35) and adipocytes (10).
Further, defective activation of PKC-ú may contribute to
obesity-dependent development of skeletal muscle insulin
resistance (36). Recent data by Quon and co-workers (37)
have shown that IRS-1 represents a novel substrate for PKC-
ú, and in a parallel study Zick and co-workers (38) found
that this process inhibits PI 3-kinase activation, suggesting
that PKC-ú represents a key element in the negative feedback
control of insulin action. The critical serine/threonine phos-
pho sites mediating this process are presently not known. In
the present investigation we have used an in vitro approach
to identify serine/threonine phosphorylation sites for PKC-ú
within IRS-1 and to characterize the functional implications.
Specifically, we have used here a recombinant IRS-1 domain
comprising 216 amino acids from positions 449 to 664 (rIRS-
1449-664). This domain contains Tyr608 and Tyr628, which are
of primary importance for full activation of PI 3-kinase and
GLUT4 translocation (39). Our results show a prominent
inhibition of IRS-1/PI 3-kinase interaction by PKC-ú most
likely involving multiple phosphorylation sites. Ser612, Ser498,
and Ser570 are phosphorylated by PKC-ú, with the latter
representing a novel phosphorylation site with potential
functional implications.

EXPERIMENTAL PROCEDURES

Materials. Oligonucleotide primers were obtained from
MWG-Biotech (Ebersberg, Germany). BL21 Codon Plus and
the QuikChange site-directed mutagenesis kit were purchased
from Stratagene (La Jolla, CA). One Shot TOP 10 competent
cells were from Invitrogen (Karlsruhe, Germany). A plasmid
miniprep kit was obtained from Qiagen (Hilden, Germany).
A polyclonal anti-IRS-1 antiserum was a gift from Dr. J. A.
Maassen (Leiden, The Netherlands). Anti-phosphotyrosine
antibody (RC20) coupled to horseradish peroxidase and anti-
p85R antibody were obtained from Transduction Laborato-
ries, Inc. (Lexington, KY). Monoclonal anti-IRâ antibody
was supplied from Oncogene (Cambridge, MA). Anti-IRS-1
pS616 antibody was from Biosource (Camarillo, CA). Anti-
IRS-1 pS570 antibody was generated by immunizing rabbits
with the peptide Cys-PGYRH(pS)AFVPTH and was pro-
vided by Aventis (Frankfurt, Germany). HRP-conjugated
anti-rabbit and anti-mouse IgG antibody as secondary
antibody for enhanced chemiluminescence (ECL) detection
was from Promega Corp. (Mannheim, Germany). Protein
kinase C from rat brain (PKC-rb), recombinant human
protein kinase C-ú, bisindolylmaleimide I (BIM), and PKC-ú
pseudosubstrate inhibitor were obtained from Calbiochem
(San Diego, CA).R-Thrombin was purchased from Upstate
Biotechnology Inc. (Lake Placid, NY). Enzymes for molec-
ular biology, Complete protease inhibitor cocktail, and
modified trypsin, sequencing grade, were obtained from
Roche (Mannheim, Germany). Okadaic acid, phosphati-
dylserine, and wheat germ agglutinin (Triticum Vulgaris)
were purchased from Sigma (Mu¨nchen, Germany). IRS-1
peptides were synthesized by Dr. Hoffmann (BMFZ, Uni-
versity of Düsseldorf, Du¨sseldorf, Germany). Chemicals for
SDS-PAGE, GST gene fusion vector pGEX-5X-3, glu-
tathione-Sepharose 4B, and [γ-32P]ATP were supplied by
Amersham Biosciences (Freiburg, Germany). GelCode Blue
Stain reagent, Restore Western blot stripping buffer, and
SuperSignal substrate was obtained from Pierce (Rockford,
IL). BIAcore X and sensor chip CM5 are products of Biacore
(Freiburg, Germany). All other chemicals were of the highest
grade commercially available.

Construction and Expression of Fusion Proteins. The
regulatory p85R subunit of bovine PI 3-kinase cloned into
the expression vector pGEX-2T was a kind gift of Dr. P.
Shepherd (London, U.K.). A glutathioneS-transferase (GST)
fusion protein containing amino acids 449-664 of rat IRS-1
(rIRS-1449-664, molecular mass of 51.2 kDa) was prepared
on the basis of the method described by Smith and Johnson
(40) using the pGEX-5X-3 vector. Corresponding rat cDNA
was generated from RNA isolated from rat heart by reverse
transcription using avian myeloblastosis virus reverse tran-
scriptase and subsequent amplification by polymerase chain
reaction using Pwo DNA polymerase and the following
oligonucleotide primers: 5′-primer, ATATTGTCGACCA-
CACCCCACCAGCCAGG; 3′-primer, ATGTACTACTA-
CAGAGGGTCACGCCGGCGTAAGAATA. The PCR prod-
ucts were isolated, digested with appropriate restriction
enzymes, and subcloned into pGEX-5X-3. The identity of
the rat IRS-1 clone was verified by restriction endonuclease
analysis and nucleotide sequencing. This vector and the
p85R-pGEX-2T construct were used to transformEscheri-
chia coli BL21. Transformed cells were grown to anA600nm
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of 0.6-0.8 in 2× YTA medium (16 g/L tryptone, 10 g/L
yeast, 5 g/L NaCl) supplemented with 0.1 mg/mL ampicillin
and induced for 2 h with 0.1 mM isopropylâ-D-thiogalac-
toside (IPTG). Fusion proteins were purified by affinity
chromatography on glutathione-Sepharose columns and
eluted by 10 mM glutathione in 50 mM Tris-HCl (pH 8.0).
The GST part of the p85R GST fusion protein was pro-
teolytically removed using bovine thrombin in PBS. The
protease was added to the fusion protein bound to the
glutathione-Sepharose column and incubated for 2 h atroom
temperature, and then the eluate was collected. Protein
content was determined using a modification of the Bio-
Rad protein assay. All GST fusion proteins had the expected
molecular mass when analyzed by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE).

Insulin Receptor Kinase Preparation. Rat liver was rapidly
removed, immediately frozen in liquid nitrogen, and pro-
cessed as described (41). Briefly, 3.5 vol/wt of an ice-cold
buffer consisting of 50 mM Hepes (pH 7.4), 1% Triton
X-100, and 2× Complete protease inhibitors was added, and
the liver was homogenized using an Ultraturrax and a Potter-
Elvehjem homogenizer, followed by centrifugation at 10000g
for 10 min at 4°C. The resultant supernatant was slowly
stirred at room temperature for 60 min and then again
centrifuged at 100000g for 90 min at 4°C. The supernatant
was then applied to an agarose-bound wheat germ agglutinin
(WGA) column. The column was washed with 50 mM Hepes
(pH 7.4) and 0.1% Triton X-100, and bound glycoproteins
were eluted from the WGA column with this buffer contain-
ing 0.3 M N-acetylglucosamine.

In Vitro Phosphorylation Assay. For rIRS-1449-664 phos-
phorylation by insulin receptor, 5µg of the WGA-purified
glycoprotein fraction was preincubated for 30 min at 30°C
with 100 nM insulin in a phosphorylation buffer containing
20 mM Hepes (pH 7.4), 1 mM DTT, 10 mM MgCl2, 100
µg/mL bovine serum albumin, 0.2 mM Na3VO4, 1.7 mM
CaCl2, 0.6 mg/mL phosphatidylserine, and 0.5µg/mL
okadaic acid. Autophosphorylation was initiated by the
addition of ATP at a concentration of 50µM and continued
for 10 min at 30°C. Substrate phosphorylations were initiated
by addition of equal volumes of rIRS-1449-669 (1 µg) with
or without pretreatment (30 min) by the PKC isoforms in
the same buffer in the presence of 50µM ATP and were
allowed to proceed for 10 min at 30°C in a final volume of
50 µL. The reaction was terminated by the addition of 6×
sample buffer [0.35 M Tris-HCl (pH 6.8), 10.28% (w/v)
SDS, 36% (v/v) glycerol, 0.6 M DTT, 0.012% (w/v)
bromphenol blue] and boiling for 5 min. Proteins were
separated by SDS-PAGE and analyzed by immunodetection
with an anti-phosphotyrosine antibody after transfer to
nitrocellulose. Serine/threonine phosphorylation of rIRS-
1449-664 by different PKC isoforms was assessed by incubat-
ing 1 µg of rIRS-1449-664 with 0.5 µg of PKC-rb or PKC-ú
in phosphorylation buffer for 30 min at 30°C in the presence
of 50 µM ATP plus 2µCi of [γ-32P]ATP in a volume of 20
µL. Proteins were resolved by SDS-PAGE, and the stained
and dried gels were subjected to autoradiography. The extent
of phosphate incorporation was determined by Cerenkov
counting of excised fragments.

GST Pull-Down Assay. In vitro phosphorylated rIRS-
1449-664 was incubated with glutathione-Sepharose beads on
a rotator for 1 h at 4°C. Pellets were washed three times

with binding buffer [50 mM Tris-HCl (pH 7.4), 150 mM
NaCl, 1% (v/v) Nonidet P-40, 1 mM EDTA, 1 mM NaF, 1
mM Na3VO4]. Then 0.5µg of recombinant p85R was added,
and incubation was continued for 2 h at 4°C. After washing
three times, the bound proteins were eluted with 20µL of
2× sample buffer and separated by SDS-PAGE.

Immunoblotting. Proteins were separated by SDS-PAGE
using 8-18% gradient gels, followed by transfer to nitrocel-
lulose in a semidry blotting apparatus. The membrane was
then blocked for 60 min in Tris-buffered saline containing
0.05% Tween 20 and 1% BSA or 5% nonfat dry milk and
probed with appropriate antibodies (anti-IRS-1, anti-pTyr,
anti-p85R). After extensive washing, the membranes were
incubated with horseradish peroxidase-conjugated secondary
antibodies and again washed, and then the protein bands were
visualized by the enhanced chemiluminescence (ECL) method
on a Lumi Imager workstation (Boehringer, Mannheim,
Germany). All blots were quantified using the Lumi Imager
software. The significance of reported differences was
evaluated by using the null hypothesis andt statistics for
unpaired data. Ap value less than 0.05 was considered to
be statistically significant.

Phosphopeptide Mapping by High-Performance Liquid
Chromatography (HPLC) and Electrospray Ionization Mass
Spectrometry (ESI-MS). Using 50 units (40µg) of PKC-ú,
5 nmol of rIRS-1449-664 protein was phosphorylated with 50
µM ATP plus 0.25 mCi/mL [γ-32P]ATP for 60 min under
the conditions described above. Proteins were separated by
SDS-PAGE, and phosphorylated rIRS-1449-664 was digested
with 100µg of trypsin in the excised gel pieces overnight at
30°C. Peptides were eluted with 50 mM NH4HCO3 and 50%
acetonitrile and separated on an anion-exchange column
(Nucleogel SAX 1000-8/46, 50× 4.6 mm; Macherey &
Nagel, Düren, Germany) using the Beckman gold solvent
delivery system. The HPLC flow rate was 0.5 mL/min. After
injection of sample, the peptides were eluted beginning at
100% of buffer A (20 mM NH4CH3COOH, pH 7.0) and 0%
of buffer B (1 M KH2PO4, pH 4.0). The amount of buffer B
was increased to 10% within 40 min and from 10% to 50%
during the following 75 min. Fractions of 0.5 mL were
collected, and radioactivity was measured by Cerenkov
counting. Radioactive fractions were subjected to reversed-
phase HPLC. Peptides were separated on a C18 reversed-
phase column (Nucleosil 300-5 C18, 250 mm× 2 mm, 5
µm particle size, 300 Å pore size; Macherey & Nagel, Du¨ren,
Germany). The HPLC flow rate was adjusted to 0.33 mL/
min. After application of the sample, elution started with
100% of solution A (0.1% TFA) and 0% of solution B
[acetonitrile/TFA (84/0.1 v/v)]. The content of solution B
was raised to 100% in 120 min. Again the radioactivity of
the collected fractions was measured. Fractions containing
radiolabeled peptides were subjected to ESI-TOF mass
spectrometry. Mass spectra were recorded on an electrospray
quadrupole time-of-flight mass spectrometer (QSTAR Pulsar
I; Applied Biosystems, Foster City, CA) using a nanospray
source (Protana, Odense, Denmark). Selected peptides were
analyzed in tandem mass spectrometry mode, and the
sequence and posttranslational modifications were retrieved
by manual interpretation.

Site-Directed Mutagenesis.The serine 570 to alanine,
serine 612 to alanine, and serine 498 to alanine mutants of
rIRS-1449-664 were generated by site-directed mutagenesis
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using the QuikChange site-directed mutagenesis kit according
to the manufacturer’s instructions using pGEX-5X-3/rIRS-
1449-664 as a template. The following primers were used:
S570A, 5′-CCCGGCTACCGGCATGCCGCCTTCGTGC-
CCACC and 3′-GGGCCGATGGCCGTACGGCGGAAG-
CACGGGTGG; S612A, 5′-GGCTACATGCCCATGGCTC-
CCGGAGTGGCTCC and 3′-CCGATGTACGGGTACCGA-
GGGCCTCACCGAGG; S498A, 5′-GGTGCTACCATGGG-
GACAGCCCCGGCGCTGACTGGAGAC and 3′-CCACG-
ATGGTACCCCTGTCGGGGCCGCGACTGACCTCTG.
The presence of the desired mutations was confirmed by
sequencing the recombinant molecules by Qiagen Sequencing
Services (Hilden, Germany).

Interaction Studies by Surface Plasmon Resonance Tech-
nology. The principle of operation of the BIAcore biosensor
(Biacore, Freiburg, Germany) has been described previously
(42). To avoid the interfering dimerization of the GST part
of the fusion protein, it was cleaved with thrombin during
the purification. Because of the known extremely fast
association rates of SH2 domains to phosphopeptides, the
relative affinities were assessed by competition assay (43).
Therefore, a constant concentration of p85R (100 nM) was
incubated in running buffer [0.01 M Hepes, pH 7.4, 0.15 M
NaCl, 3 mM EDTA, 0.005% surfactant P20 (HBS-EP)] with
a variable concentration of the competitor peptide (50 nM-
10 µM), which was identical to that bound on the CM5
sensor chip surface. After a 1 h preincubation at room
temperature the various mixtures were then injected sequen-
tially at a flow rate of 5µL/min at 25°C in HBS-EP buffer.
The peptides used, DDGYMPMSPGV, DDGpYMPMSPGV,
DDGYMPMpSPGV, and DDGpYMPMpSPGV, representing
amino acids 605-615 of rat IRS-1, were synthesized on an
Applied Biosystems model 433 peptide synthesizer. All
peptides were immobilized with a concentration of 5 mg/
mL in 100 mM H3BO4 (NaOH, pH 8.5) at 1µL/min by the
standard amine coupling procedure as described by the
manufacturer. Regeneration after each binding experiment
was performed by injection of 6 M guanidine hydrochloride
for 2 min. The kinetic analysis of the p85R with pY608 and
pY606-pS612 interaction has been performed using the
BIAevaluation 3.1 software (Biacore, Freiburg, Germany)
and GraphPad Prism 3.0 (San Diego, CA).

RESULTS

An IRS-1 Domain Is Phosphorylated by the Insulin
Receptor and Interacts with PI 3-Kinase.To determine the
effects of serine/threonine phosphorylation of IRS-1 on the
interaction with PI 3-kinase, we developed an in vitro
phosphorylation and PI 3-kinase interaction assay using
recombinant p85R and a GST pull-down approach. A
selected part of the rat IRS-1 protein was cloned, expressed
as a GST fusion protein, and purified fromE. coli. This GST
fusion protein (rIRS-1449-664) covers a domain of 216 amino
acids (449-664) of the rat IRS-1 protein containing potential
tyrosine phosphorylation sites within YMXM or YXXM
consensus motifs, including the major PI 3-kinase binding
sites Tyr608 and Tyr628 (39) (see Figure 1). On the basis of
the structure of the coded fusion protein a molecular mass
of 51.2 kDa was calculated, and an apparent mass of 55 kDa
was determined by SDS-PAGE. The experimental proce-
dure of the in vitro phosphorylation and p85R interaction
assay is outlined in Figure 2A. Exposing the fusion protein
to WGA-purified insulin receptor induced a prominent
insulin-stimulated tyrosine phosphorylation of rIRS-1449-664

(Figure 2B, upper panel). Quantification showed an 8.8(
1.1-fold stimulation over basal (n ) 10, Figure 2C). The
GST pull-down assay revealed a significant increase in the
interaction of the p85R regulatory subunit of PI 3-kinase with
the tyrosine-phosphorylated rIRS-1449-664 (Figure 2B, middle
panel).

Different PKC Isoforms Inhibit Insulin-Stimulated Tyrosine
Phosphorylation of rIRS-1449-664 and Subsequent Association
to p85R. To assess if protein kinase C is capable of
phosphorylating rIRS-1449-664 in vitro, we first incubated the
fusion protein with PKC from rat brain (PKC-rb) and PKC-ú
in the presence of [32P]ATP. rIRS-1449-664 was then analyzed
by SDS-PAGE and autoradiography (Figure 3A), and a
prominent phosphorylation of rIRS-1449-664 by PKC became
detectable. rIRS-1449-664 incubated with the same amount of
PKC in the presence of PKC inhibitors exhibited no
significant incorporation of phosphate (Figure 3A). A dose-
response curve with increasing amounts of PKC was then
determined to establish conditions of maximum phosphory-
lation, which was observed with 0.5µg of PKC rat brain or
PKC-ú (data not shown). Using this condition we then

FIGURE 1: Schematic overview of IRS-1 with known interaction partners and known serine/threonine phosphorylation sites. Upper panel:
The relative positions of the pleckstrin homology (PH) and phosphotyrosine-binding (PTB) domain are indicated, followed by a C-terminal
tail that contains numerous tyrosine phosphorylation sites. Potential binding partners including PI 3-kinase, Grb2, and SHP-2 are also
shown. Middle panel: Known (S307, S612, S632, S789) and potential serine phosphorylation sites are highlighted. Bottom panel: Construction
of a GST fusion protein containing amino acids 449-664 of rat IRS-1 including the major binding site of the PI 3-kinase.

PKC and IRS-1 Phosphorylation Biochemistry, Vol. 43, No. 19, 20045891



investigated the influence of the serine phosphorylation of
rIRS-1449-664 on the subsequent tyrosine phosphorylation by

the autophosphorylated IR. Therefore, rIRS-1449-664 was
treated with or without PKC and then incubated with WGA-

FIGURE 2: Tyrosine phosphorylation of rIRS-1449-664 and interaction with the p85R subunit of PI 3-kinase. (A) Schematic diagram of the
experimental procedure. 5µg of IR was autophosphorylated for 10 min at 30°C in phosphorylation buffer after a 30 min preincubation
with 100 nM insulin. Substrate phosphorylation was subsequently initiated by addition of autophosphorylated IR to aliquots of 1µg of
rIRS-1449-664, which was preincubated for 30 min in the absence or presence of PKC followed by addition of PKC inhibitor. The reaction
proceeded for 10 min, then glutathione-Sepharose beads were added, and samples were incubated at 4°C on a rotator for 1 h. Pellets were
washed three times with binding buffer, 0.5µg of recombinant p85R was added, and incubation was continued for 2 h. After washing,
bound proteins were eluted by addition of 2× sample buffer followed by boiling for 5 min. (B) Eluted proteins were resolved by SDS-
PAGE and were analyzed by immunoblotting using antibodies against phosphotyrosine, p85R and IRS-1, as detailed in Experimental
Procedures. Representative blots out of six separate experiments are shown. (C) Quantification of rIRS-1449-664 tyrosine phosphorylation
was obtained using Lumi Imager software. Data are mean values( SEM (n ) 10).

FIGURE 3: Effect of PKC from rat brain on tyrosine phosphorylation of rIRS-1449-664 and interaction with p85R. (A) 1 µg of rIRS-1449-664

was incubated with 0.5µg of PKC from rat brain (PKC-rb) or 0.5µg of PKC-ú in the presence of 2µCi of [32P]ATP (final concentration
50µM), as detailed in Experimental Procedures. The reaction was inhibited by 1µM bisindolylmaleimide I (BIM) or 400µM pseudosubstrate
peptide for PKC-rb or PKC-ú, respectively. Proteins were resolved by SDS-PAGE and subjected to autoradiography. (B) Tyrosine
phosphorylation of rIRS-1449-664 by IR and interaction with p85R were determined as described in Figure 2. rIRS-1449-664 was preincubated
with 0.5 µg of PKC-rb for 30 min. Representative blots are shown. When present, BIM was added for 10 min before starting substrate
phosphorylation by IR (see Figure 2). (C) Quantification of the inhibitory effect of PKC-rb on insulin-stimulated tyrosine phosphorylation
and p85R interaction with the insulin-stimulated value set as 100%. Data are mean values( SEM (n ) 6-9).
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purified IR. p85R association was subsequently determined
by coupling rIRS-1449-664 to glutathione-Sepharose beads
via its GST part and incubation with 0.5µg of p85R, as
outlined in Figure 2A. Samples were analyzed by SDS-
PAGE and immunoblotting with antibodies against phos-
photyrosine (pTyr), p85R, and IRS-1. As shown in Figure
3B, pretreatment of rIRS-1449-664 with PKC rat brain caused
a decrease in the insulin-stimulated tyrosine phosphorylation
and the interaction with p85R. Tyr phosphorylation of rIRS-
1449-664 was reduced by 27( 4% (n ) 9) with a more
prominent inhibition of the association of p85R (49 ( 8%)
(Figure 3C). Inhibition of PKC-rb after phosphorylation of
rIRS-1449-664 by addition of bisindolylmaleimide (BIM) did
not modify this result (Figure 3C). The experimental ap-
proach described in Figure 3B was then repeated for PKC-
ú. When compared to PKC-rb, an even more prominent
reduction in the tyrosine phosphorylation of rIRS-1449-664

and interaction with p85R was observed (Figure 4A).
Quantification of the data showed an inhibition of tyrosine
phosphorylation by 46( 5% (n ) 3) and a concomitant
inhibition of p85R binding to IRS-1 by 81( 1% (Figure
4B).

To exclude effects of PKC at the level of IR, the
autophosphorylation of theâ-subunit was examined. No
significant alteration of IR autophosphorylation became
detectable when the autoactivated receptor was incubated for
10 min at 30°C in the presence of PKC-rb or PKC-ú when
compared to controls (Figure 5A). In a second set of
experiments the PKC was incubated with the autoactivated
IR and then inhibited by addition of specific inhibitors, and
finally rIRS-1449-664 was added for 10 min as a substrate
(Figure 5B). Quantification of the phosphotyrosine content
of rIRS-1449-664 after incubation of the IR with PKC-rb and
subsequent inhibition with BIM resulted in 82( 7% (p >
0.05) compared to the control situation. Without inhibition
of PKC-rb the phosphotyrosine content of rIRS-1449-664 was
decreased to 70( 17% (n ) 3). Inactivation of PKC-ú with
the pseudosubstrate inhibitor resulted in a phospho level of

89 ( 9% (p > 0.05) compared to 55( 11% with the
uninhibited PKC-ú (n ) 3). Thus, the PKC isoforms used
here do not modify IR kinase activity under our experimental
conditions.

Identification and Functional Analysis of IRS-1 Serine
Phosphorylation Sites Targeted by PKC.Prior studies have
indicated that negative regulation of insulin signaling by
protein kinase C involves the mitogen-activated protein
kinase and phosphorylation of serine 612 in IRS-1 (26).
Serine 612 is localized in direct neighborhood to a major
YMXM motif at Y608, which is described to be one of the
main interaction sites for PI 3-kinase (39). We assessed
modification of this site by PKC using a specific IRS-1
phosphoserine 612 antibody (RpS612). After incubation with
PKC from rat brain and PKC-ú for 30 min at 30°C, rIRS-
1449-664was strongly immunoblotted withRpS612 (Figure 6A);
inhibition of PKC with BIM clearly prevented the phospho-
rylation of this serine.

To characterize the influence of phosphoserine 612 of
IRS-1 on the interaction with PI 3-kinase, the technique of
surface plasmon resonance (SPR) was used. For this purpose
peptides were synthesized with the sequence DDGYMPM-
SPGV representing amino acids 605-615 of rat IRS-1 and
immobilized on a chip surface by standard amine coupling.
It has been reported that fusion of SH2 domains to GST may
affect their binding to phosphopeptides, leading to an
overestimation of the binding affinity (44). Therefore, the
GST part of the recombinant p85R fusion protein was
cleaved. Binding of p85R to the peptides was studied by
applying various concentrations of the purified p85R to a
biosensor chip to which the peptides were coupled in
different phosphorylation forms. These experiments showed
that p85R only binds to the tyrosine-phosphorylated form
of the peptide (Figure 6B,C), consistent with the literature
(45).

We then determined the relative binding affinity of this
reaction by monitoring the binding of 100 nM p85R to the
peptides pY608 (DDGpYMPMSPGV) and pY608-pS612
(DDGpYMPMpSPGV) in the presence of competing soluble
peptides (Figure 6D-F). Half-maximum inhibitory concen-
trations (IC50) were obtained by plotting the SPR response
440 s after injection at equilibrium versus the log peptide
concentration. Both peptides displayed a measurable binding
activity (Figure 6D versus Figure 6E). Solubilized peptides
inhibited binding of p85R to the immobilized peptides at
micromolar concentrations. Complete inhibition was achieved
at a peptide concentration of∼10 µM. Fitting of the
determined readings with an equation for two-site competi-
tion resulted in an IC50 for pY608 of 0.26 and 16.56µmol/L
(r2 ) 0.9983) and for pY608-pS612 of 0.15 and 2.88
µmol/L (r2 ) 0.9989). These data show that the peptide
pY608-pS612 inhibited the binding of p85R with a better
efficiency, indicating that the presence of a phosphoserine
residue at position+4 of the phosphotyrosine even increases
the affinity of the p85R SH2 domain for the IRS-1 phos-
phopeptide.

To identify additional PKC-ú phosphorylation sites on
rIRS-1449-664 that might promote the inhibition of insulin-
stimulated tyrosine phosphorylation in the in vitro system,
rIRS-1449-664 was incubated with PKC-ú and separated by
SDS-PAGE.32P-Phosphorylated rIRS-1449-664 was digested
with trypsin and extracted from the gel. The peptides

FIGURE 4: Effect of PKC-ú on tyrosine phosphorylation of rIRS-
1449-664 and interaction with p85R. (A) rIRS-1449-664 was preincu-
bated with PKC-ú (0.5 µg) for 30 min. Tyrosine phosphorylation
by IR and interaction with p85R were determined by immuno-
blotting as detailed in Figure 2. (B) Quantification of the inhibitory
effect of PKC-ú was performed as described in Figure 3. Data are
mean values( SEM (n ) 3).
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generated by digestion were resolved by two-dimensional
HPLC, and the content of radioactivity in the fractions was
monitored by Cerenkov counting. The HPLC profile of the
first separation using an anion-exchange column showed six
reproducible major peaks (Figure 7A). To separate comi-
grating peptides, radioactive fractions of each peak were
pooled according to the elution profile and subjected to
reversed-phase (RP) HPLC (Figure 7B). This resulted in ten
distinct radiolabeled RP-HPLC fractions that were subse-
quently subjected to electrospray ionization mass spectrom-
etry (ESI-MS). The results obtained by MS analysis are
summarized in Table 1. Eight peptides could be identified,
covering 37% of the rIRS-1449-664 sequence. Two phospho-
serines were found, Ser358 (Ser570 in full-length IRS-1)
(LPGYRHpSAFVPTHSYPEEGLEMHHLER) in peak 4 of
anion-exchange HPLC and Ser286 (Ser498 in IRS-1) (YIP-
GATMGTpSPALTGDEAAGAADLDNR) in peaks 5 and 6.
Peak 4 containing Ser570 corresponded to about 19% of the
incorporated radioactivity, whereas peaks 5 and 6 containing
Ser498 accounted for 11% of the overall measured radioactiv-
ity.

Phosphoserine 358 was identified by ESI-MS/MS. The
fragment ion with a mass difference of 97.9 Da to the parent
ion indicates a phosphopeptide (Figure 8A). A mass differ-
ence of 97.9 Da correlates to the loss of phosphoric acid.
The site of phosphorylation was identified by the loss of the
phosphate group (HPO3) and phosphoric acid (H3PO4) from
the fragment ions b9 and b10. This dephosphorylation of the
fragment ions indicates that the phosphorylation could only
take place at Y355 or S358. S358 is the phosphoamino acid,
because there was no dephosphorylation detected from the
b4 ion, indicating a phosphorylation at Y355 (data not
shown).

Phosphoserine 612 could not be detected by mass spec-
trometry despite being detected by a phospho site-specific
antibody (Figure 6A), but a peptide including this site was
found in peak 2 together with three additional peptides. Peak
1 and peak 3 contained only one peptide covering 13% and
21% of the radioactivity, respectively (THSAGTSPTISHQK
and TPSQSSVVSIEEYTEMMPAAYPPGGGSGGR). To
further confirm that the phosphorylation sites found were
Ser498, Ser570, and Ser612, three additional GST fusion proteins
with mutation of serine to alanine were generated. These
GST fusion proteins were exposed to PKC-ú and were
phosphorylated by the enzyme at a level comparable to that
of the wild type (data not shown). Mutation of Ser570 to
alanine largely reduced peak 4 in anion-exchange HPLC
(Figure 9B), demonstrating that Ser570 of IRS-1 is a novel
phosphorylation site targeted by PKC-ú. The Ser612 to alanine
mutation leads to a decrease of peak 2 (Figure 9C),
confirming the data obtained with the phospho-specific
antiserum. Mutation of Ser498 to alanine resulted in a
reduction of peaks 5 and 6 and an additional alteration of
peak 2 (Figure 9D), supporting the data from mass spec-
trometry. Since Ser570 covers about 20% of the radioactivity
incorporated into rIRS-1449-664 in response to PKC-ú, we
generated a phospho-specific antiserum (RpS570) against this
site. After incubation with PKC-ú for 30 min, rIRS-1449-664

strongly immunoblotted withRpS570with a 4-5-fold increase
over basal (Figure 9E). This effect was completely blocked
by the PKC-ú pseudosubstrate and was undetectable in the
S570A mutant of rIRS-1449-664. Furthermore, PKC from rat
brain was unable to phosphorylate rIRS-1449-664 at position
Ser570 (Figure 9E).

To determine the functional relevance of the identified
phospho sites, the rIRS-1449-664 Ser570 f Ala and Ser612 f

FIGURE 5: Effect of PKC isoforms on IR autophosphorylation and tyrosine kinase activity. (A) Autophosphorylation of IR was conducted
as outlined in Figure 2. Either PKC-rb or PKC-ú was added after 10 min of autophosphorylation, and incubation was continued for another
10 min. Tyrosine phosphorylation of the IRâ-subunit was then analyzed by immunoblotting. (B) The experimental protocol was as outlined
in (A) with the difference of addition of PKC inhibitors for 10 min after incubation of the autoactivated IR with PKC; then rIRS-1449-664

was subsequently added for an additional 10 min. Tyrosine phosphorylation of rIRS-1449-664 was then analyzed by immunoblotting
(inhibitors: bisindolylmaleimide I for PKC-rb; pseudosubstrate peptide for PKC-ú).
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Ala mutants were tested in the in vitro phosphorylation and
p85R interaction assay (Figure 10A). Comparing the results
of tyrosine phosphorylation by IR after PKC-ú pretreatment
showed a comparable reduction (30-40%) for wild-type
rIRS-1449-664 and the two mutants (Figure 10B, left panel).
However, a significant difference became apparent when the
interaction of the two mutants was compared with p85R.
Thus, p85R binding to S570A was reduced to 43( 4% (n
) 3) of control by PKC-ú treatment, with a reduction to 28
( 3% for the S612A mutant of rIRS-1449-664 (Figure 10B,
right panel). No difference was observed between wild-type
rIRS-1449-664 and the S498A mutant (data not shown).

DISCUSSION

Serine phosphorylation of IRS-1 has been implicated as a
negative regulator of insulin signal transduction (16-19, 21,
32, 34). Recently, it was found that during insulin signaling
IRS-1 is phosphorylated by the serine/threonine kinase PKC-
ú, thereby attenuating the insulin signal (37, 38). Identifica-
tion of IRS-1 serine/threonine phosphorylation sites involved
in this process is an important step toward understanding
the molecular mechanism of this negative feedback control
in the insulin cascade. In the present study we have used an
in vitro approach to identify serine/threonine phosphorylation
sites for PKC-ú within IRS-1 and to characterize the
functional implications. We have developed an assay system

using a GST-IRS-1 fragment as substrate and partially
purified insulin receptor as the source of kinase. The chosen
IRS-1 domain (rIRS-1449-664) covers 216 amino acids and
six of the YMXM or YXXM consensus motifs including
Tyr608 and Tyr628, which are of primary importance for full
activation of PI 3-kinase and GLUT4 translocation (39). We
show that direct interaction of PKC-ú with rIRS-1449-664

reduces its tyrosine phosphorylation by the insulin receptor,
resulting in nearly complete abrogation of p85R binding to
this IRS-1 domain. Taking advantage of our in vitro
approach, we have identified Ser498 and Ser570 as two novel
PKC-ú phosphorylation sites in the vicinity of the PI 3-kinase
binding domain. These data are consistent with the view that
feedback control of IRS-1 function may involve Ser/Thr
kinases downstream of PI 3-kinase (27, 34, 46) and support
the notion (37, 38) that PKC-ú plays a major role in this
process.

When we examined rIRS-1449-664 as a potential substrate
for PKC, we found that a mixture of conventional PKC
isoforms (R, â1, â2, γ) purified from rat brain and the atypical
isoform ú were able to phosphorylate rIRS-1449-664 under
our in vitro conditions. In rat hepatoma Fao cells only PKC-ú
was found to induce Ser/Thr phosphorylation of IRS-1, with
PKC-R, -δ, and -η being uneffective (38). However, the most
recent data by Van Obberghen and co-workers (47) suggest
that PKC-R may also promote this process, in agreement

FIGURE 6: Identification of IRS-1 serine 612 as a target of PKC and interaction analysis with p85R using surface plasmon resonance. (A)
1 µg of rIRS-1449-664 was incubated with 0.5µg of the different PKCs for 30 min at 30°C and immunoblotted with an antibody against
phosphoserine 612. A representative experiment is shown. (B) Binding of p85R to immobilized peptides corresponding to IRS-1 amino
acids 605-615 with phosphotyrosine 608 or (C) without phosphotyrosine using surface plasmon resonance (pY608, DDGpYMPMSPGV,
and Y608, DDGYMPMSPGV). Protein concentrations of p85R used were (from bottom to top) 1, 5, 10, 25, 50, 100, 250, and 500 nM. (D)
Inhibition of p85R binding by competition with soluble peptides pY608, DDGpYMPMSPGV, or (E) pY608-pS612, DDGpYMPMpSPGV.
The soluble peptides were also immobilized on the chip. (F) Half-maximum inhibitory concentrations (IC50) were obtained by plotting the
SPR response at equilibrium (440 s after injection) versus the log peptide concentration. IC50: for pY608, 0.26 and 16.56µmol/L; for
pY608-pS612, 0.15 and 2.88µmol/L.
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with our in vitro findings. On the other hand, despite a
comparable level of Ser/Thr phosphorylation of rIRS-1449-664

by both classical PKC and PKC-ú (see Figure 3), we
observed a much more prominent inhibition of p85R as-
sociation to the IRS-1 domain in response to PKC-ú, making
it likely that the functional implications of Ser/Thr phos-
phorylation of IRS-1 are more limited to PKC-ú (37, 38).
Our data also show that PKC-ú may modulate insulin
signaling independent of phosphorylation at Ser307. White
and co-workers have shown that phosphorylation at this site
inhibits the interaction of the phosphotyrosine-binding
domain of IRS-1 with the phosphorylated motif in the
activated insulin receptor (24). Interestingly, this site is also
phosphorylated in response to insulin in muscle under in vivo

conditions (48), and c-Jun N-terminal kinase (JNK) is thought
to mediate this process (16, 30). We conclude from our
findings that Ser/Thr phosphorylation in the vicinity of the
PI 3-kinase binding domain by PKC-ú represents an ad-
ditional way to mediate negative feedback regulation of
insulin action.

Several studies have shown that PKC-R, -â1, and -â2

inhibit insulin signaling at the level of the insulin receptor
itself (49-51), suggesting an additional complexity of the
negative modulation of insulin action. In these studies the
PKC isoforms were found to inhibit insulin receptor auto-
phosphorylation and tyrosine kinase activity. In our in vitro
experiments the insulin receptor was autophosphorylated
before being exposed to PKC. Using this design, we clearly

FIGURE 7: HPLC analysis of tryptic phosphopeptides derived from rIRS-1449-664 phosphorylated by PKC-ú. 5 nmol of rIRS-1449-664 was
phosphorylated for 60 min using 0.5 nmol of PKC-ú and 50µM ATP plus 0.25 mCi/mL [32P]ATP, as described in Experimental Procedures.
Proteins were separated by SDS-PAGE, and the excised rIRS-1449-664 was digested with trypsin. The recovered32P-radiolabeled peptide
mixture was separated by ion-exchange (A) and C18 reversed-phase HPLC (B). The radioactivity of the collected fractions was determined
by Cerenkov counting. After reversed-phase HPLC radioactive fractions were analyzed by mass spectrometry.
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ruled out any effect of PKC at the level of the insulin
receptor, suggesting that autophosphorylation may protect

the IR against desensitization by PKC. Future work should
address this issue, specifically in a cellular context.

Table 1: Sequence Analysis Results of rIRS-1449-664 Phosphopeptidesa

amino acid sequence of identified phosphopeptide
aa in

rIRS-1449-664b
phosphorylated

residue peakc
part of

32P (%)d

VAHTPPARGEEELSNYICMGGK 233-254 4 and 2
GASTLTAPNGHYILSR 255-270 2 20.7
YIPGATMGTSPALTGDEAAGAADLDNR 277-303 S286 5 and 6 10.6
THSAGTSPTISHQK 308-321 1 12.9
TPSQSSVVSIEEYTEMMPAAYPPGGGSGGR 322-351 3 21.2
LPGYRHSAFVPTHSYPEEGLEMHHLER 352-378 S358 4 18.8
GGHHRPDSSNLHTDDGYMPMSPGVAPVPSNR 380-410 2 20.7
VDPNGYMMMSPSAAAS 441-456 2 20.7

a Tryptic peptides of rIRS-1449-664 were analyzed after anion-exchange HPLC and reversed-phase HPLC by mass spectrometry. Phosphorylated
serine residues are marked in bold letters.b Numbering was according to a composed sequence of glutathioneS-transferase plus IRS-1 amino acids
449-664. c Peaks are from anion-exchange chromatography HPLC (numbers) (see Figure 7A).d The total amount of radioactivity incorporated
into the identified phosphopeptides was set as 100%, and the percentage given represents the integrated peak area.

FIGURE 8: ESI-MS/MS spectra from the phosphopeptide 352-378. (A) Loss of phosphoric acid from the parent ion [M+ 4H]4+ ) 818.11,
indicating the phosphorylation. (B) Dephosphorylation of the fragment ions b9 and b10, indicating the phosphorylation site.
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Using a commercially available antibody against IRS-1
phosphoserine 612, we found that the conventional PKC-R,
-â1, -â2, and -γ and also the atypical isoformú are capable
of transferring a phosphate group to this serine residue. Prior
studies have indicated that this serine may participate in the
negative regulation of insulin signaling by PKC, presumably
by its close proximity to the YMPMS consensus motif of
tyrosine 608 (33). To characterize the influence of this serine
on the interaction of tyrosine-phosphorylated IRS-1 with PI
3-kinase, surface plasmon resonance (SPR) technology was
used. Binding of p85R to a 10mer phosphopeptide represent-
ing IRS-1 amino acids 605-615 was assessed in a competi-
tion assay. A similar approach has recently been used to study
the binding of p85R wild type and mutants to tyrosine-
phosphorylated peptides (52). Surprisingly, the affinity of
p85R for the peptide appears to be even higher in the
presence of phosphoserine 612 compared to the dephospho
form. These data suggest that phosphorylation of Ser612 per
se, although in the immediate vicinity of the PI 3-kinase
binding site, is not sufficient to modify insulin signaling.
This is consistent with more recent evidence showing that
multiple Ser phosphorylation sites of IRS-1 (32) are targeted
by multiple serine kinases (53), resulting in a highly complex
regulation of IRS-1 activity.

To identify additional PKC phosphorylation sites, we
analyzed tryptic peptides of rIRS-1449-664 phosphorylated by
PKC-ú using a combination of two different sequential HPLC

protocols coupled to ESI mass spectrometry. Using this
approach, we identified Ser498 and Ser570 as novel PKC-ú
phosphorylation sites within IRS-1. Using a similar approach
with the IRS-1 fragment IRS-1265-522, very recently a major
PKC-ú phosphorylation site was identified at Ser318 (56). The
functional implication of this site is not clear, but it could
be similar to Ser307, demonstrating again that multiple serine
sites are involved in the regulation of IRS-1 activity.
Mutation of Ser570 to alanine confirmed the MS results by
strongly reducing peak 4 in the HPLC analysis. Since about
19% of the incorporated radioactivity can be attributed to
Ser570, this serine is one major phosphorylation site of PKC-ú
in rIRS-1449-664. The peptide found in peak 3 accounted for
21% of the radioactivity and therefore might include a second
major site. However, no phosphorylation could be detected
by mass spectrometry, and preliminary mutation analysis did
not reveal the responsible site. A conventional consensus
phosphorylation motif for PKC was determined to be RXXS/
TXRX, where X indicates any amino acid (54), but it has
not proven robust or specific for all PKC isoenzymes (55).
An optimal PKC-ú consensus motif based upon screening
of a peptide library (55) showed that PKC-ú selected for
substrates with basic residues at positions-6, -4, and-2
of the phospho site but was not as selective for basic residues
at postitions+2 and+3. Instead, peptides with hydrophobic
residues at these positions were usually selected. Interest-
ingly, the identified PKC-ú phosphorylation site Ser570

FIGURE 9: HPLC analysis of tryptic phosphopeptides of rIRS-1449-664 and mutants S498A, S570A, and S612A. HPLC analysis of tryptic
peptides generated from wild-type rIRS-1449-664 (A), rIRS-1449-664 S570A (B), rIRS-1449-664 S612A (C), and rIRS-1449-664 S498A (D)
phosphorylated with recombinant PKC-ú is shown. Representative HPLC profiles are presented. (E) 1µg of rIRS-1449-664 or IRS-1449-664

S570A was incubated with the indicated PKC isoforms as detailed in Figure 6 and subsequently immunoblotted with an antiserum against
phosphoserine 570. A representative experiment out of three is shown.
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corresponds quite well with the described consensus motif
(PGYRHpSAFVPT). On the other hand, the amino acid
sequences surrounding serine 498 (ATMGTpSPALTG) and
serine 612 (GYMPMpSPGVAP) do not fit to either the
general PKC consensus motif or the optimal PKC-ú con-
sensus motif. It is worth noting that Ser570 exists in highly
conserved motifs among all known IRS-1 homologues of
different species. Importantly, by generating an antiserum
against phosphoserine 570 of IRS-1, we were able to
demonstrate that this site is not targeted by PKC from rat
brain. We therefore conclude that Ser570 represents a major
phosphorylation site with potential implication for the
modulation of insulin signaling by PKC-ú.

Functional analysis of the rIRS-1449-664 Ser612 f Ala
mutant indicated that this site does not mediate the inhibitory
action of PKC-ú on Tyr phosphorylation and association to
p85R. This is consistent with our results obtained with
surface plasmon resonance and the functional analysis of this
site in cellular systems (32). A different result was observed
for the Ser570 f Ala mutant, which exhibited improved
interaction with p85R despite an unaltered reduction in
tyrosine phosphorylation. It may be speculated that Ser570

plays a role in the inhibition of the p85R SH2 domain binding
to the phosphotyrosine motif in IRS-1. This would be similar
to the functional role of Ser307, which inhibits binding of
IRS-1 to the phosphorylated insulin receptor (24). However,
mutation of Ser570 only partially rescued the association of
p85R to the IRS-1 fragment, and this did not reach statistical
significance when compared to the wild type. This may
reflect the limitations of our in vitro model and/or the
involvement of additional phospho sites in this process. The
functional analysis of Ser570 of IRS-1 in intact cells is
currently under way in our laboratory.

In summary, our data show that PKC-ú exerts a strong
negative control on insulin signaling at the level of IRS-1/
PI 3-kinase interaction. Ser498 and Ser570 of IRS-1 have been
identified as two novel phosphorylation sites for PKC-ú, with
Ser570 representing a major site with potential functional
implications specifically targeted by PKC-ú. These results
emphasize the central role of PKC-ú for negative feedback
control of insulin signaling and will allow a more detailed
analysis of this pathway under normal and pathophysiological
conditions.
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