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Ser/Thr phosphorylation of insulin receptor substrate (IRS) proteins negatively modulates insulin signaling.
Therefore, the identification of serine sites whose phosphorylation inhibit IRS protein functions is of physi-
ological importance. Here we mutated seven Ser sites located proximal to the phosphotyrosine binding domain
of insulin receptor substrate 1 (IRS-1) (S265, S302, S325, S336, S358, S407, and S408) into Ala. When
overexpressed in rat hepatoma Fao or CHO cells, the mutated IRS-1 protein in which the seven Ser sites were
mutated to Ala (IRS-174), unlike wild-type IRS-1 (IRS-1""), maintained its Tyr-phosphorylated active con-
formation after prolonged insulin treatment or when the cells were challenged with inducers of insulin
resistance prior to acute insulin treatment. This was due to the ability of IRS-17* to remain complexed with the
insulin receptor (IR), unlike IRS-1"", which underwent Ser phosphorylation, resulting in its dissociation from
IR. Studies of truncated forms of IRS-1 revealed that the region between amino acids 365 to 430 is a main
insulin-stimulated Ser phosphorylation domain. Indeed, IRS-1 mutated only at S408, which undergoes phos-
phorylation in vivo, partially maintained the properties of IRS-17* and conferred protection against selected
inducers of insulin resistance. These findings suggest that S408 and additional Ser sites among the seven
mutated Ser sites are targets for IRS-1 kinases that play a key negative regulatory role in IRS-1 function and
insulin action. These sites presumably serve as points of convergence, where physiological feedback control
mechanisms, which are triggered by insulin-stimulated IRS kinases, overlap with IRS kinases triggered by
inducers of insulin resistance to terminate insulin signaling.

The insulin receptor (IR) mediates insulin action through
the phosphorylation of substrate proteins on tyrosine residues.
IR substrates include the three isoforms of Shc, insulin recep-
tor substrate (IRS) proteins (IRS-1 to IRS-4), p60dok, Cbl,
APS, and Gab-1 (reviewed in references 16, 20, 29, and 40).
IRS proteins contain a conserved pleckstrin homology (PH)
domain, located at their amino termini, that serves to anchor
the IRS proteins to membrane phosphoinositides in close
proximity to the insulin receptor (35). The PH domain of IRS
proteins is flanked by a phosphotyrosine binding (PTB) do-
main. The PTB domain, present in a number of signaling
molecules (24), shares 75% sequence identity between IRS-1
and IRS-2 (31) and functions as a binding site to the NPXY
motif at the juxtamembrane (JM) domain of the insulin recep-
tor (7, 36). The C-terminal regions of IRS proteins are poorly
conserved. The C-terminal region contains multiple Tyr phos-
phorylation motifs that serve as a signaling scaffold, providing
a docking interface for SH2 domain-containing proteins, such
as the p85a regulatory subunit of phosphatidylinositol 3-kinase
(PI3K), Grb2, Nck, Crk, Fyn, and SHP-2, which further prop-
agate the metabolic and growth-promoting effects of insulin
(16, 20, 29, 40).

IRS-1 contains more than 70 potential Ser/Thr phosphory-
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lation sites with homologies to consensus phosphorylation sites
for casein kinase II, protein kinase B (PKB), protein kinase C
(PKC), mitogen-activated protein kinases (MAPKs), CDC2,
and cyclic-cAMP- and cyclic-GMP-dependent protein kinase
(33). Phosphorylation of Ser/Thr residues of IRS proteins has
a dual function and positively or negatively modulates insulin
signal transduction. Serine phosphorylation within the PTB
domain of IRS-1 by insulin-stimulated PKB protects IRS pro-
teins from the rapid action of protein tyrosine phosphatases
and enables them to maintain their Tyr-phosphorylated active
conformation, implicating PKB as a positive regulator of IRS-1
functions (26). In contrast, Ser/Thr phosphorylation of IRS
proteins by other insulin-stimulated Ser/Thr kinases, such as
PKC{ (22), serves as a physiological negative-feedback control
mechanism utilized by insulin to uncouple IR-IRS complexes,
inhibit further Tyr phosphorylation of IRS proteins, and ter-
minate insulin signaling. Furthermore, inducers of insulin re-
sistance, such as free fatty acids (FFA), take advantage of this
physiological shutoff mechanism and activate Ser/Thr kinases
that phosphorylate IRS-1 at the same inhibitory sites (reviewed
in reference 40).

Ser/Thr phosphorylation can induce the dissociation of IRS
proteins from the IR (14, 22, 25), hinder Tyr phosphorylation
sites (23), release the IRS proteins from intracellular com-
plexes that maintain them in close proximity to the receptor
(34), induce IRS protein degradation (27), or turn IRS pro-
teins into inhibitors of the IR kinase (15). These multiple
effects suggest that the Ser sites subjected to phosphorylation
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play a key role in regulating IRS-1 function. Several such Ser
residues were identified. Ser307, the phosphorylation of which
is catalyzed by a number of kinases (1, 10, 39), negatively
regulates IRS functions. Because Ser307 is adjacent to the PTB
domain of IRS-1, its phosphorylation might disrupt the inter-
action between the JM domain of the IR and the PTB domain
of IRS-1 and thus inhibit insulin-stimulated Tyr phosphoryla-
tion of IRS-1. Similarly, conventional members of the PKC
family that are activated by phorbol esters or endothelin 1
stimulate members of the MAPK pathway to phosphorylate
IRS-1 at Ser612 and at additional sites in its COOH tail (5).
Such phosphorylation inhibits the interactions of IRS-1 both
with IR and with downstream effectors of IRS-1, such as PI3K.

Still, phosphorylation of IRS-1 at the above sites cannot
account for all the effects of Ser kinases on IRS proteins;
therefore, in this study, we set out to identify novel Ser sites
that undergo insulin-dependent phosphorylation by IRS ki-
nases that negatively regulate IRS-1 function. Our results in-
dicate that mutation of seven Ser residues, six located at pu-
tative PKC phosphorylation sites (RXXS) proximal to the PTB
domain of IRS-1, renders the mutated IRS-1 protein resistant
to the inhibitory effects of IRS-1 kinases stimulated either by
insulin or by agents that induce insulin resistance. Ultilizing
truncated forms of IRS-1, we show that Ser408 is a prime
inhibitory phosphorylation site, located within a region (amino
acids [aa 365 to 430]) subjected to Ser phosphorylation in
response to insulin or inducers of insulin resistance. These
findings suggest that S408 and additional Ser sites among the
seven mutated Ser sites (7S sites), are targets for IRS-1 kinases
that play a key negative regulatory role in IRS-1 function and
insulin action. These sites could therefore serve as novel po-
tential targets for therapeutic intervention in cases of insulin
resistance and diabetes.

MATERIALS AND METHODS

Materials. Human insulin, wheat germ agglutinin (WGA) coupled to agarose
beads, glutathione-agarose beads, protease inhibitor cocktail, protein A-Sepha-
rose CL-4B, goat anti-mouse antibodies coupled to agarose beads, wortmannin,
and phorbol 12-myristate 13-acetate (TPA) were purchased from Sigma. Lipo-
fectamine and OptiMem were from GIBCO-BRL (Grand Island, N.Y.). Alkaline
phosphatase was from Boehringer GmbH (Mannheim, Germany). T4 ligase, gel
extraction kit, and pGEM-T were purchased from Promega. Tri-Reagent was
purchased from Molecular Research Center, Inc. SeaPlaque agarose was pur-
chased from Bio Whittaker Molecular Applications (Rockland, Maine). Rapa-
mycin, PD98059, and SB203580 were from Calbiochem (La Jolla, Calif.). Jet-PEI
was purchased from Poly Transfection.

Antibodies. Monoclonal phosphorylated-Tyr (PY-20) and polyclonal IRB an-
tibodies were obtained from Transduction Labs (Lexington, Ky.). Polyclonal
IRS-1 antibodies were prepared as described previously (11). Polyclonal Myc
antibodies were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,
Calif.). Polyclonal antibodies to phosphorylated-Ser307 of IRS-1 were from
BioSource, Inc. (Camarillo, Calif.). Rabbit polyclonal serum directed against
phosphorylated Ser408 was generated using a synthetic peptide designed to
contain phosphorylated Ser408 and surrounding amino acids CLFPRRSS(-PO,)
ASVSG, with an additional Cys residue at the N-terminal end of the peptide.

Plasmid construction. (i) Myc-tagged IRS-1. The cDNA coding for the mouse
IRS-1 in the pCNA-3 expression plasmid (35) was digested with HindIIT and
BspEl. This deleted a 9-bp fragment from the 5’ IRS-1 ¢cDNA, which was
replaced by a double-stranded synthetic oligonucleotide encoding the Myc tag
and the missing amino acids of IRS-1 (shown in bold type) MEQKLISEEDLNM
ASP.

(ii) Myc-tagged truncated IRS-1 (aa 1 to 430) (extended PH/PTB domain of
IRS-1 [PH/PTB-L]). Myc-tagged mouse IRS-1 ¢cDNA (N terminus, nucleotides
[nt]1 to 1290), coding for the first 430 aa of IRS-1, was PCR amplified with
primers 5'-CAG GAT CCG CAT ATG GAA CAA AAG CTC-3' (sense) and
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5'-GAG AAT TCA TCA GGG ACT AGA ACC ATA-3' (antisense), using the
pcDNA3-Myc-IRS-1 plasmid as a template. The PCR product was ligated into
pGEM-T. The insert was excised from pGEM-T with BamHI and EcoRI (shown
in italics) and then ligated into pcDNA3 at the same restriction sites to generate
pcDNA3-Myc-IRS-1PHFTEL,

(iii) Myc-tagged truncated IRS-1 (aa 1 to 365) (shorter truncated form of
IRS-1 [PH/PTB-S]). Myc-tagged mouse IRS-1 cDNA (N terminus, nt 1 to 1095),
coding for the first 365 aa of IRS-1, was PCR amplified with primers 5'-AAGC
TTAAGATATCGATCATATG-3' (sense) and 5'-TTAGTTGAGTGGGGGGT
GCAGCCT 3’ (antisense), using pcDNA3-Myc-IRS-1 as a template. The PCR
product was ligated into pGEM-T. The insert was excised from pGEM-T with
EcoRV (shown in italics) and NotI (in the pGEM-T construct) and ligated into
pcDNA3 at the same restriction sites.

Generation of IRS-1 mutants. Site-directed mutagenesis was performed with
the primers given below using a QuikChange site-directed mutagenesis kit (Strat-
agene) according to the manufacturer’s instructions. pcDNA3-IRS-1 served as a
template. Mutated nucleotides are shown in bold type, and mutated amino acid
codons are shown in italic type. The restriction sites introduced are underlined.
The mutations were verified by restriction mapping and sequencing. (i) The
S336A primers were 5'-C ATG TCC CGT CCA GCT GCA GTG GAT GGC
AG-3' (sense) and 5'-CT GCC ATC CAC TGC AGC TGG ACG GGA CAT
G-3' (antisense). A PstI site was introduced. (ii) The S407A primers were 5'-C
TTC CCG AGG CGC GCT AGC GCT TCC GTG TCC GG-3' (sense) and
5'-CC GGA CAC GGA AGC GCT AGC GCG CCT CGG GAA G-3' (anti-
sense). Nhel/Eco4711I sites were introduced. (iii) The S408A primers were 5'-C
TTC CCG AGG CGC TCA GCT GCT TCC GTG TCC GG-3' (sense) and
5'-CC GGA CAC GGA AGC AGC TGA GCG CCT CGG GAA G-3' (anti-
sense). A Pvull site was introduced. (iv) The S407/408 A IRS-1 primers were 5'-C
TTC CCG AGG CGC GCT GCA GCT TCC GTG TCC GG-3' (sense) and
5'-CC GGA CAC GGA AGC TGC AGC GCG CCT CGG GAA G-3' (anti-
sense). A PstI site was introduced. (v) The IRS-1 protein in which the seven
serines were mutated to alanine (IRS-174) was generated on the basis of IRS-
1#A, the IRS-1 protein in which four Ser residues, $265, S302, S325, and S358,
were mutated to Ala as we described previously (26). The other three Ser sites,
$336, S407, and S408, were mutated into Ala sequentially using the above two
sets of overlapping primers.

Transient and stable transfections of CHO-T cells. Chinese hamster ovary
(CHO) cells that overexpress the insulin receptor (CHO-T cells) (26) were
transiently transfected with plasmid pcDNA3-Myc-IRS-1PHPTE-L or pcDNA3-
Myc-IRS-1PH/PTES "ysing Lipofectamine according to the protocol provided by
Life Technologies. The transfected cells were cultured in F12 medium supple-
mented with 10% fetal calf serum (FCS). After 24 h, the cells were starved for
16 h and then stimuli were applied. To generate stable clones, CHO-T cells were
cotransfected with plasmid pcDNA3-IRS-1*' or pcDNA3-IRS-174, encoding
wild-type IRS-1 (IRS-1"T) or the mutant IRS-1 (IRS-174), respectively, together
with pBabe-puro, encoding puromycin resistance. After 24 h, the transfected
cells were subjected to selection with 10 pg of puromycin per ml. Stable clones
expressing proper amounts of the target protein were selected and further prop-
agated in a medium containing 10 pg of puromycin per ml.

Generation of adenovirus-based IRS-1 constructs. Adenoviruses harboring
the genes of interest were generated according to the protocol provided with the
AdEasy vector system (Quantum) (13). Briefly, the target cDNAs, encoding
Myc-tagged mouse IRS-1 (wild-type [WT], 7A mutant, and the S408A mutant)
were ligated into the shuttle plasmid pAdTrack-CMV at an EcoRV restriction
site. The correct orientation was confirmed by restriction mapping with Xhol or
Kpnl, which yielded a ~200- or ~300-bp fragment, respectively. This plasmid
also contains a green fluorescent protein cassette whose expression is driven by
an independent promoter, which serves as a tracing marker. The pAdTrack-
CMV carrying the above target genes was cotransformed with pAdEasy-1, con-
taining the adenovirus genome, into Escherichia coli strain BJ5183, where ho-
mologous recombination took place. Positive colonies were identified by
restriction analysis. The recombinant pAdEasy-1-IRS-1 plasmid (WT, 7A, or
S408A) was linearized with Pacl and transfected into 293 cells using the Jet-PEI
transfection reagent. Viruses, amplified in the 293 cell line according the man-
ufacturer’s instructions, were stored at —80°C at a viral titer of ~10'© PFU/ml.

Infection of Fao cells with adenovirus. Fao cells were grown in RPMI medium
containing 10% FCS. When the cells reached 70% confluence, they were infected
with adenoviruses harboring the gene of interest at a titer of 7 X 107 PFU/ml.
After incubation for 2 h at 37°C, the virus-containing medium was diluted 1:5 in
fresh RPMI medium. After 24 h, the medium was replaced with fresh RPMI
medium containing 10% FCS. At 48 h postinfection, the Fao cells were starved
in serum-free RPMI medium for 16 h and then subjected to the different treat-
ments described below.
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Preparation of FFA solution. Solutions containing FFA complexed to bovine
serum albumin (BSA) were prepared essentially as described previously (38).
Briefly, a 100 mM palmitic acid stock solution was prepared in 0.1 M NaOH at
70°C. The appropriate amount was then complexed with a FFA-free 10% BSA
solution at 55°C for 30 min. The FFA-BSA complex was cooled down to room
temperature and filtered in a sterile manner prior to its addition to the cell
culture.

Treatment of cells and preparation of extracts. Virally infected Fao cells were
grown as described above. Naive rat hepatoma (Fao) cells or CHO cells were
grown in RPMI medium supplemented with 10% FCS as described previously
(22). When the cells had reached 70 to 80% confluence, they were deprived of
serum for 16 h prior to each experiment and then incubated with inducers of
insulin resistance and/or insulin. Treated cells were washed three times with
ice-cold phosphate-buffered saline (PBS) and harvested in buffer B (25 mM
Tris-HCI, 2 mM sodium orthovanadate, 0.5 mM EGTA, 10 mM NaF, 10 mM
sodium pyrophosphate, 80 mM B-glycerophosphate, 25 mM NaCl, 1% Triton
X-100, protease inhibitor cocktail [diluted 1:1,000] [pH 7.4]). Cell extracts were
centrifuged at 12,000 X g for 20 min at 4°C, and the supernatants were collected.
Samples of 50 to 150 pg were mixed with 5X Laemmli sample buffer (17), boiled,
and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) under reducing conditions. The proteins were transferred to ni-
trocellulose membrane for Western blotting with various antibodies.

Immunoprecipitation. Protein A Sepharose beads (10 to 20 pl of packed
beads/point) or goat anti-mouse antibodies, coupled to agarose beads (10 pl
packed beads/point) were washed three times with ice-cold 0.1 M Tris-HCI (pH
8.0) and were incubated with various antibodies in 0.1 M Tris-HCI (pH 8.0) for
1 h at 4°C. Supernatants (centrifuged at 12,000 X g) of cell extracts in buffer B,
containing 0.5 to 1.5 mg of protein, were incubated for 2 h at 4°C with the
immobilized antibodies. Inmunocomplexes were washed twice with buffer B and
twice with ice-cold PBS and mixed with 5X Laemmli sample buffer (17). The
samples were boiled and then resolved by SDS-PAGE under reducing condi-
tions.

Assay of IR-IRS-1 complex formation. Fao cells at 80% confluence were
harvested in buffer IR (50 mM Tris-HCI, 1% Nonidet P-40 [NP-40], 0.25%
sodium deoxycholate, 150 mM NaCl, 1 mM EGTA, 1 mM sodium orthovana-
date, 1 mM NaF, protease inhibitor cocktail [diluted 1:1,000] [pH 7.4]). The cell
extracts were centrifuged at 12,000 X g for 15 min at 4°C, and the supernatants
were collected. Aliquots (1.0 to 1.5 mg) were incubated with 20 ul of packed
WGA-coupled agarose beads for 1 h at 4°C. The immobilized IR was washed
twice with buffer IR and three times with buffer A (25 mM Tris-HCI, 2 mM
sodium orthovanadate, 0.5 mM EGTA, 10 mM NaF, 10 mM sodium pyrophos-
phate, 80 mM B-glycerophosphate, 25 mM NaCl, protease inhibitor cocktail
[diluted 1:1,000] [pH 7.4]). Samples (20 pl) of the IR-WGA-coupled agarose
beads were then incubated at 4°C with 12,000 X g supernatants of cytosolic
extracts (1.0 to 1.5 mg), made in buffer A, derived from Fao cells treated with
insulin for different periods of time. The beads were washed twice with buffer A
and twice with ice-cold PBS and then boiled in Laemmli sample buffer (17).
Samples were resolved by SDS-PAGE and were immunoblotted with IRS-1
antibodies.

In vitro Tyr kinase assay. Stable cell lines of CHO-TWT (CHO-T cells stably
overexpressing IRS-1WT) and CHO-T7* (CHO-T cells stably overexpressing
IRS-174) were grown in 90-mm-diameter plates in F12 medium supplemented
with 10% FCS and 10 pg of puromycin per ml. Cells were washed three times
with PBS and harvested in 100 wl of buffer A containing 0.5% NP-40. Cell
extracts were centrifuged at 12,000 X g for 20 min at 4°C, and the supernatants
were collected. The supernatants were divided into aliquots (90 pl, ~1 mg).
These samples were incubated with 10~° M insulin for 10 min at 22°C. Then, 90
pl of 2X buffer E (50 mM HEPES, 10 mM Mg acetate, 4 mM Mn acetate, 1 mM
ATP, protease inhibitor cocktail [diluted 1:1,000] [pH 7.4]) was added to each
sample, and the samples were incubated for another 15 min at room temperature
with vigorous shaking. The reaction in each sample was stopped by adding 200 pl
of buffer A, and the samples were cooled to 4°C. The reaction mixture was
subjected to immunoprecipitation with IRS-1 antibodies. Immunocomplexes
were resolved by SDS-PAGE and immunoblotted with antiphosphotyrosine (an-
ti-PY) antibodies.

RESULTS

Mutation of selected Ser residues of IRS-1 enhances its
ability to complex with IR and for its Tyr residues to remain
phosphorylated after chronic insulin treatment. We have pre-
viously demonstrated that incubation of Fao cells with 1077 M
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insulin rapidly stimulates transient Tyr phosphorylation of IRS
proteins, which declines after 60 min of incubation with the
hormone (22, 25). This decline is preceded by a decrease in the
electrophoretic mobility of IRS-1 as a result of Ser/Thr phos-
phorylation that causes a marked (>40%) reduction in its
ability to interact with the insulin receptor (22, 25). These
findings, illustrated in Fig. 1A, suggest that prolonged insulin
treatment results in activation of insulin-stimulated Ser/Thr
kinases that phosphorylate IRS-1, uncouple it from the recep-
tor, and inhibit further Tyr phosphorylation of the protein.
Because the PTB domain of IRS proteins is the major region
that forms contacts with the JM region of IR, phosphorylation
of Ser residues located at or in close proximity to the PTB
domain might inhibit IR-IRS-1 interactions, thus negatively
regulating insulin signaling.

The extended PH/PTB domain of IRS-1, termed PH/PTB-L
(aa 1 to 430), contains 89 Ser/Thr residues, making the iden-
tification of selected phosphorylation sites within this region a
serious task. To narrow down the options, we began by mutat-
ing seven Ser residues to Ala. The seven Ser residues were
located at potential phosphorylation sites for PKC, a family of
Ser kinases whose conventional and atypical isoforms (e.g.,
PKCa and PKC{) have been implicated as potential IRS-1
kinases that negatively modulate IRS-1 function (6, 21, 22, 25).
The amino acids flanking the seven Ser sites that were mutated
are Ser265-RPRSKSQ, Ser302-RSRTESI, Ser325-RVRASSD,
Ser336-MSRPASV, Ser358-RHRGSSR, Ser407-LFPRRSSA
SV, and Ser408-FPRRSSA (conserved amino acids are shown
in bold type). The seven mutated sites contain four residues
(8265, S302, S325, and S358 [numbering based on the mouse
IRS-1 sequence]) within PKB and PKC phosphorylation sites
(RXRXXS), two residues (S336 and S408) within PKC phos-
phorylation sites (RXXS), and one site (S407) that conforms to
an initiation site for phosphorylation by glycogen synthase ki-
nase 3beta (GSK-3B) (SXXS). The IRS-1 mutant was named
IRS-174,

In vitro Tyr phosphorylation of IRS-17* by partially purified
IR revealed that IRS-17* was phosphorylated to a level com-
parable to that of WT IRS-1 (Fig. 1B), indicating that the
overall structure of IRS-17* is not altered due to the 7A mu-
tation. When transfected into CHO-T cells, IRS-17* under-
went rapid Tyr phosphorylation, similar to IRS-1%7, in re-
sponse to acute (3-min) insulin treatment (Fig. 1A, compare
lanes b and e), which was consistent with the results of the in
vitro study. However, while the phosphorylated-Tyr (P-Tyr)
content of IRS-1V7T rapidly declined upon prolonged (60-min)
insulin treatment, IRS-17* was significantly more resistant to
Tyr dephosphorylation (Fig. 1A, compare lanes c and f). Fur-
thermore, as a consequence of its increased Ser phosphoryla-
tion, the mobility of IRS-1"T treated with insulin for 60 min
was decreased compared to its mobility at the 3-min time point
(Fig. 1A, compare lanes ¢ and b). In contrast, IRS-174 showed
only a slight decrease in its mobility at 60 min compared to its
mobility after 3 min of insulin treatment (Fig. 1A, compare
lanes f and e).

To study the mechanism underlying the sustained Tyr phos-
phorylation of IRS-174, in vitro binding assays of IRS-1 to IR
were performed. IRS-1WT and IRS-17* showed comparable
levels of binding to IR after acute (3 min) insulin treatment
(Fig. 1C, compare lanes a and c). Consistent with our previous
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FIG. 1. Tyr phosphorylation of IRS-17* and its interactions with
IR. (A) CHO-T cells stably overexpressing either WT IRS-1 (CHO-
TVT) or IRS-17* (CHO-T™) at 80% confluence were deprived of
serum for 16 h prior to the experiment. The cells were then incubated
with insulin for the indicated times at 37°C. Cell extracts (100 pg) were
resolved by SDS-PAGE (7.5% polyacrylamide) and were immunoblot-
ted with the indicated antibodies (anti-PY [a-PY] or anti-IRS-1
[a-IRS-1] antibodies). The results of one experiment, which were rep-
resentative of six experiments, are shown. (B) IRS-1 was isolated from
CHO-TYT or CHO-T™ cells. IRS-1V" and IRS-17* were phosphor-
ylated in vitro by IR as described in Materials and Methods. The
reaction mixture was subjected to immunoprecipitation with anti-
IRS-1 antibodies. Immunocomplexes were resolved by SDS-PAGE
(7.5% polyacrylamide) and were immunoblotted with anti-pY or anti-
IRS-1 antibodies. (C) CHO-TWT and CHO-T"* cells were deprived of
serum for 16 h prior to the experiment. The cells were stimulated with
100 nM insulin for the indicated times at 37°C. Cell extracts were
prepared, and samples (1 mg) were bound to immobilized IR. IR-
IRS-1 complexes were resolved by SDS-PAGE (7.5% polyacrylamide)
and immunoblotted with the indicated antibodies. In parallel, samples
of total cell extracts (100 wg) were resolved by SDS-PAGE (7.5%
polyacrylamide) and immunoblotted with anti-IRS-1 antibodies. The
results of one experiment, which were representative of two experi-
ments performed on duplicate samples, are shown.
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studies (22, 25), binding of IRS-1™T to IR was reduced after
prolonged (60-min) insulin treatment (Fig. 1C, lane b); how-
ever this reduction was largely abolished in IRS-1"* (Fig. 1C,
lane d). These results indicate that insulin-induced phosphor-
ylation of serine residues mutated in IRS-17* serves to nega-
tively regulate IRS-1 function by impairing its ability to interact
with IR. Note that four of the serines mutated in IRS-174
conform to potential PKB (positive regulatory) sites (26), while
others are potential PKC (negative regulatory) sites (22). Our
results indicate that when simultaneously mutated (as in 7A),
the sites associated with negative regulation are functionally
dominant over the serine sites that positively regulate IRS
function.

Adenoviral infections enable quantitative expression of
Myc-IRS in Fao cells. To study the effect of mutation of IRS-1
in insulin responsive cells, the cDNAs encoding Myc-tagged
IRS-1 (Myc-IRS-1) (wild type) or mutant IRS-17* were incor-
porated into adenoviral constructs that enables their expres-
sion in rat hepatoma Fao cells that are otherwise refractory to
quantitative introduction of foreign genes by conventional
transfection methods. Myc-IRS-1 (wild type or mutant) was
readily detected in Fao cells 48 h postinfection at increasing
amounts that correlated with the virus titer (Fig. 2A). Note
that infection of Fao cells with control insert-free adenoviruses
did not affect insulin-induced Tyr phosphorylation or the pro-
tein level of the endogenous IRS-1 (Fig. 2B), indicating that
infection with adenoviruses per se does not impair insulin
signaling in these cells.

IRS-174 is protected from the reduction in its P-Tyr content
after chronic insulin treatment. Next, Fao cells were infected
with adenoviral constructs expressing either Myc-IRS-1V" or
Myc-IRS-174, and their insulin-induced Tyr phosphorylation
was compared. Myc-IRS-17# underwent rapid Tyr phosphory-
lation, similar to wild-type IRS-1, in response to acute (1-min)
insulin treatment (Fig. 3A, compare lanes a and c). However,
while wild-type IRS-1 underwent significant (~55%) Tyr de-
phosphorylation after prolonged (60-min) insulin treatment
(Fig. 3A, compare lanes a and b, and Fig. 3B), IRS-17* main-
tained its P-Tyr content that was reduced only ~15% after
60-min insulin treatment (Fig. 3A, compare lanes ¢ and d, and
Fig. 3B). These results further indicate that mutations of po-
tential inhibitory Ser phosphorylation sites protect IRS-174
from the action of insulin-stimulated IRS-1 kinases. This pre-
vents the dissociation of IRS-1 from the IR (Fig. 1C) and
enables it to maintain its Tyr-phosphorylated active conforma-
tion. To determine whether IRS-174 is more resistant to pro-
teolytic cleavage, the effects of the proteosome inhibitor MG-
132 were studied. The presence of the inhibitor did not alter
significantly the protein content and Tyr phosphorylation pat-
terns of IRS-17* and IRS-1"" (not shown). These findings
lead us to conclude that there is no massive proteolysis of
IRS-1 in our model system in the time frame of our experi-
ments.

PKB and its downstream effectors, but not MAPK, are ac-
tivated to a greater extent in Fao cells infected with Myc-IRS-
17* than in Fao cells infected with Myc-IRS-1"*". To study the
effects of the 7A mutation on downstream effectors of IRS-1,
PKB activity was compared in Fao cells infected with either
Myc-IRS-1VT or Myc-IRS-174. PKB underwent rapid phos-
phorylation (on Ser408) in response to insulin, which slightly



9672 LIU ET AL. MoL. CELL. BIOL.
A Adeno-myc-IRS-1
WT TA
a bcdef ghijk 1
O-IRS-11 - o o pop o 0 ek d
o-myc S - "‘"‘:
PFU/ml (106) 024 8 1632 0 2 4 8 16 32
B None Insert-Free
. lAdenovn'us
ab c ld e fI
oPY WH Q
oo-IRS-l‘.'O‘.u
100nM insulin (min) 0 1 60 0 1 60

FIG. 2. Overexpression of Myc-IRS-1VT and Myc-IRS-17* in Fao cells. Fao cells at 70 to 80% confluence were infected with Ad-Myc-IRS-1WVT
or Ad-Myc-IRS-17* at the indicated PFU (A) or with an insert-free adenoviral construct at 7 X 107 PFU/ml (B). After 48 h, cells were left
untreated (A) or treated with insulin for the indicated times (B). Cell extracts were prepared, samples were resolved by SDS-PAGE (7.5%
polyacrylamide) and immunoblotted with the indicated antibodies (anti-IRS-1 [a-IRS-1], anti-myc [a-myc], or anti-PY [a-PY] antibodies). The
results of one experiment, which were representative of three experiments (B) or two experiments (A), are shown.

decreased after 60 min of insulin treatment in Fao cells in-
fected with Myc-IRS-1W". As shown in Fig. 4A, this activation
was potentiated 1.5- to 2-fold in cells infected with an equal
amount of Myc-IRS-174. In contrast, there was no difference in
the extent of insulin-stimulated activation of MAPK in Fao
cells infected with either IRS-1 construct (Fig. 4B). These
results suggest that the ability of IRS-1 to maintain its Tyr-
phosphorylated active conformation results in more sustained
activation of PKB, a downstream effector of PI3K, while
MAPK activity, which is activated along the Shc/Grb2/Sos
pathway is largely unaffected by the introduction of the differ-
ent IRS-1 constructs. The enhanced activation of PKB was
translated into higher phosphorylation of its downstream ef-
fectors. As shown in Fig. 4C, GSK-33 underwent significantly
higher (approximately twofold) phosphorylation in cells in-
fected with Myc-IRS-174, and similar results were observed
when the phosphorylation and activation of Forkhead were
monitored (not shown).

Inducers of insulin resistance are less potent in inhibiting
insulin-stimulated Tyr phosphorylation of IRS-17*, The effects
of inducers of insulin resistance on Tyr phosphorylation of
IRS-1WT and IRS-1"* were compared. Consistent with the
results presented in Fig. 3, Myc-IRS-17* underwent rapid Tyr
phosphorylation similar to Myc-IRS-1"" in response to acute
insulin treatment (Fig. 5A, compare lanes a and c). Pretreat-
ment with TPA significantly inhibited (~40%) the insulin-
stimulated Tyr phosphorylation of Myc-IRS-1V", while Tyr
phosphorylation of IRS-174 was affected to a much lower ex-
tent (Fig. SA). Similar results were observed in anisomycin-
treated cells (Fig. 5B). Note that the introduction of the 7A
mutation did not impair the ability of IRS-1 to undergo phos-

phorylation on Ser307, either as a result of insulin treatment or
after treatment with inducers of insulin resistance, such as
anisomycin (Fig. 5C).

IRS-17* also conferred protection against the action of
FFA, the underlying cause of obesity-induced insulin resis-
tance (32). As shown in Fig. 6, pretreatment of Fao cells with
FFA (0.5 to 0.75 mM) reduced (~35%) their subsequent re-
sponse to insulin, as manifested by the reduction in insulin-
stimulated Tyr phosphorylation of IRS-1™T. However, IRS-
174 was significantly more resistant to the inhibitory effects of
FFA, as evident by the smaller reduction in its Tyr phosphor-
ylation state after treatment with FFA. These findings impli-
cate Ser residues among the 7A as being targets for IRS ki-
nases activated by inducers of insulin resistance. They further
suggest that mutations of these sites might confer protection
against the adverse effects of these agents.

PH/PTB-L undergoes Ser phosphorylation in vivo in re-
sponse to chronic insulin treatment. To better analyze the Ser
residues that are subjected to insulin-stimulated phosphoryla-
tion, PH/PTB-L, a truncated form of IRS-1 (aa 1 to 430)
encoding an extended PH/PTB domain, was generated, and
CHO-T cells that overexpress Myc-PH/PTB-L were studied.
As expected, Myc-PH/PTB-L failed to undergo Tyr phosphor-
ylation in response to insulin (Fig. 7A), because all Tyr phos-
phorylation sites of IRS-1 are confined to its C-terminal re-
gion, which was deleted in PH/PTB-L. However, we
demonstrated that PH-PTB-L was subjected to insulin-induced
Ser phosphorylation, exemplified by its mobility shift, when
CHO cells were treated with insulin for 60 min (Fig. 7A).

To ensure that the mobility shift was due to Ser phosphor-
ylation, Myc-PH/PTB-L, isolated from insulin-treated cells,
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FIG. 3. Insulin-induced Tyr phosphorylation of IRS-17* in Fao
cells. (A) Fao cells were infected with Ad-Myc-IRS-1"" or Ad-Myc-
IRS-17A at 7 X 107 PFU/ml. After 48 h, the cells were starved in
serum-free RPMI medium for 16 h and then treated with insulin for
the indicated times. Cell extracts were prepared, and samples (1 mg)
were subjected to immunoprecipitation (IP) with anti-Myc (a-Myc)
antibodies. Immunocomplexes were resolved by SDS-PAGE (7.5%
polyacrylamide) and immunoblotted (IB) with anti-PY («-PY) anti-
bodies. In parallel, samples (100 wg) of total cell extracts were resolved
by SDS-PAGE (7.5% polyacrylamide) and immunoblotted with anti-
Myc antibodies. (B) The bands corresponding to anti-PY/total Myc-
IRS-1 were quantitated by densitometry, and the results are shown in
a bar graph. Results of a representative experiment performed with
duplicate samples are shown.

was subjected to in vitro dephosphorylation with calf intestine
alkaline phosphatase. Such treatment abolished the mobility
shift of PH/PTB-L, indicating that it did indeed result from Ser
phosphorylation (Fig. 7B). Pretreatment with wortmannin, a
PI3K inhibitor, completely blocked the mobility shift induced
by chronic insulin treatment (Fig. 7C), whereas inhibitors of
mTOR (rapamycin), MEK (PD98059), and p38 MAPK
(SB203580) were ineffective. These results suggest that Ser
residues located within PH-PTB-L undergo phosphorylation
by insulin-stimulated wortmannin-sensitive IRS kinases.

To determine whether insulin-stimulated phosphorylation of
PH-PTB-L takes place at Ser sites mutated in IRS-174, a Myc-
PH/PTB-L domain harboring the 7A mutation was generated.
In contrast to PH/PTB-LWT, PH/PTB-L’* showed no mobility
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shift (Ser phosphorylation) after prolonged (60-min) insulin
treatment (Fig. 8A), indicating that some of the serines mu-
tated in PH/PTB-L7* are subjected to in vivo phosphorylation,
resulting in decreased mobility of PH/PTB-L™7 in response to
prolonged insulin treatment.

Truncation of PH/PTB-L, which deletes Ser407 and Ser408,
or a selected mutation of Ser408 inhibits the ability of PH/
PTB-L to undergo Ser phosphorylation. To further analyze the
Ser sites under study, a shorter truncated form of IRS-1, en-
coding aa 1 to 365 was generated and named PH/PTB-S. PH/
PTB-S contains five of the seven Ser residues mutated in IRS-
172, but it lacks S407 and S408. When PH/PTB-S was
introduced into CHO-T cells, there was no decrease in its
mobility after prolonged (60-min) insulin treatment (Fig. 8B),
indicating that phosphorylation of Ser407 and/or Ser408 pre-
sumably contributes to the mobility shift of PH/PTB-L, in-
duced after prolonged insulin treatment. In view of these re-
sults, selected mutations of Ser407 and Ser408 to Ala (alone or
combined) were introduced into PH/PTB-L. Additional muta-
tion to Ala of Ser336 served as a control. As shown in Fig. 9A,
PH/PTB-L%*3¢* and PH/PTB-L3*7* manifested mobility
shifts identical to that of PH/PTB-LYT after 30-min insulin
treatment. In contrast, mutation of Ser408, either alone (PH/
PTB-L5%¥4) or together with Ser407 (PH/PTB-L*7/34084) or
the triple mutation of Ser336, Ser407, and Ser408 (PH/PTB-
L*#) abolished the mobility shift induced upon 30-min insulin
treatment. These results suggest that phosphorylation of
Ser408 significantly contributes to the decreased mobility of
PH/PTB-L after prolonged insulin treatment.

Calyculin A, a Ser/Thr phosphatase inhibitor and an inducer
of insulin resistance, triggers Ser phosphorylation of the full-
length IRS-1 (25), as well as the phosphorylation of Myc-PH/
PTB-LYT, exemplified by its mobility shift (Fig. 9B). When
Ser408 was mutated to Ala, the mobility shifts induced by
insulin or by calyculin A were significantly reduced (Fig. 9B,
compare lanes b and e and lanes c¢ and f), suggesting that
Ser408 might be a target for Ser kinases activated either by
insulin or by selected inducers of insulin resistance.

Ser408 is a target for in vivo phosphorylation promoted
either by insulin or by inducers of insulin resistance. To en-
sure that Ser408 is indeed an in vivo phosphorylation site of
IRS-1, antibodies directed against the phosphorylated form of
Ser408 (anti-P-S408) were generated. As shown in Fig. 10A,
these antibodies readily reacted with IRS-1W", but they failed
to interact with either IRS-174 or IRS-154%%4 expressed in Fao
cells as an adenoviral construct.

To determine whether S408 is subjected to in vivo phosphor-
ylation triggered by inducers of insulin resistance, Fao cells
were infected with IRS-1W" and then incubated with different
inducers of insulin resistance. As shown in Fig. 10B, sphingo-
myelinase readily induced in vivo phosphorylation of S408,
comparable to that induced by 60-min insulin treatment. Sim-
ilarly, calyculin A induced phosphorylation of S408 that was
accompanied by a significant mobility shift of the protein.
These findings clearly indicate that S408 is an in vivo target for
phosphorylation induced either by prolonged insulin treatment
or by inducers of insulin resistance.

Note that insulin-induced phosphorylation of Ser408 oc-
curred at a rate lower than that of Tyr phosphorylation of
IRS-1. While maximal Tyr phosphorylation of IRS-1 was al-
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FIG. 4. Effects of insulin on activation of PKB, MAPK, and GSK-3 in Fao cells infected with IRS-1W" or IRS-174. Fao cells at 70% confluence
were infected with Ad-Myc-IRS-1VT or Ad-Myc-IRS-174 at 6 X 107 PFU/ml. After 48 h, the cells were starved in serum-free medium for 16 h and
incubated with 100 nM insulin for the indicated times (5 min [5] to 60 min [60']) at 37°C (—, not treated with insulin). Cytosolic extracts were
prepared, and the samples (100 wg) were resolved by SDS-PAGE (7.5% polyacrylamide) and immunoblotted (IB) with the indicated antibodies.
Antibodies directed against phosphorylated PKB (a-p-PKB), total PKB (a-total PKB), phosphorylated MAPK (a-p-MAPK), and total MAPK
(a-total MAPK) were used. The results of four independent experiments were quantified and normalized relative to the total cellular content of
the protein under study (A and C). Results of a representative experiment are shown in panel B.

ready detected after 2-min insulin treatment (Fig. 1), the max-
imal phosphorylation of Ser408 required 30- to 60-min incu-
bation with the hormone (Fig. 10A). These findings are
consistent with our hypothesis that negative-feedback control
mechanisms that involve Ser408 phosphorylation are triggered
by insulin only subsequent to the induction of its signaling
cascades, which involves Tyr phosphorylation of IRS proteins.

Mutation of Ser408 confers upon IRS-1 partial protection
from the inhibitory action of inducers of insulin resistance. To
study the effects of the S408A mutation on IRS-1 function, Fao
cells were infected with adenoviral constructs expressing either

Myc-IRS-1WVT, Myc-IRS-174, or Myc-IRS-1*%* and their insu-
lin-induced Tyr phosphorylation was compared. Myc-IRS-14084
underwent rapid Tyr phosphorylation similar to IRS-1%T or IRS-
17 in response to acute insulin treatment (Fig. 11). However,
prolonged (60-min) insulin treatment reduced the Tyr phosphor-
ylation level of wild-type IRS-1 or its 408A mutant to a similar
extent, while the Tyr phosphorylation state of the 7A mutant
remained elevated. However, the inhibitory effects of TPA on
insulin-stimulated Tyr phosphorylation of IRS-1 could be par-
tially prevented in the IRS-1*** mutant (Fig. 11A), although
IRS-1#%84 could not protect against the inhibitory effects of ani-
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FIG. 5. Effects of TPA and anisomycin on insulin-induced Tyr phosphorylation of IRS-174 in Fao cells. Fao cells were infected with

Ad-Myc-IRS-1VT or Ad-Myc-IRS-174 at 7 X 107 PFU/ml. After 48 h, the cells were deprived of serum for 16 h and treated (+) for 60 min with
200 nM TPA (A), 50 ng of anisomycin per ml (B), or 1 pg of anisomycin per ml (C) or not treated (—). This procedure was followed by treatment
with 100 nM insulin for 2 min (A) or for the indicated times (2, 10, or 15 min [2’, 10’, or 15'], respectively) (B and C). Cell extracts were prepared,
and samples (1 mg) were subjected to immunoprecipitation (IP) with anti-Myc (a-Myc) antibodies (A). Immunocomplexes were resolved by
SDS-PAGE (7.5% polyacrylamide) and immunoblotted (IB) with the indicated antibodies (e.g., anti-myc antibody [«a-myc], anti-phosphorylated
Ser307 antibody [a-pSer307]). Alternatively, total cell extracts (B and C) were resolved by SDS-PAGE (7.5% polyacrylamide) and immunoblotted
with the indicated antibodies. The results of one experiment, which were representative of four experiments, are shown. The results of two
independent experiments performed in duplicate are quantified in the bar graph in panel A.

somycin (Fig. 11B and C). These results suggest that mutation of
Ser408 might confer protection against selected inducers of insu-
lin resistance, while mutation of additional sites among the 7S
sites is required to confer protection from the inhibitory action of
prolonged insulin treatment and a wider spectrum of inducers of
insulin resistance.

DISCUSSION

IRS proteins are key players in propagating insulin signaling
and are therefore subjected to feedback regulatory systems
that inhibit their action. Feedback regulation involves phos-
phatase-mediated dephosphorylation (8) or Ser/Thr phosphor-
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FIG. 6. Effect of palmitic acid on insulin-induced Tyr phosphory-
lation of IRS-1 mutants in Fao cells. Fao cells were infected with
Ad-Myc-IRS-1VT or Ad-Myc-IRS-174 at 7 X 107 PFU/ml. After 24 h,
the cells were deprived of serum for 12 h and incubated for 12 h with
(+) or without (—) the indicated concentration of palmitic acid in
serum-free medium before being stimulated with 100 nM insulin for
the indicated times (2 or 10 min [2' or 10’], respectively). Cell extracts
(100 pg) were resolved by SDS-PAGE (7.5% polyacrylamide) and
immunoblotted with anti-PY and anti-Myc antibodies. The results of
two independent experiments done in duplicate were quantified.

ylation of functionally active Tyr-phosphorylated IRS proteins
(40). Ser/Thr phosphorylation can induce, for example, the
dissociation of the IRS proteins from the IR or from down-
stream effectors or could lead to their degradation (40). In the
present study, we focused on Ser sites that upon phosphoryla-
tion might interfere with the association of IRS-1 with IR and
negatively regulate IRS-1 function. Because the PTB domain
of IRS-1 mediates its interactions with the JM region of IR,
our hypothesis was that phosphorylation of a distinct set of Ser
residues located within or proximal to the PTB domain might
interrupt with IR-IRS-1 complex formation. We have previ-
ously shown that phosphorylation of IRS-1, induced by PKC,
impairs its ability to interact with IR and undergo Tyr phos-
phorylation (22); therefore, seven Ser residues at or in close
proximity to the PTB domain, six being at potential PKC phos-
phorylation sites, were mutated to Ala. We demonstrated that
the IRS-1 mutant IRS-17 fails to undergo Ser phosphoryla-
tion after prolonged insulin treatment. The resistance to Ser
phosphorylation enables the mutant IRS-1 to remain tightly
complexed with the IR and maintain its active Tyr-phosphor-
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ylated state that is otherwise impaired in wild-type IRS-1 as a
result of Ser phosphorylation after prolonged insulin treat-
ment. As a consequence of its sustained Tyr phosphorylation,
IRS-174 can better propagate insulin signaling, which is man-
ifested by its ability to maintain sustained activation of PKB
and its downstream effectors, GSK-f and Forkhead (3). These
results therefore suggest that at least some of the mutated Ser
residues are subjected to phosphorylation by insulin-stimu-
lated IRS kinases that negatively regulate IRS-1 function. We
showed that IRS-174 is also protected from inducers of insulin
resistance, such as TPA, anisomycin, and FFA that utilize this
physiological feedback control mechanism to promote phos-
phorylation of IRS-1 (wild type) at the same Ser sites, and in
such a way inhibits its action. Hence, the 7S sites, the seven Ser
residues subjected to mutation, are key sites for the regulation
of IRS-1 function because they serve as a point of convergence,
where physiological feedback control mechanisms, triggered by
insulin-stimulated IRS kinases, overlap with IRS kinases trig-
gered by inducers of insulin resistance that phosphorylate the
very same sites, and in such a way terminate insulin signaling.

Several lines of evidence support this conclusion. First, we
could demonstrate that mutation to Ala of the seven Ser sites
(8265, S302, S325, S336, S358, S407, and S408) of IRS-1 oblit-
erates its mobility shift, a characteristic feature of Ser-phos-
phorylated IRS-1. Failure of IRS-17* to undergo insulin-stim-
ulated Ser phosphorylation cannot be attributed to a major
conformational change introduced by the mutations per se,
because IRS-17# undergoes in vitro Tyr phosphorylation by IR
to an extent similar to that of the wild-type protein. Further-
more, both wild-type IRS-1 and its 7A mutant are subjected to
comparable levels of in vivo Tyr phosphorylation after acute
insulin treatment, again indicating that the 7A mutation does
not impair the ability of IRS-17 to localize in close proximity
to the IR.

In an attempt to identify the Ser residues subjected to phos-
phorylation, truncated forms of IRS-1 that either contain all
(PH/PTB-L, aa 1 to 430) or only five (PH/PTB-S, aa 1 to 365)
of the seven serines under study were generated. Like the
full-length IRS-1, PH/PTB-L was subjected to insulin-stimu-
lated Ser/Thr phosphorylation that was evident by its reduced
mobility after chronic insulin treatment. The contribution of
the 7S sites to the mobility shift became evident when we
showed that PH/PTB-L’ fails to undergo a mobility shift after
insulin stimulation. Furthermore, only PH/PTB-L, not PH/
PTB-S, demonstrated a mobility shift, suggesting that the Ser
residues involved are S407 or/and S408. Indeed, introduction
of single mutations into PH/PTB-L indicated that Ser408 is the
prime site within the PH/PTB-LYT that contributes to the
mobility shift in response to prolonged insulin treatment.

Ser408 is a genuine in vivo phosphorylation site. This con-
clusion is based upon the fact that its phosphorylation after
insulin treatment can be detected using peptide-specific anti-
bodies that selectively recognize the phosphorylated form of
S408. Note that phosphorylation of S408 occurs at a rate lower
than the Tyr phosphorylation rate of IRS-1. This finding is in
accordance with the concept that Ser phosphorylation of IRS
proteins, being a means to terminate insulin action, should
commence subsequent to Tyr phosphorylation of the IRS pro-
teins, which triggers insulin signaling.

Insulin-stimulated phosphorylation of S408 is sensitive to
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FIG. 7. Invivo phosphorylation of PH/PTB-L in response to insulin. (A) CHO-T cells were transiently transfected with pcDNA3-Myc-PH/PTB
(nt 1 to 1290) or with an insert-free plasmid (control). Twenty-four hours posttransfection, the cells were deprived of serum for 16 h and treated
with insulin for the indicated time periods. Cell extracts (100 pg) were resolved by SDS-PAGE (10% polyacrylamide) and immunoblotted with
anti-PY («-PY) or anti-Myc (a«-Myc) antibodies. (B) In parallel, samples (100 pg, 40 pl) were incubated (+) with 3 U of calf intestine phosphatase
(CIP) at 37°C for 1 h. The samples were resolved by SDS-PAGE (10% polyacrylamide) and immunoblotted with anti-Myc antibodies. The results
of one experiment, which were representative of two experiments, are shown. (C) CHOPPTB-L cells were starved in serum-free F12 medium for

16 h. The cells were treated for 30 min with the indicated inhibitors or not

treated with an inhibitor (—) before being treated with 100 nM insulin

for 30 min. Cell extracts were prepared, and samples were resolved by SDS-PAGE (10% polyacrylamide) and immunoblotted with anti-Myc
antibodies. The results of one experiment, which were representative of three experiments, are shown.

wortmannin, suggesting that the S408 kinase is a downstream
effector of PI3K. This kinase presumably differs from mTOR,
because rapamycin fails to inhibit phosphorylation of S408.
Because S408 is located at a PKC phosphorylation site
(RXXS), a potential S408 kinase could be PKC¢. Indeed, pre-
vious studies by us (22) and by others (28) have indicated that
IRS-1 is subjected to Ser phosphorylation by PKC{, which is a
downstream effector of insulin along the PI3K pathway (22).
Several inducers of insulin resistance, such as tumor necrosis
factor alpha (30) and fatty acids (37), can also promote the
activation of PKC{, turning it into a common kinase activated
by physiological and pathological signals to promote Ser phos-
phorylation of IRS-1.

Still, phosphorylation of S408 might be necessary, but it is
certainly insufficient to inhibit Tyr phosphorylation of IRS-1
and uncouple IR-IRS-1 complexes. This conclusion is based
upon the fact that introduction of an adenoviral construct that

harbors the S408A mutation into Fao cells fails to protect
IRS-154%4 from undergoing Tyr dephosphorylation after
chronic insulin treatment. This contrasts with the full protec-
tion against Tyr dephosphorylation provided by the IRS-174
mutant. Similarly, while IRS-154%4 is protected from the in-
hibitory effects exerted by TPA, it fails to resist other inhibitors
of insulin-induced Tyr phosphorylation. This differs from the
almost complete protection against several inducers of insulin
resistance (e.g., TPA, FFA, and anisomycin) provided by the
7A mutant. These findings suggest that S408 might be a target
for phosphorylation by IRS kinases activated only by selected
inducers of insulin resistance. Hence, additional sites among
the 7S sites, acting in concert with S408, may function as
inhibitory Ser phosphorylation sites for IRS function. Their
phosphorylation could be catalyzed by PKC{ or by other IRS
kinases, which are downstream effectors of PI3K. IKKp is a
potential candidate. IKK@ is a Ser/Thr kinase that is part of the
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FIG. 8. Effects of insulin on serine phosphorylation of Myc-PH/PTB-L’*. CHO-T cells were transiently transfected with constructs encoding
Myc-PH/PTB-L (nt 1 to 1290), either wild type (WT) or the 7A mutant (A). Alternatively, the cells were transfected with the constructs encoding
Myc-PH/PTB-L (nt 1 to 1290; aa 1 to 430) or Myc-PH/PTB-S (nt 1 to 1095; aa 1 to 365) (B). After 24 h, the cells were incubated in serum-free
F12 medium for 16 h before being treated with insulin for the indicated times. Cell extracts were resolved by SDS-PAGE (10% polyacrylamide)
and immunoblotted with anti-Myc (a-Myc) antibodies. The results of one experiment, which were representative of three experiments, are shown.

IKK complex that phosphorylates the inhibitor of NF-«kB, IkB.
IKKR can bind PKC{ both in vitro and in vivo, it serves as an
in vitro substrate for PKC{, and it is activated by a functional
PKC{ (18). IKKR is activated by insulin in Fao rat hepatoma
cells (Y.-F. Liu and Y. Zick, unpublished data); furthermore,
insulin-stimulated Ser phosphorylation of IRS-1 is inhibited by
salicylates, implicating IKKB as an insulin-stimulated IRS ki-
nase (Liu et al., unpublished). Indeed, IRS-1 is a direct sub-
strate of stress-activated IKK, which phosphorylates IRS-1 on
Ser312 (the human homologue of mouse Ser307) (9) and could
phosphorylate additional sites as well. Therefore, it appears
that PI3K controls a few Ser/Thr kinases to negatively regulate
IRS-1 function, namely, mTOR acting at the C-terminal tail
and PKC{ or IKKB acting at the N-terminal region.

We have previously shown that mutations of four Ser resi-
dues (4S) (5265, S302, S325, and S358) among the 7S sites,
which are located at PKB and PKC phosphorylation sites
(RXRXXS), renders IRS-1 prone to the action of protein Tyr
phosphatases, thus implicating some of these 4S residues as
positive regulators of IRS-1 function (26). This conclusion is
supported by the fact that overexpression of PKB significantly
attenuates the rate of Tyr dephosphorylation of IRS-1 after 60
min of treatment with insulin (26). Here we show that muta-
tion of seven Ser sites, which includes the 4S positive sites,
exerts an overall protective effect on IRS-1 functions, suggest-
ing that mutation of the negative sites among the 7S sites, as in
IRS-174, functionally dominates the mutation of the positive
sites, as in IRS-1**. Hence, distinct arrays of Ser residues
might negatively or positively regulate IRS protein function.
Under physiological conditions, upon insulin stimulation, the
positive sites must be phosphorylated prior to the negative sites
to enable the insulin signal to be first potentiated before it is
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FIG. 9. Effects of insulin and calyculin A on Ser phosphorylation of
PH/PTB-L mutants. (A) CHO-T cells were transiently transfected with
constructs expressing either Myc-PH/PTBW or the following PH/PTB
mutants: S336A, S407A, S408A, S407A/S408A (S407/8A), and S336A/
S407A/S408A (S3A). After 24 h, the cells were deprived of serum for
16 h and treated with insulin for the indicated times. Cell extracts were
resolved by SDS-PAGE (10% polyacrylamide) and immunoblotted with
anti-Myc (a-myc) antibodies. The results of one experiment, which were
representative of two or three experiments, are shown. (B) CHO-T cells
were transiently transfected with pcDNA3-myc-PH/PTB™' or pcDNA3-
myc-PH/PTBSY8A, After 24 h, the cells were starved for 16 h and treated
either with 100 nM insulin for 30 min or with 25 nM calyculin A for 60 min
or left alone (—). Cell extracts were resolved by SDS-PAGE (10% poly-
acrylamide) and immunoblotted with anti-Myc antibodies. The results of
one experiment, which were representative of two experiments, are
shown.
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FIG. 10. Phosphorylation of S408 of IRS-1 in cultured Fao cells.
(A) Fao cells were infected with Adeno-myc-IRS-1 (wild type [WT]),
the 7A mutant, or the S408A mutant at a titer of 4 X 107 to 6 X 107
PFU/ml in order to obtain comparable expression levels of the proteins
under study (compare with Fig. 11). After 48 h, the cells were starved
for 16 h. The medium was removed, and the cells were incubated with
100 nM insulin or without insulin (—) for the indicated times (5, 15, or
60 min [5', 15', or 60'], respectively). (B) Alternatively, the cells were
incubated with insulin for 2 or 60 min or incubated with sphingomy-
elinase (SMase) or calyculin A as indicated (+). Cytosolic extracts (100
ng) were resolved by SDS-PAGE (7.5% polyacrylamide) and immu-
noblotted (IB) with anti-phospho-Ser408 (a-p-Ser408) or anti-PY (a-
PY) antibodies as indicated.

being attenuated as part of a negative-feedback loop. Under
pathological condition, inducers of insulin resistance presum-
ably trigger the phosphorylation of only the negative sites, with
no effects on the positive sites, thus preventing the propagation
of insulin signals mediated by IRS proteins and thus causing
insulin resistance.

Several other Ser sites, sites altogether different from the 7S
sites, have already been implicated in the negative regulation
of IRS-1 function. Conventional members of the PKC family,
which are activated by phorbol esters or endothelin 1, activate
members of the MAPK pathway to phosphorylate IRS-1 at
Ser612 and at additional sites in its COOH tail (5). Such
phosphorylation inhibits the interactions of IRS-1 both with IR
and with downstream effectors of IRS-1, such as PI3K. Hence,
phosphorylation of Ser residues at the COOH tail of IRS-1
could act synergistically with phosphorylation at its N-terminal
regions. This is in accordance with the idea that increased
levels of regulatory inputs can provide a more subtle and pow-
erful regulation. Still, most relevant to this study is Ser307
within the PTB domain, the phosphorylation of which nega-
tively regulates IRS functions (1, 10, 39). Phosphorylation of
S307 is catalyzed by a number of kinases, some of which, like
JNK, are activated by insulin (1, 2, 19). IRS-17* contains an
intact Ser307, yet it is resistant to the inhibitory effects of
chronic insulin treatment or to the action of inducers of insulin
resistance. Our findings rule out the possibility that introduc-
tion of the 7A mutation impairs the phosphorylation of Ser307;
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A I T |
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I 1] 1] 1
IRS-T— | 060 00 B an o 00 0 g 0 40 65 0 e &
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coepoooooor-oooo o
OOV I ® AN D ® RO I
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S-S o900 oL EEOoOS LS
g3 AR 228858R8

IRS-1+— LU AL T LA

IB: o-IRS-1
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pY-IRS-1/Myec IRS-1 (Arbitrary Units)

None
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TPA

FIG. 11. Effects of TPA and anisomycin on insulin-stimulated Tyr
phosphorylation of IRS-1VT, IRS-174, and IRS-1**%*, Fao cells were
infected with Adeno-myc-IRS-1 (wild type [WT]), the 7A mutant, or
the S408A mutant at a titer of 4 X 107 to 6 X 10’ PFU/ml. After 48 h,
the cells were deprived of serum for 16 h and treated for 60 min (60")
with 200 nM TPA (A) or 50 ng of anisomycin per ml (B), followed by
treatment with 100 nM insulin for the indicated times (2 min [2'] or 60
min [60']). Cell extracts were prepared, and samples (1 mg) were
subjected to immunoprecipitation (IP) with anti-Myc antibodies. Im-
munocomplexes were resolved by SDS-PAGE (7.5% polyacrylamide)
and immunoblotted (IB) with anti-PY (a-PY) or anti-IRS-1 (a-IRS-1)
antibodies. (C) Quantitation of the results of two independent exper-
iments done in duplicate is presented.
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therefore, we suggest that phosphorylation of Ser307 is not
sufficient to impair IRS-1 function and that phosphorylation of
additional Ser sites, Ser408 and others among the 7S sites, is
required to uncouple IR-IRS-1 complexes and inhibit IRS-1
functions.

Ser/Thr phosphorylation can inhibit IRS-1 function in a
number of ways (4, 12, 15, 22, 23, 25, 27, 34). However, re-
gardless of mechanism, increased Ser phosphorylation of
IRS-1 at inhibitory sites underlies a key mode to inhibit IRS
protein function, utilized either by insulin itself as a physiolog-
ical negative-feedback control mechanism or by different
agents that induce insulin resistance and type 2 diabetes. Given
the large number of stimuli, pathways, kinases, and potential
sites involved, it appears that Ser/Thr phosphorylation of IRS
proteins represents a combinatorial consequence of several
kinases activated by different pathways acting in concert to
phosphorylate multiple sites. Devising effective means to pre-
vent the phosphorylation of the inhibitory sites could be ben-
eficial in attempts to promote insulin action and protect
against the adverse effects of inducers of insulin resistance.
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