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Abstract
Objective. Research has focused on Insulin Receptor Substrate-1 (IRS-1) as a locus for insulin
resistance. Tyrosine phosphorylation of IRS-1 initiates insulin signaling; serine/threonine
phosphorylation alters the ability of IRS-1 to transduce the insulin signal. Of 1242 amino acids
in IRS-1, 242 are serine/threonine. Serine/threonine phosphorylation of IRS-1 is affected by
many factors, including insulin. The purpose of this study was to perform global assessment of
phosphorylation of serine/threonine residues in IRS-1 in vivo in humans.
Research Design and Methods. In this report we describe our use of capillary HPLCelectrospray tandem mass spectrometry to identify/quantify site-specific phosphorylation of IRS1 in human vastus lateralis muscle obtained by needle biopsy, basally and after insulin infusion
in four healthy volunteers.
Results. Twenty-two serine/threonine phosphorylation sites were identified; fifteen were
quantified. Three sites had not been identified previously (Thr495, Ser527, and S1005). Insulin
increased the phosphorylation of Ser312, Ser616, Ser636, Ser892, Ser1101, and Ser1223 (2.6 ± 0.4, 2.9 ±
0.8, 2.1 ± 0.3, 1.6 ± 0.1, 1.3 ± 0.1, and 1.3 ± 0.1 fold, respectively, compared to basal; P < 0.05);
phosphorylation of Ser348, Thr446, Thr495, and Ser1005 decreased (0.4 ± 0.1, 0.2 ± 0.1, 0.1 ± 0.1,
and 0.3 ± 0.2 fold, respectively; P < 0.05).
Conclusions. These results provide an assessment of IRS-1 phosphorylation in vivo and show
that insulin has profound effects on IRS-1 serine/threonine phosphorylation in healthy humans.
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Introduction
Through the efforts of a large number of
investigators, many of the details of insulin
signaling have been defined on a molecular
level (1). Despite this, the changes in insulin
signaling that produce insulin resistance in
vivo in tissues such as skeletal muscle,
adipose tissue, or liver, remain, for the most
part, unknown. Numerous defects have been
identified in skeletal muscle from insulin
resistant obese or type 2 diabetic patients,
including decreased insulin activation of the
insulin receptor beta subunit, reduced tyrosine
phosphorylation
of
Insulin
Receptor
Substrate-1 (IRS-1), and dampened binding of
the
p85
regulatory
subunit
of
phosphatidylinositol 3'-kinase (PI 3'-kinase)
and association of PI 3'-kinase activity with
IRS-1 (2,3).
Due to the central and multifaceted role
of IRS-1 in insulin signaling, recent research
has focused on IRS-1 as a locus for insulin
resistance. Human IRS-1 (hIRS-1) is a 1242amino acid protein of predicted molecular
weight of 132 kDa that migrates in
electrophoretic gels at an apparent size of 185
kDa, due to extensive phosphorylation (4).
IRS-1 is phosphorylated by the insulin
receptor tyrosine kinase at a number of
tyrosine residues that serve as recognition
sites for Src homology-2 (SH-2) domaincontaining proteins, such as the p85
regulatory subunit of PI 3'-kinase, that
transmit the insulin signal. In addition, of the
1242 amino acids that compose IRS-1, 182
are serine and 60 are threonine residues.
Many of these are in known consensus kinase
motifs, and, even under basal, non-stimulated
conditions, IRS-1 is heavily phosphorylated.
A number of serine/threonine phosphorylation
sites have been identified, and a few of these
have been characterized for function (5-19).
Some sites, such as Ser1223, appear to be
positive modulators of IRS-1 function (13),
whereas others, such as Ser312 and Ser636,
have been identified primarily to have a
dampening effect (5,15). Some sites, such as

Ser323 (Ser318 in rodents) can have both a
positive and a negative function (20).
Ser312 (Ser307 in the mouse IRS-1
sequence) has drawn attention since
phosphorylation at this site interferes with
association of the adjacent phosphotyrosinebinding (PTB) domain of IRS-1 with the
tyrosine-phosphorylated insulin receptor (5).
Ser312 can be phosphorylated by kinases, such
as c-jun N-terminal kinase (JNK) and
inhibitor kappa B kinase (IKK), that are
activated by inflammatory stimuli, including
tumor necrosis factor-α (TNF-α) (5,7,9,12).
Increased phosphorylation of Ser312 has been
implicated in inflammation and lipid-induced
insulin resistance, as well as insulin resistance
associated with polycystic ovary disease
(21,22).
Although there is strong evidence that
Ser312 is likely to be involved in insulin
resistance, the existence of a large number of
other serine and threonine residues that are
phosphorylated suggest that IRS-1 function is
modulated in a complex manner by
phosphorylation that can cause positive or
negative effects.
The net result of
serine/threonine phosphorylation may depend
upon the pattern and time course of
phosphorylation of combinations of residues.
Although several specific antibodies to IRS-1
phosphorylation sites are available, to date
there have been no methods published to
globally assess the level and pattern of
serine/threonine phosphorylation of this
protein in human tissues.
The insulin-induced mobility shift on
SDS-PAGE gels observed with IRS-1
immunoprecipitated from homogenates of
human muscle biopsies suggests that insulin
itself
alters
IRS-1
serine/threonine
phosphorylation (2), and this insulin-induced
phosphorylation of IRS-1 conceivably could
affect
its
subsequent
function.
Phosphorylation of some sites, such as
Ser1223, is increased in response to insulin, and
this is reported to have positive regulatory
effects on IRS-1 function (13).
Such
phosphorylation events could have a positive
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or “feed-forward” effect that enhances insulin
signaling. Phosphorylation of other sites,
such as Ser312, if increased in vivo in humans
in response to insulin, could have a negative
feedback function and desensitize insulin
signaling. In adipocytes, insulin-stimulated
phosphorylation of IRS-1 targets it for
ubiquitination
and
degradation
by
proteasomes, contributing to downregulation
of insulin signaling (23).
Therefore,
increased knowledge of the regulation of IRS1 serine/threonine phosphorylation in vivo in
humans could lead to a better understanding
of insulin signaling and insulin resistance.
We previously developed and validated a
hypothesis-driven mass spectrometry-based
approach for quantifying relative changes in
phosphorylation of IRS-1 at many sites at the
same time in the same biological sample (19).
We now report on our adaptation of this
method for relative quantification of
serine/threonine
phosphorylation
of
endogenous IRS-1 immunoprecipitated from
small, percutaneous biopsies of human vastus
lateralis muscle. We used this method to
quantify relative changes in a large number of
serine/threonine residues phosphorylated in
vivo in response to an insulin infusion
(euglycemic, hyperinsulinemic clamp) in
healthy volunteers.
It is reasonable to
anticipate that this method can be applied to
relative quantification of phosphorylation
sites on any protein that can be
immunopurified from small tissue samples.
Methods
Subjects. Four lean, healthy individuals
without a family history of type 2 diabetes
took part in the study. None of the subjects
had any significant medical problems and
their weight was stable for at least 3 months
prior to the study. No subject was taking any
medications known to affect glucose
metabolism. None of the subjects participated
in any heavy exercise and they were
instructed and not to engage in vigorous
exercise for at least 3 days before the study.
The purpose, nature and potential risks of the

study were explained to all subjects and
written consent was obtained before their
participation. The protocol was approved by
the Institutional Review Board of Arizona
State University. All subjects received a 75-g
oral glucose tolerance test on a separate day
to confirm normal glucose tolerance (OGTT).
OGTT.
Baseline blood samples for
determination of plasma glucose, free fatty
acid (FFA), and insulin concentrations were
drawn at -30, -15 and 0 min. At time zero,
subjects ingested 75 g of glucose in 300 ml of
orange-flavored water. Plasma glucose, FFA,
and insulin concentrations were measured at
15-min intervals for 2 hr.
Euglycemic clamp with muscle biopsies.
A euglycemic, hyperinsulinemic clamp was
used to assess insulin sensitivity and expose
skeletal muscle to insulin in vivo, as
previously described (2,24). On the day of
study, at 0700 hr (-120 min), a catheter was
placed in an antecubital vein and maintained
throughout the study for infusions of insulin
and glucose. A second catheter was placed in
a retrograde manner into a vein on the back of
the hand, which was then placed in a heated
box (60 °C). Baseline arterialized venous
blood samples for determination of plasma
glucose and insulin concentrations were
drawn at -30, -20, -10, -5, and 0 min. At 0800
h (time -60 min), after resting for 60 min, a
percutaneous needle biopsy of the vastus
lateralis muscle was performed under local
anesthesia (2). At 0900 hr (0 min), a primed,
continuous infusion of human regular insulin
(Novolin, Novo Nordisk Pharmaceuticals,
Princeton, NJ) was started at a rate of 80
mU•min-1•m-2 body surface area and
continued for 120 min. Arterialized blood
samples were collected every 5 min for
plasma glucose determination and a 20%
glucose infusion was adjusted to maintain the
plasma glucose concentration at each
subject’s fasting plasma glucose level.
Throughout the insulin clamp, blood samples
for determination of plasma glucose
concentration were drawn every 5 min, and
blood samples for determination of plasma
4

insulin were collected every 10-15 min. At
time 1100 hr (+120 min after the start of
insulin infusion) a second percutaneous
muscle biopsy was obtained from the
contralateral vastus lateralis muscle. Visible
fat and/or connective tissue were removed
and the samples (100 – 150 mg each) were
frozen in liquid nitrogen for subsequent
analyses.
Analytical determinations.
Plasma
glucose was measured by the glucose oxidase
method (Beckman Instruments, Fullerton,
CA).
Plasma insulin concentration was
measured by radioimmunoassay (Diagnostic
Products Corporation, Los Angeles, CA).
Muscle biopsy processing.
Frozen
muscle biopsies were homogenized in
detergent-containing lysis buffer as described
(2). Protein concentrations were determined
by the method of Lowry (25).
Immunoprecipitation,
gel
electrophoresis, and immunoblotting. IRS-1
was immunoprecipitated from muscle lysates
as described (2). For mass spectrometry
analysis, 1 to 5 mg of total protein was
immunoprecipitated, whereas for immunoblot
analysis, 0.3 mg was used for IRS-1 protein
blots and 1.0 mg was used for each antiphosphoserine blot.
Immunoprecipitated
proteins were resolved on 7.5% SDS
polyacrylamide gels. For mass spectrometry
analysis, gels were stained with Coomassie
blue for protein visualization, and the gel area
corresponding to the position of IRS-1 was
excised and processed as described below.
No IRS-1 band was visible with either
Coomassie blue or the more sensitive SYPRO
Ruby stain because of the low abundance of
IRS-1 in human muscle samples.
For
immunoblot
analysis,
proteins
were
transferred electrophoretically from the gel to
nitrocellulose membranes. Anti-IRS-1, antiphospho-IRS-1-Ser312
(Upstate
Biotechnology, Inc., Lake Placid, NY), antiphospho-IRS-1Ser636/639 (Cellular Signaling
Technologies, Danvers, MA) and antiphosphotyrosine
(PY99,
Santa
Cruz

Biotechnology, Inc., Santa Cruz, CA)
antibodies were obtained commercially.
In-gel digestion.
The gel portions
containing IRS-1 were excised, placed in a
0.6-ml polypropylene tube, washed with 400
µl of 40 mM NH4HCO3, destained twice with
300 µl of 50% acetonitrile (ACN) in 40 mM
NH4HCO3 and dehydrated with 100% ACN
for 15 min. After removal of ACN by
aspiration, the gel pieces were dried in a
vacuum centrifuge at 60 °C for 20 min.
Trypsin (250 ng; Sigma Chemical Co., St.
Louis, MO) in 20 µl of 40 mM NH4HCO3
was added, and the samples were maintained
at 4 °C for 15 min prior to the addition of 50
µl of 40 mM NH4HCO3 containing 10 fmol/µl
angiotensin II (Ang II; internal peptide
reference). The digestion was allowed to
proceed at 37 ºC overnight and was
terminated by addition of 10 µl 5% formic
acid (FA). After further incubation at 37 °C
for 30 min and centrifugation for 1 min, each
supernatant was transferred to a clean
polypropylene tube. The extraction procedure
was repeated using 40 µl of 5% FA, and the
two extracts were combined. The resulting
peptide mixtures were purified by solid-phase
extraction (C18 ZipTip, Millipore, Billerica,
MA) after sample loading in 0.05%
heptafluorobutyric acid:5% FA (v/v) and
elution with 50 % ACN:1% FA (v/v). The
samples were dried by vacuum centrifugation,
and 4 µl of 0.1% FA:2%ACN (v/v) was
added.
Mass spectrometry. HPLC-ESI-MSn was
performed on a hybrid linear ion trap (LTQ)Fourier Transform Ion Cyclotron Resonance
(FTICR) mass spectrometer (LTQ FT,
Thermo Fisher ; San Jose, CA) fitted with a
PicoView™
nanospray
source
(New
Objective, Woburn, MA).
The mass
spectrometer was calibrated weekly according
to manufacturer's instructions, achieving mass
accuracies of the calibrants within 2 ppm. For
HPLC-ESI-MS/MS analyses of tryptic digests
of hIRS-1, the mass values of the added Ang
II internal standard were routinely within 3
ppm of theoretical. On-line capillary HPLC
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was
performed
using
a
Michrom
BioResources Paradigm MS4 micro HPLC
(Alburn, CA) with a PicoFrit™ column (New
Objective; 75 µm i.d., packed with
ProteoPepTM II C18 material, 300 Å); mobile
phase, linear gradient of 2 to 27% ACN in 0.1
% FA in 45 min, a hold of 5 min at 27%
ACN, followed by a step to 50% ACN, hold 5
min and then a step to 80%; flow rate, 250
nl/min.
A “top-10” data-dependent tandem mass
spectrometry (MS) approach was utilized to
identify IRS-1 peptides and to obtain their
HPLC retention times. In a top-ten scan
protocol, a full scan spectrum (survey scan) is
acquired followed by collision-induced
dissociation (CID) mass spectra of the 10
most abundant ions in the survey scan. Use
of this type of scan strategy results in
acquisition of CID spectra of the ten most
abundant ions appearing at any given time in
an HPLC run. Thus, a large number of
tandem mass spectra are acquired during the
course of each analysis. For the experiments
used in the current report, the survey scan was
acquired using the FTICR mass analyzer in
order to obtain high mass accuracy data.
From this initial analysis, a list of potential
phosphorylated peptides was generated based
on
detected
serine/threonine-containing
peptides of IRS-1. For localization of sites of
phosphorylation, a scan protocol of 1 survey
scan (FTICR), followed by 7 targeted MS/MS
scans (CID spectra of specified m/z values
that were acquired using the LTQ mass
analyzer). For quantification, the following
multi-segment strategy was employed: 1
survey scan, followed by 1 parent-list CID
scan and 5 targeted CID scans. Ions in the
parent list are only fragmented if they are
detected above a specified minimum
intensity; targeted ions are fragmented in each
scan segment. Included in the parent list were
the 1+ or 2+ charge states of six
representative IRS-1 peptides selected from
the prominent ions reproducibly observed in
the top-10 data-dependent tandem-MS
analysis (19,26). These peptides were used as

internal standards for assessment of total,
unphosphorylated, IRS-1 protein content (see
below) and for relative quantification of
phosphopeptides. The 2+ or 3+ ions of the
phosphopeptides of interest were placed on
the target list (19). In order to assess the
relative quantities of a large number of
phosphopeptides in each experiment and yet
still maintain an acceptable mass analysis
cycle times, the targeted m/z values were
grouped into segments based on their
expected HPLC retention times.
All
uninterpreted tandem MS data were searched
against the human Swiss-Prot database using
Mascot (Matrix Science, London, UK). Cross
correlation of Mascot search results with X!
Tandem was accomplished with Scaffold
(Proteome
Software;
Portland,
OR).
Assignments of the phosphopeptides were
confirmed by manual comparison of the
tandem mass spectra with the predicted
fragmentation generated in silico by the MSProduct component of ProteinProspector
(http://prospector.ucsf.edu).
Peak areas for each peptide were
obtained by integration of the appropriate
reconstructed ion chromatograms (generated
with a 5 ppm mass tolerance) for precursor
ion masses acquired using the FTICR mass
analyzer.
The trace generated in a
reconstructed ion chromatogram displays the
intensity (abundance) of a specified ion
relative to HPLC retention time in a format
that is analogous to a UV absorbance trace for
an HPLC/UV run. The peak areas for
phosphopeptides then were normalized
against the average peak area for six
representative IRS-1 peptides (endogenous
standards). Relative quantification of each
phosphopeptide was obtained by comparing
normalized peak-area ratios for obtained from
IRS-1 isolated from muscle samples taken
during basal and insulin-stimulated conditions
(19). To determine variability, three equal (5mg protein) aliquots of a homogenate of
human
muscle
were
separately
immunoprecipitated.
Immunoprecipitated
proteins were resolved on gels, the portion of
6

the gel corresponding to IRS-1 was excised
and digested with trypsin. The resulting
peptides were subjected to HPLC-MS
analysis as described. The coefficient of
variation for the average of the six
unphosphorylated IRS-1 peptides was found
to be 12%. For the phosphopeptides observed
and quantified in these preliminary
experiments, coefficients of variation for
Ser330, Ser348, Thr446, Ser1100, Ser1101, and
Ser1223 were 30, 9, 27, 5, 9, and 25%,
respectively.
Statistical
analyses.
Statistical
significance was assessed by comparing basal
and
insulin-stimulated
phosphopeptide
intensities (normalized to IRS-1 peptides as
described above) using two-tailed paired ttests.
Results
Subject characteristics and insulinstimulated glucose metabolism.
The
characteristics of the subjects are given in
Table 1. Subjects were lean (BMI = 24 + 1.4
kg/m2), aged 27 + 4, and without a family
history of type 2 diabetes mellitus. The rate
of infusion of glucose required to maintain the
subjects at euglycemia was 9.0 + 0.9 mg/kg
fat free mass/min at an insulin infusion rate of
80 mU/min/m2 of body surface area, which
produced plasma insulin concentrations of
506 ± 46 pmol/l
At these insulin
concentrations,
endogenous
glucose
production in insulin-sensitive volunteers is
completely suppressed, so the rate of glucose
infusion can be taken as a measure of glucose
disposal (27).
Identification of phosphorylation of IRS1.
Data-dependent capillary HPLC
electrospray tandem mass spectrometry
(HPLC-ESI-MS/MS) analysis of tryptic
digests of proteins immunoprecipitated with
an anti-IRS-1 antibody from skeletal muscle
biopsies confirmed the presence of IRS-1.
The sequence coverage of IRS-1 tryptic
peptides detected in a representative datadependent tandem MS analysis is shown in
Figure 1. Due to the complexity of the tryptic
digest of IRS-1 and the low abundance of

IRS-1 in human muscle, no phosphopeptides
were detected in a data-dependent analysis
that did not include targeted or parent-ion list
scans (see below). However, many IRS-1
peptides containing serine and/or threonine
were detected. Since any peptide with serine
or threonine has the potential to exist in a
phosphorylated state, we predicted that low
abundance phosphopeptides might be
detected using a “targeted” MS scan strategy
based on addition of 80 Da (H3PO4 – H2O) to
the mass of each detected IRS-1 peptide that
contained serine or threonine.
We
constructed a hypothesis-driven strategy with
various potential phosphopeptide m/z values
in a target list, greatly improving efficiency
for identifying phosphorylation.
This
approach enabled us to detect 22 distinct
phosphorylation sites in 15 IRS-1 tryptic
peptides. From Scaffold analysis of the
database search results, 21 of the 22
phosphopeptides were identified at the 95%
confidence level. The tandem mass spectrum
of the peptide that did not generate a highconfidence identification in the Scaffold
analysis (IRS-1627-638 with phosphorylation on
Ser636 and oxidation on Met633 and Met635)
matched that of a synthetic peptide that was
identically phosphorylated and oxidized (not
shown). Tandem mass spectra illustrating
localization of the sites of phosphorylation for
all phosphopeptides are given in Online
Appendix 1. In three cases, a particular
peptide was found to exist in more than one
phosphorylated form.
That is, multiple
serines and/or threonines were present in the
sequence and were found to be alternatively
phosphorylated
in
individual
monophosphorylated peptides (Table 2). In
some cases, monophosphorylated peptide
isoforms
could
not
be
resolved
chromatographically but there was clear
fragmentation data showing the presence of
two or more monophosphorylated peptides in
a chromatographic peak (Ser307/Ser323,
Ser527/Ser531, and Ser1142/Ser1143/Ser1145). In
other cases, chromatographic separation of
the monophosphorylated peptide isoform
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pairs was possible (the peptides containing:
Ser629 and Ser636; Ser330 and Ser348; the
peptide
containing
Ser312
that
was
chromatographically distinct from the coeluting
mono-phosphorylated
peptides
307
323
containing Ser and Ser ). The identified
phosphopeptides contain a total of 70 serines
and threonines, representing 29% of all
serines and threonines in hIRS-1.
In our analyses of hIRS-1 from muscle
biopsy tissue, we identified three new
phosphorylation sites: Thr495, Ser527, and
Ser1005. We also detected a number of other
phosphorylation sites (Ser307, Ser312, Ser323,
Ser330, Ser348, Thr446, Ser531, Ser574, Ser616,
Ser629, Ser636, Ser892, Ser1078, Ser1100, Ser1101,
Ser1142, Ser1143, Ser1145, and Ser1223) that have
been reported previously by us and by other
investigators using a variety of techniques,
including
site-directed
mutagenesis,
immunoblot analysis with site specific
phospho-antibodies, and mass spectrometry
(5,6,8,11,12,15-18,22).
Effect
of
insulin
on
IRS-1
phosphorylation. The effect of two hours of
insulin infusion on the extent of
phosphorylation
of
fifteen
distinct
phosphorylation sites was quantified by our
analytical strategy (Table 2). Three additional
peptides (Table 2) that contained multiple
serine and threonine residues were found to
exist in two or more individually
phosphorylated
forms
(Ser307/Ser323,
Ser527/Ser531,
Ser1142/Ser1143/Ser1145;
see
above, preventing individual quantification of
these sites by mass spectrometry). The ion
intensity for the added Ang II standard did not
differ for basal or insulin-stimulated samples,
indicating similar recoveries. Insulin infusion
also had no statistically significant effect on
the average ion intensity for the six
unphosphorylated peptides used as internal
IRS-1 standards, although there was an
apparent tendency for a decrease of 29 ± 18%
(P = 0.34) in the level of IRS-1 after insulin
treatment. Reconstructed ion chromatograms
for the six unphosphorylated IRS-1 peptides

from basal and insulin-stimulated muscle
biopsies are shown in Online Appendix 2.
The infusion conditions used for our
study produced plasma insulin levels that
were within the high physiological range.
After two hours of insulin infusion, we found
that relative phosphorylation of IRS-1 was
increased at some sites and decreased at
others when expressed relative to total IRS-1
protein
as
assessed
by
the
six
unphosphorylated IRS-1 peptides (Table 2).
Phosphorylation of Ser312, Ser616, and Ser636
increased more than two fold in response to
insulin (P < 0.05), while phosphorylation of
Ser348, Ser1005, Thr446, and Thr495 decreased
significantly (Table 2). Phosphorylation was
also found to be increased significantly at
other sites by insulin, but to a lesser degree.
For example, in the C-terminal portion of
IRS-1, Ser1101 and Ser1223 both increased by
1.3 ± 0.1-fold during the two-hour insulin
infusion (both P < 0.05). Representative
reconstructed ion chromatograms for selected
phosphopeptides that exhibited increased
abundance (pSer616), did not change (pSer1078)
or decreased (pSer348) are shown in Figure 2
(top, middle and bottom panels, respectively).
Figure 3 shows the chromatographic
separation of 627KGpSGDYMPMSPK638
(pSer629) and 627KGSGDYMPMpSPK638
(pSer636) along with the corresponding
tandem mass spectra identifying the specific
sites of phosphorylation. Shown in Online
Appendix 3 are reconstructed reaction
chromatograms
that
validate
the
chromatographic separation of IRS-1326-353
mono-phosphohorylated peptides containing
pSer348 and pSer330.
Figure 4 provides a visual representation
of the overall relative changes in
phosphorylation of IRS-1; the regions where
IRS-1 associates with the insulin receptor, the
p85 regulatory subunit of PI 3'-kinase, and the
tyrosine phosphatase SHP2 are also indicated
in Figure 4. Fold changes are expressed as
log2(fold change), so in Figure 4, a fold
increase of 2.0 (100% increase) equates to
8

+1.0 and 0.5 of basal (50% decrease)
corresponds to -1.0.
Insulin-induced
changes
in
312
636
phosphorylation of Ser
and Ser ,
determined by mass spectrometry analysis,
were compared with immunoblot analysis
using site-specific anti-phospho-antibodies
directed against phospho-Ser312 and phosphoSer636/639 (Figure 5). As a positive control, we
used an anti-phosphotyrosine antibody to
detect insulin stimulation of tyrosine
phosphorylation of IRS-1 (Figure 5). Using
mass spectrometry analysis, a 2.6 ± 0.4-fold
(P < 0.05) insulin-induced increase was found
for phosphorylation at Ser312 and a 2.1 ± 0.3fold (P < 0.05) increase at Ser636 (Table 2).
Immunoblot analyses showed fold changes of
1.6 ± 0.5 and 1.3 ± 0.3 for Ser312 and
Ser636/639, respectively (not statistically
significant).
Several other phosphorylation sites were
found to be decreased following two hours of
insulin infusion (see Figure 4). Except for
Ser1005, these sites all were within a 150amino acid region of IRS-1 (residues 328 –
520) that lies proximal and C-terminal to the
PTB domain (residues 161 – 264) that is
responsible for association of IRS-1 with the
insulin receptor. Phosphorylation at these
sites (Ser348, Thr446, and Thr495) decreased
dramatically to 0.4 ± 0.1, 0.2 ± 0.1, and 0.1 ±
0.1 of basal values (all P < 0.05).
Discussion
The availability of genomics approaches
for assessment of differences in global gene
expression and proteomics techniques for
determination of relative changes in
abundance for a large number of proteins has
made it possible to gain insight into highly
complicated biological processes. Regulation
of
protein
function
by
covalent
modification(s) adds further complexity to
these
multidimensional
systems.
Development of methods for global
assessment of posttranslational modifications
of proteins has lagged behind other
proteomics techniques.
Quantification of

posttranslational modifications of specific
proteins isolated from small samples of
human tissue is particularly challenging due
to the extremely limited amount of protein
available for analysis. The importance of
modification of protein function/activity by
phosphorylation has been known for decades.
Phosphorylation of serine and threonine
residues was recognized first as regulatory for
protein activity, and later, tyrosine
phosphorylation was established as playing a
major role in the function of many proteins
involved in cell signaling (28). Antibodies
that recognize phosphorylated amino acids in
specific amino acid sequence motifs have
been developed as a way to use immunoblot
analysis to obtain relative quantification of
site-specific phosphorylation in proteins
obtained from biological samples. Although
these antibodies can be used very effectively
for studies of selected regulatory sites (for
example, Thr308 and Ser473 of Akt), they are
much less useful for proteins such as IRS-1 in
which there are a large number of known
phosphorylation sites as well as numerous
potential sites that may regulate the functions
of this protein. In many cases, either the
appropriate antibodies have not been
generated or the available antibodies lack the
requisite specificity. In addition, in our
experience, antibodies that provide excellent
results with lysates of cultured cells where
proteins of interest often are over-expressed,
frequently do not work as well in
homogenates derived from biopsy specimens
of human tissue. Moreover, even if sitespecific antibodies were available for all
phosphorylation sites identified here (which
they are not), the immunoblot analyses would
require more protein than would be obtainable
from a single biopsy.
The results of the present study show that
it is possible to assess relative changes in
phosphorylation of many serine and threonine
sites in IRS-1 immunoprecipitated from small
(100 mg or less), percutaneous needle
biopsies of human vastus lateralis muscle.
Through coupling with the euglycemic
9

hyperinsulinemic clamp technique, we were
able to study the in vivo regulation of 22 IRS1 serine and threonine phosphorylation sites
by insulin. To our knowledge, this is the first
report of such an accomplishment. Of the 22
hIRS-1 phosphorylation sites reported here,
three are new and previously unidentified in
either in vitro or in vivo studies (Thr495,
Ser527, and Ser1105) and 20 are, for the first
time, being reported and confirmed as
phosphorylation sites in vivo [the two
exceptions being Ser312 and Ser636, both of
which have been previously reported as
phosphorylation sites in vivo (29,30)].
Numerous published reports have used in
vitro kinase assays to identify potential
kinases involved in IRS-1 phosphorylation as
well as their respective sites, although data
regarding whether these sites undergo
phosphorylation in either cells or in vivo is
lacking. Here, we confirm that, in fact, sites
such as Ser307 and Ser330 [shown to be
phosphorylated in vitro by Protein Kinase C
(PKC)δ/PKCθ/Akt and Akt, respectively
(31,32)], Ser574 [an in vitro substrate of
PKCδ, PKCζ, and PKA (31)], and Ser1100,
Ser1142, and Ser1143 [phosphorylated in vitro
by PKA (26)] are genuine in vivo IRS-1
phosphorylation sites. Our results validate the
use of in vitro approaches for characterizing
cell signaling as a preliminary step for further
studies in vivo.
Our global phosphorylation analysis
revealed several regions of interest in the IRS1 sequence. First, inflammation-mediated
hyper-phosphorylation at Ser312 has been
shown to decrease insulin signaling by
interfering with association of the PTB
domain (residues 160 – 263) of IRS-1 with
the insulin receptor (5,22).
Elevated
616
phosphorylation at Ser
and Ser636 may
interfere with the association of the p85
regulatory subunit of PI 3'-kinase with
phospho-YXXM motifs of IRS-1 in this same
region (5,15). This may be due to steric
factors if the phosphorylated serine residues
block access to critical regulatory regions of

IRS-1 containing phosphotyrosine residues.
Our results indicate that a relatively acute (2
hr.) stimulation with insulin increases
phosphorylation at Ser312, Ser616, and Ser636.
This could imply that, like Ser323, these sites
might not only have negative regulatory roles,
but also could play an unknown positive role
in the acute, stimulatory phase of insulin
action. On the other hand, since chronic high
insulin concentrations downregulate IRS-1
protein in vitro (23) and induce insulin
resistance in vivo (33), it is possible that our
observations after two hours of insulin
infusion reflect the initiation of insulin
resistance.
Time-course studies will be
needed to address these questions.
With respect to phosphorylation of Ser616
by insulin, a recent study using immunoblot
analysis with a site-specific antibody directed
against IRS-1 phosphorylated at Ser616 found
no effect of insulin on the level of
phosphorylation of this site in healthy humans
(34). These results contrast with the present
mass spectrometry analysis that showed a 2.9
± 0.8-fold insulin-induced increase in
This
phosphorylation of Ser616 (34).
dissimilarity of the results from the different
methods was in keeping, however, with our
own results for Ser312 and Ser636/639 in which
we
showed
greater
increases
in
phosphorylation in response to insulin when
assessed by mass spectrometry vs.
immunoblot analyses. These differences in
results from the two methods may result from
inherent difficulties in quantification of
immunoblots, in particular due to their limited
dynamic range.
Phosphorylation at Ser1223 interferes with
association of the tyrosine phosphatase SHP2
with IRS-1 and enhances insulin signaling by
increasing tyrosine phosphorylation of IRS-1
in response to insulin (13).
Therefore,
insulin-induced phosphorylation at Ser1223
could serve as a mechanism to increase
insulin action. Increased phosphorylation at
Ser1101, in the same general region, also
potentially could influence association of
SHP2 with IRS-1.
One particularly
10

interesting region of IRS-1 revealed by our
analyses (amino acids 328 – 520) contains
three phosphorylation sites that are
significantly and markedly decreased in
response to insulin (Ser348, Thr446, and Thr495).
Of note is Thr495, the phosphorylation of
which decreases to an almost undetectable
level after two hours of physiological
hyperinsulinemia. The function of these
phosphorylation sites is unknown, but such
dramatic changes are unlikely to be without
effect.
The potential contribution of insulininduced downregulation of IRS-1 protein to
these results should be considered in light of
other reports indicating that chronic insulin
exposure can lead to a decrease in IRS-1
protein via phosphorylation, followed by
ubiquitination and proteasomal degradation
(23). Although the period of exposure to
insulin in the present study was more acute
than chronic, a modest (30%), albeit not
statistically significant, decrease in total IRS1 protein was observed. Such a small
decrease would not substantially affect the
estimation of insulin-induced increases or
decreases in phosphorylation of particular
sites using our MS-based approach.
However, it remains possible that large
decreases in phosphorylation of certain sites,
such as those observed at Ser348, Thr446, and
Thr495, could be due to selective degradation
of populations of IRS-1 that are
phosphorylated at those sites.
On
extrapolation,
this
implies
that
phosphorylation of this region of IRS-1 might
target it for ubiquitination and degradation.
However, additional experiments are required
to elucidate the function of phosphorylation
of sites in this region of IRS-1.
Our mass spectrometry-based strategy to
quantify site-specific protein phosphorylation
presents several advantages over other
approaches. First, our method has the ability
to detect unknown sites of phosphorylation—
Second, this MS-based
such as Thr495.
technique has the capability of quantifying a
large number of phosphorylation sites in IRS-

1 from a single biological sample. Third, this
approach can be used to study in vivo
regulation of IRS-1 phosphorylation not only
in healthy subjects, but also in populations
with specific diseases. For example, it will be
important to use this technique to determine
whether
dysregulation
of
IRS-1
phosphorylation is involved in insulin
resistance. Finally, the method described here
not only represents a powerful means to
understand
the
physiological
and
pathophysiologic relevance of serine and
threonine phosphorylation of IRS-1, but it
also provides a new tool for quantification of
changes in posttranslational modifications of
many proteins from small samples of human
tissue.
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Table 1. Subject characteristics.
Gender (F/M)
Age (yrs.)
Weight (kg)
Body Mass Index (kg/m2)
Fasting Plasma Glucose (mM)
Clamp Plasma Glucose (mM)
Fasting Plasma Insulin (pmole/l)
Clamp Plasma Insulin (pmole/l)
Insulin-Stimulated Glucose Disposal
(mg.kg FFM-1.min-1)

3/2
27 ± 4
70 ± 6
24 ± 1.4
5.0 ± 0.2
4.9 ± 0.3
84 ± 8
506 ± 46
9.0 ± 0.9

Data are given as mean ± SE
.
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Table 2. Effect of insulin infusion on phosphorylation of endogenous IRS-1 isolated from
muscle biopsies.
Residues
303-325

Sequence
(R)SRTESITATpSPASMoxVGGKPGSFR

Site(s)
Ser312
330

Fold Change
Due to Insulin
2.6 ± 0.4*
1.1 ± 0.2

328-353

(R)ASpSDGEGTMoxSRPASVDGSPVSPSTNR

Ser

328-353

(R)ASSDGEGTMoxSRPASVDGSPVpSPSTNR

Ser348

0.4 ± 0.1*

446

0.2 ± 0.1*

444-457

(R)SVpTPDSLGHTPPAR

Thr

494-520

(R)CpTPGTGLGTSPALAGDEAASAADLDNR

Thr495

0.1 ± 0.1*

573-580

(R)HpSAFVPTR

Ser574

1.1 ± 0.1

596-626

(R)GGHHRPDSSTLHTDDGYMoxPMoxpSPGVAPVPSGR

Ser616

2.9 ± 0.8*

627-638

(R)KGpSGDYMoxPMoxSPK

Ser629

1.2 ± 0.1

627-638

(R)KGSGDYMoxPMoxpSPK

Ser636

2.1 ± 0.3*

892

1.6 ± 0.1*

Ser

1005

0.3 ± 0.2*

1075-1081 (R)VNLpSPNR

Ser

1078

1.1 ± 0.1

1098-1112 (R)RHpSSETFSSTPSATR

Ser1100

0.8 ± 0.2

1099-1112 (R)HSpSETFSSTPSATR

Ser1101

1.3 ± 0.1*

1223

1.3 ± 0.1*

892-922
999-1016

(PK)pSPGEYVNIEFGSDQSGYLSGPVAFHSSPSVR
(R)QSYVDTpSPAAPVSYADMoxR

1221-1236 (R)RSpSEDLSAYASISFQK

Ser

Ser

Singly-phosphorylated peptides not separated by HPLC
303-325

(R)SRTEpSITATSPASMoxVGGKPGpSFR

Ser307

**

323

**

303-325

(R)SRTESITATSPASMoxVGGKPGpSFR

Ser

525-538
525-538

(R)THpSAGTSPTITHQK
(R)THSAGTpSPTITHQK

Ser527
Ser531

**
**

1141-1161 (R)HpSSASFENVWLRPGELGGAPK
1141-1161 (R)HSpSASFENVWLRPGELGGAPK

Ser1142
Ser1143

**
**

1141-1161 (R)HSSApSFENVWLRPGELGGAPK

Ser1145

**

Data are shown as fold change compared to basal (before insulin infusion values—see text for
calculations) and are presented as mean ± SEM of four independent experiments. Each experiment
represents the average of two replicates from the same muscle homogenate. *, P < 0.05 by paired t-test
(basal vs. insulin, comparing normalized ion intensities); pS, phosphoserine; pT, phosphothreonine; Mox,
oxidized methionine. **Monophosphorylated peptides were not sufficiently separated by HPLC to
permit individual quantification (see text). Evidence for the existence of modification at each site was
obtained by tandem mass spectrometry.
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Figure Legends
Figure 1. Representative coverage map of peptides detected in tryptic digests of human muscle
IRS-1 using HPLC-nanospray-LTQ-FT/ICR analysis. Detected peptides are shown in red,
phosphorylation sites are shown in green. Underlined sequences are known SH2 recognition
motifs (YXXM/L/I).
Figure 2. Reconstructed ion current chromatograms corresponding to three phosphopeptides
detected in tryptic digests of IRS-1 isolated from human muscle biopsies of a representative
healthy control subject taken one hour before (Basal) and at the end of two hours of insulin
infusion (Insulin) during a euglycemic, hyperinsulinemic clamp.
Upper panel,
GGHHRPDSSTLHTDDGYMoxPMoxpSPGVAPVPSGR [m/z 1109.82 (3+); IRS-1596-626; the
abundance of this phosphopeptide increased after 2-hr insulin infusion compared to basal; mean
fold-change ± SEM of four independent experiments, 2.9 ± 0.8 (P < 0.05)]; middle panel,
VNLpSPNR [m/z 440.21 (2+); IRS-11075-1081; no change after 2-hr insulin infusion]; lower panel,
ASSDGEGTMoxSRPASVDGSPVpSPSTNR [m/z 882.38 (3+); IRS-1328-353; the abundance of
this phosphopeptide decreased after 2-hr insulin infusion; mean fold-change ± SEM of four
independent experiments, 0.4 ± 0.1 (P < 0.05)].
Figure 3. Identification of sites of phosphorylation in an hIRS-1 peptide that was detected in two
distinct mono-phosphorylated forms in tryptic digests of IRS-1 isolated from a human muscle
biopsy. A, Reconstructed ion current chromatogram for m/z 705.3 illustrating chromatographic
separation of IRS-1627-638 KGSGDYMoxPMoxpSPK (pSer636) and KGpSGDYMoxPMoxSPK
(pSer629). B, tandem mass spectrum of pSer636 peptide; C, tandem mass spectrum of pSer629
peptide; *, loss of H3PO4 (98 u) from the indicated fragment; §, loss of SOCH4 (64 u); Mox,
oxidized methionine. Ion annotations shown in italics indicate fragments that contain phosphate.
In panel B, the presence of y-series ions containing phosphate starting with y4 support
phosphorylation of Ser636. The shift of b5 from m/z 445.2 in panel B to m/z 525.1 in panel C,
corresponding phospho-containing b7 and b9 ions and the absence of modification for y-series
ions until y10 indicate phosphorylation at Ser629.
Figure 4. Relative changes in phosphorylation of specific sites in IRS-1 produced by insulin
during a euglycemic, hyperinsulinemic clamp. Insulin-stimulated changes relative to basal
values are expressed as the base-2 log of the change, so a 100% increase corresponds to a value
of 1.0 and a 50% decrease is -1.0; for sites where there was no change in relative
phosphorylation, the value is zero. The amino acid residue number for each site of
phosphorylation is given on the x-axis, and the positions of the pleckstrin homology (PH) and
phosphotyrosine binding (PTB) domains are shown in gray. The insulin receptor, PI 3'-kinase,
and SHP2 are shown contiguous to their binding regions.
Figure 5. Immunoprecipitation and immunoblot analysis of homogenates of biopsies of vastus
lateralis muscle taken one hour before (Lane 1) and at the end of two hours of insulin infusion
(Lane 2) during a euglycemic, hyperinsulinemic clamp in a representative healthy control
subject. Muscle homogenates (1 mg protein for anti-pSer636/639, anti-pSer312 and antiphosphotyrosine; 0.3 mg for total IRS-1 protein) were immunoprecipitated using anti-IRS-1
antibody as described in the text. Immunoprecipitated proteins were resolved on SDSpolyacrylamide gels and the proteins were transferred electrophoretically to nitrocellulose
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membranes. The membranes were exposed to anti-phosphotyrosine (top panel), anti-IRS-1
pSer636/639 (second panel), anti-IRS-1 pSer312 (third panel), or anti-IRS-1 protein (lower panel)
antibodies and visualized by chemiluminescence.
Online Appendix 1 (A-R). Tandem mass spectra of phosphopeptides detected in tryptic digests
of IRS-1 isolated from biopsies of human vastus lateralis muscle; *, loss of H3PO4 (98 u) from
the indicated fragment; §, loss of SOCH4 (64 u); ∆, loss of H2O (18 u); Mox, oxidized methionine.
All sites were verified manually by comparison with fragmentation patterns generated in silico.
Online Appendix 2. Reconstructed ion chromatograms corresponding to the six representative
IRS-1 peptides that were reproducibly detected in tryptic digests of IRS-1 isolated from human
muscle biopsies. The traces shown here are from biopsies of a representative healthy control
subject taken one hour before (Basal) and at the end of two hours of insulin infusion (Insulin)
during a euglycemic, hyperinsulinemic clamp; r.t., retention time; r.r.t, relative retention time
compared to Ang II. There was no significant change of total IRS-1 abundance after the 2-hr
insulin infusion compared to basal.
Online Appendix 3. Reconstructed ion chromatograms illustrating chromatographic separation
of mono-phosphorylated IRS-1328-353 peptide analogs. A, m/z 882.4; B, fragmentation of m/z
882.4 to m/z 937.5, a unique ion in the tandem mass spectrum of IRS-1328-353 phosphorylated at
Ser348; B, fragmentation of m/z 882.4 to m/z 1010.3, a unique ion in the tandem mass spectrum of
IRS-1328-353 phosphorylated at Ser330. Tandem mass spectra of IRS-1328-353 phosphorylated at
Ser330 and Ser348 are shown in Online Appendix 1C and 1D, respectively.
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