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Background& aims: The physiological regulation and contribution of themultiple phosphorylation sites of insulin
receptor substrate 1 (IRS1) to the pathogenesis of insulin resistance is unknown. Our aimswere tomap the phos-
phorylatedmotifs of IRS1 in skeletal muscle from people with normal glucose tolerance (NGT; n= 11) or type 2
diabetes mellitus (T2DM; n = 11).
Methods: Skeletal muscle biopsies were obtained under fasted conditions or during a euglycemic clamp and IRS1
phosphorylation sites were identified by mass spectrometry.
Results:We identified 33 phosphorylation sites in biopsies from fasted individuals, including 2 previously unre-
ported sites ([Ser393] and [Thr1017]). In men with NGT and T2DM, insulin increased phosphorylation of 5 pep-
tides covering 10 serine or threonine sites and decreased phosphorylation of 6 peptides covering 9 serine,
threonine or tyrosine sites. Insulin-stimulation increased phosphorylation of 2 peptides, and decreased phos-
phorylation of 2 peptides only in men with NGT. Insulin increased phosphorylation of 2 peptides only in men
with T2DM.
Conclusions: Despite severe skeletal muscle insulin resistance, the pattern of IRS1 phosphorylation was not uni-
formly altered in T2DM. Our results contribute to the evolving understanding of the physiological regulation of
insulin signaling and complement the comprehensive map of IRS1 phosphorylation in T2DM.

© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Receptors for insulin and insulin-like growth factors phosphorylate
insulin receptor substrate (IRS) proteins and activate downstream sig-
naling cascades controlling growth and metabolism. In people with
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type 2 diabetes mellitus (T2DM) or severe obesity, insulin-stimulated
IRS1 tyrosine phosphorylation and downstream signal transduction is
reduced in skeletal muscle [1–4]. Conversely, increased IRS1 phosphor-
ylation on serine and threonine residues attenuates insulin signaling [5],
with IRS1 serine phosphorylation proposed to alter substrate kinetics
and the ability of the insulin receptor to phosphorylate IRS1 on tyrosine
sites [5]. While the phosphoproteome of IRS1 has been characterized
[5–8], the function of phosphorylation sites in vivo is elusive, partly
due to the limited availability of clinically relevant material, and techni-
cal challenges due to the complex chemistry of the protein. Further-
more, the map of IRS1 phosphorylation sites is far from complete.
Here we explored IRS1 phosphorylation patterns in human skeletal
muscle and determined whether insulin-mediated responses are al-
tered between individuals with normal glucose tolerance (NGT)
or T2DM.
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 2
Identified phosphorylated peptides and phosphorylation sites. Twopreviously unreported
sites were identified: Ser393, Thr1017.

Number Phosphorylation site Peptide sequence

IRS1-P1 S268 sKSQSSSNCSNPISVPLR
IRS1-P2 S270 SKsQSSSNCSNPISVPLR
IRS1-P3 S307 SRTEsITATSPASMVGGKPGSFR
IRS1-P4 S330 ASsDGEGTMSRPASVDGSPVSPSTNR
IRS1-P5 S348 ASSDGEGTMSRPASVDGSPVsPSTNR
IRS1-P6 S330, S348 ASsDGEGTMSRPASVDGSPVsPSTNR
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2. Material and methods

2.1. Subject characteristics

Men with NGT (n = 11) or T2DM (n = 11) were studied (Table 1,
Supplemental Appendix). Informed written consent was obtained
from the participants. The study was approved by the regional ethical
review board in Stockholm, as well as in Daiichi Sankyo Co., Ltd. and
Daiichi Sankyo RD Novare Co., Ltd.
IRS1-P7 S337, S348 ASSDGEGTMsRPASVDGSPVsPSTNR
IRS1-P8 S341, S348 ASSDGEGTMSRPAsVDGSPVsPSTNR
IRS1-P9 S374 sIPMPASR
IRS1-P10 S383 CsPSATSPVSLSSSSTSGHGSTSDCLFPR
IRS1-P11 S393 CSPSATSPVSLsSSSTSGHGSTSDCLFPR
IRS1-P12 S412 RsSASVSGSPSDGGFISSDEYGSSPCDFR
IRS1-P13 S413 RSsASVSGSPSDGGFISSDEYGSSPCDFR
IRS1-P14 T446, S449, T453 SVtPDsLGHtPPAR
IRS1-P15 T446, S449 SVtPDsLGHTPPAR
IRS1-P16 T446, T453 SVtPDSLGHtPPAR
IRS1-P17 T446 SVtPDSLGHTPPAR
2.2. Muscle biopsy sampling

Biopsies (50–80 mg) were obtained from overnight fasted subjects
from the vastus lateralis portion of the quadriceps femoris after local an-
esthesia (Lidokain hydrochloride 5 mg/mL) using a conchotome
(AgnTho's AB, Sweden) before and 30 min into a euglycemic
hyperinsulinemic clamp as described (Supplemental Appendix).
IRS1-P18 T453 SVTPDSLGHtPPAR
IRS1-P19 S527 THsAGTSPTITHQK
IRS1-P20 T530 THSAGtSPTITHQK
IRS1-P21 S531 THSAGTsPTITHQK
IRS1-P22 T533 THSAGTSPtITHQK
IRS1-P23 S527, T530 THsAGtSPTITHQK
IRS1-P24 S527, S531 THsAGTsPTITHQK
IRS1-P25 S527, T533 THsAGTSPtITHQK
IRS1-P26 S574 HsAFVPTR
IRS1-P27 Y612 GGHHRPDSSTLHTDDGyMPMSPGVAPVPSGR
IRS1-P28 S616 GGHHRPDSSTLHTDDGYMPMsPGVAPVPSGR
IRS1-P29 S629 KGsGDYMPMSPK
IRS1-P30 Y632 KGSGDyMPMSPK
IRS1-P31 S636 KGSGDYMPMsPK
IRS1-P32 S629, S636 KGsGDYMPMsPK
2.3. Sample processing and IRS1 immunoprecipitation

Pooled fasting skeletal muscle samples and one additional specimen
from Human and Animal Bridging Research Organization were used for
the initial analysis to identify of IRS1 phosphopeptides. For subsequent
quantification of IRS1 phosphopeptides, fasted and insulin-stimulated
skeletal muscle samples from men with NGT (n = 11) or T2DM (n =
11) were analyzed. Skeletal muscle lysates were subjected to immuno-
precipitation by polyclonal anti-IRS1 antibody. Details are described in
Supplemental Appendix.
IRS1-P33 T1017 tGIAAEEVSLPR
IRS1-P34 S1078 VNLsPNR
IRS1-P35 S1101 HSsETFSSTPSATR
IRS1-P36 S1100, S1101 RHssETFSSTPSATR
IRS1-P37 S1101, T1103 RHSsEtFSSTPSATR
IRS1-P38 S1142 HsSASFENVWLRPGELGGAPK
IRS1-P39 S1145 HSSAsFENVWLRPGELGGAPK
IRS1-P40 S1142, S1143 RHssASFENVWLRPGELGGAPK
IRS1–1 HLVALYTR
IRS1–2 EVWQVILKPK

Lowercase letters indicate phosphorylation sites. IRS1–1 and IRS1–2 are the non-phos-
2.4. In-gel digest of proteins

The immunoprecipitated samples were separated by SDS-PAGE and
gel portions corresponding to 150–200 kDa were excised. The in-gel di-
gest was conducted as described [9]. For the multiple reaction monitor-
ing (MRM) assay, the internal standard (IS) peptidemixturewas spiked
to the digested peptides. Details are described in Supplemental
Appendix.
Table 1
Clinical and anthropometric data of the IRS1 phospho-peptide quantification cohorts.

NGT T2DM P value

Age 57 ± 4 60 ± 3 0.554
Weight [kg] 83.4 ± 3.4 87.0 ± 3.0 0.444
Height [m] 1.77 ± 0.02 1.79 ± 0.01 0.272
BMI [kg/m2] 26.7 ± 0.7 27.1 ± 0.8 0.666
Waist [cm] 94.0 ± 2.8 97.0 ± 2.4 0.440
Hip [cm] 99.0 ± 1.9 100.0 ± 1.9 0.596
Waist/Hip ratio 0.95 ± 0.01 0.97 ± 0.01 0.385
Body fat [%] 21.7 ± 1.6 24.3 ± 1.7 0.270
Pulse [BPM] 61 ± 3.4 66.0 ± 1.8 0.254
FP-glucose [mmol/L] 5.2 ± 0.1 6.8 ± 0.04 0.0003
HbA1c [mmol/mol] 37.5 ± 0.9 50.4 ± 1.8 0.000002
S-insulin [pmol/L] 42.1 ± 5.1 59.6 ± 7.6 0.071
S-C-peptide [nmol/L] 0.6 ± 0.04 0.8 ± 0.08 0.048
P-creatinine [μmol/L] 82.5 ± 2.6 85.8 ± 4.4 0.533
P-ASAT [μkat/L] 0.36 ± 0.03 0.41 ± 0.03 0.286
P-ALAT [μkat/L] 0.40 ± 0.05 0.54 ± 0.06 0.069
P-TG [mmol/L] 0.88 ± 0.15 0.92 ± 0.20 0.863
P-Chol [mmol/L] 5.5 ± 0.2 4.3 ± 0.3 0.004
P-HDL [mmol/L] 1.49 ± 0.07 1.37 ± 0.09 0.331
P-LDL [mmol/L] 3.6 ± 0.2 2.4 ± 0.3 0.005
FFA [mmol/L] 0.42 ± 0.05 0.47 ± 0.05 0.465
GIR [μmol/(kg ∗ min)] 38.1 ± 5.0 19.3 ± 3.2 0.005

Subjects reported to the laboratory after an overnight fast. Results are mean ± SEM for
NGT (n = 11) versus T2DM (n = 11).

phorylated peptides selected to quantify the total amount of IRS1 in the samples.

2

2.5. Phosphorylation site identification by mass spectrometry

Liquid chromatography coupled with tandem mass spectrometry
was conducted as described [10]. For part of the experiments, the ex-
pected m/z list based on previous studies [7,11] was utilized. Details
are described in Supplemental Appendix.

2.6. Phosphorylation site quantitation by MRM

MRM measurements were performed on a triple quadruple mass
spectrometer coupled with a nanoflow liquid chromatography system.
The occupancy ratio (%) of the phosphorylated peptides was calculated
by amount of phosphorylated peptide divided by amount of peptide
representing total IRS1. Details are described in Supplemental Appendix.

2.7. Statistical analyses

Statistical analyses were carried out in SAS v9.2 (SAS Institute, Cary,
NC). Paired t-tests were used to detect insulin-induced changes in IRS1
phosphorylation. Unpaired t-tests were used to detect difference be-
tween diagnosis groups. Two-tailed tests were used, and differences
were considered statistically significant at P < 0.05.
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3. Results

3.1. Identification of IRS1 phosphorylation sites

For the initial analysis, biopsies were pooled from 20 fasted individ-
uals. The MS analysis identified a total of 33 phosphorylation sites
(Table 2), including 2 previously unreported sites ([Ser393] and
[Thr1017]), based on the PhosphoSitePlus database (https://www.
phosphosite.org/). Protein coverage of 80% (995/1242 amino acids) in-
dicated good coverage of IRS1 was achieved (Supplementary Fig. 1).
Two non-phosphorylated peptides (IRS1–1 and IRS1–2) were selected
to quantify the total amount of IRS1 (Table 2) based on critical factors
recommended for peptide selection [12], including uniqueness, no tryp-
tic miss-cleavage or methionine, and good signal intensity in the mass
spectrometry.

3.2. Quantification of IRS1 phosphorylation sites

We next explored whether phosphorylation of the identified pep-
tides differed in skeletal muscle obtained under fasted or insulin-
Table 3
Synthetic peptides for internal standard peptides.

Number Phosphorylation
site

No. of
P-site

IS peptide sequence

IRS1-P1* /
IRS1-P2

S268 / S270 1
sKSQSSSNCSNPISVP(L)R /
SKsQSSSNCSNPISVP(L)R

IRS1-P5* S348 1 ASSDGEGTMSR(P)ASVDGSPVsPSTNR

IRS1-P6* /
IRS1-P7
/IRS1-P8

S330 / S337 /
S341, S348

2

ASsDGEGTMSR(P)ASVDGSPVsPSTNR
/ ASSDGEGTMsR(P)
ASVDGSPVsPSTNR / ASSDGEGTMSR
(P)AsVDGSPVsPSTNR

IRS1-P9* S374 1 sI(P)MPASR

IRS1-P10* S383 1
CsPSATSPVS(L)
SSSSTSGHGSTSDCLFPR

IRS1-P11* S393 1
CSPSATSPVS(L)
sSSSTSGHGSTSDCLFPR

IRS1-P12* /
IRS1-P13

S412 / S413 1
RsSASVSGS(P)
SDGGFISSDEYGSSPCDFR / RSsASVSGS
(P)SDGGFISSDEYGSSPCDFR

IRS1-P15 /
IRS1-P16*

T446, S449 /
T453

2
SVtPDs(L)GHTPPAR / SVtPDS(L)
GHtPPAR

IRS1-P17* T446 1 SVtPDS(L)GHTPPAR
IRS1-P18* T453 1 SVTPDS(L)GHtPPAR
IRS1-P19 /
IRS1-P20 /
IRS1-P21*

S527 / T530 /
S531

1
THsAGTS(P)TITHQK / THSAGtS(P)
TITHQK / THSAGTs(P)TITHQK

IRS1-P22* T533 1 THSAGTS(P)tITHQK
IRS1-P23 /
IRS1-P24*

S527, T530 /
S531

2
THsAGtS(P)TITHQK / THsAGTs(P)
TITHQK

IRS1-P25* S527, T533 2 THsAGTS(P)tITHQK
IRS1-P26* S574 1 HsAF(V)PTR

IRS1-P27* Y612 1
GGHHRPDSST(L)
HTDDGyMPMSPGVAPVPSGR

IRS1-P28* S616 1
GGHHRPDSST(L)
HTDDGYMPMsPGVAPVPSGR

IRS1-P29* S629 1 KGsGDYM(P)MSPK
IRS1-P30* Y632 1 KGSGDyM(P)MSPK
IRS1-P31* S636 1 KGSGDYMPMs(P)K
IRS1-P32* S629, S636 2 KGsGDYM(P)MsPK
IRS1-P33* T1017 1 tGIAAEEVS(L)PR
IRS1-P34* S1078 1 VN(L)sPNR
IRS1-P35* S1101 1 HSsETFSST(P)SATR
IRS1-P36* S1100, S1101 2 RHssETFSST(P)SATR
IRS1-P37* S1101, T1103 2 RHSsEtFSST(P)SATR
IRS1-P38* S1142 1 HsSASFENVW(L)RPGELGGAPK
IRS1-P39* S1145 1 HSSAsFENVW(L)RPGELGGAPK
IRS1-P40* S1142, S1143 2 RHssASFENVW(L)RPGELGGAPK
IRS1-1* HL(V)ALYTR
IRS1-2* E(V)WQVILKPK

*Indicates the IS peptides used in the analysis. / Indicates the positional isomer that was
not quantified because of an inability to resolve as separate peaks in liquid chromatogra-
phy. Lower case letters indicate phosphorylation sites. () indicates stable isotope labeled
amino acids.
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stimulated conditions from men with NGT versus T2DM (Table 1). We
synthesized stable isotope-labeled peptides of the 42 identified pep-
tides as IS peptides (Table 3) and established an MRM assay for each
peptide by using the IS peptides. IS peptides [IRS1-P1/IRS1-P2],
[IRS1-P6/IRS1-P7/IRS1-P8], [IRS1-P12/IRS1-P13], [IRS1-P15/IRS1-P16],
[IRS1-P19/IRS1-P20/IRS1-P21] and [IRS1-P23/IRS1-P24] are positional
isomers and could not be resolved as separate peaks in liquid chroma-
tography. Therefore, only IS peptides marked with asterisk in Table 3
were used. Tri-phosphorylated peptide IRS1-P14 [Thr446, Ser449,
Thr453] were excluded because of the low intensity of the peaks in
the extracted ion chromatogram. Good correlation between quantita-
tion of unphosphorylated IRS1–1 and IRS1–2 peptides was observed,
confirming appropriate peptide selection (Supplementary Fig. 2). To
evaluate phosphorylation site occupancy,we selected IRS1–2 as a repre-
sentative peptide to quantify total IRS1 protein. Four peptides, IRS1-P5
[Ser348], IRS1-P33 [Thr1017], IRS1-P37 [Ser1101, Thr1103], and IRS1-
P40 [Ser1142, Ser1143] were excluded due to uncertain residue identi-
fication relative to the internal standard peptide. Six peptides, IRS1-P3
[Ser307], IRS1-P11 [Ser393], IRS1-P22 [Thr533], IRS1-P25 [Ser527,
Thr533], IRS1-P29 [Ser629], and IRS1-P30 [Tyr632] were not detected.
Basal data of IRS1-P38 [Ser1142] from two subjects (n = 1 NGT and n
= 1 T2DM) were excluded because of ambiguous peak areas. In total,
data from 21 phosphopeptides was obtained from men with NGT (n
= 11) or T2DM (n = 11), except for peptides IRS1-P4, IRS1-P6, IRS1-
P10, IRS1-P12, IRS1-P32 and IRS1-P36, where peptide signals for some
samples was too low and therefore data is reported for subset of men
with NGT (n = 5) or T2DM (n = 8).

Twenty-one IRS1 phosphopeptides were studied (covering 26 phos-
phorylation sites; see Table 3). Under fasting conditions, phosphoryla-
tion of the 21 IRS1 phosphopeptides (Figs. 1–3) did not differ between
diagnosis groups. Insulin-stimulation increased phosphorylation of 9
peptides (Fig. 1). In both diagnosis groups, insulin-stimulation in-
creased phosphorylation of the peptides covering [Ser330], [Ser330/
Ser337/Ser341, Ser348], [Thr446, Ser449/Thr453], [Ser527, Thr530/
Ser531] and [Ser616] (Fig. 1B, C, E, F and G). In contrast, insulin-
stimulation increased phosphorylation of the peptides covering
[Ser374] and [Ser1101] only in men with NGT (Fig. 1D and I), and
[Ser268/Ser270] and [Ser629, Ser636] only in men with T2DM (Fig. 1A
and H).

In both diagnosis groups, insulin-stimulation decreased phosphory-
lation of the peptides covering [Ser383], [Ser412/Ser413], [Thr446],
[Ser527/Thr530/Ser531], [Tyr612] and [Ser1142] (Fig. 2A, B, C, D, E
and G). Insulin-stimulation decreased phosphorylation of the peptides
covering [Ser1078] and [Ser1145] only in men with NGT (Fig. 2F and
H). Insulin-stimulated phosphorylation of the peptide covering
[Ser330/Ser337/341, Ser348] was decreased (Fig. 1C) and phosphoryla-
tion of the peptide covering [Ser616] and [Ser636] was increased (Figs.
1G and 3C) in men with T2DM. Insulin-stimulation did not alter phos-
phorylation of the remaining peptides studied (Fig. 3).

4. Discussion

Several phosphorylation sites were upregulated in response to
insulin-stimulation (Fig. 4). Insulin increased Ser330 phosphorylation
at 30 min, whereas phosphorylation was unaltered following a 60 or
240 min insulin-stimulation [7]. Thus, insulin action on this site is
rapid and transient. Phosphorylation of peptide IRS1-P6, covering
phospho-sites [Ser330/Ser337/Ser341, Ser348], was increased under
insulin-stimulated conditions, but to a lower extent in T2DM. These
sites appear to display selective insulin resistance in T2DM. Ser616
was increased to a higher extent in skeletal muscle from individuals
with T2DM as compared to NGT. An alanine mutation of the mouse
equivalent site (Ser612) enhances basal phospatidylinositol 3-kinase
(PI3-kinase) activity, suggesting this site negatively regulates the inter-
action between IRS1 and PI3-kinase [13]. The same mutation of mouse
Ser612 protects against protein kinase C-induced insulin resistance in

https://www.phosphosite.org/
https://www.phosphosite.org/


Fig. 1. IRS1 Phosphopeptides increased with insulin-stimulation. Skeletal muscle biopsies were obtained frommen with NGT or T2DM under fasting conditions (white bars) and 30 min
into a euglycemic hyperinsulinemic clamp (insulin-stimulated conditions (grey bars)). The occupancy ratio (%) of the phosphorylated peptides in skeletal muscle was calculated by the
amount of the phosphorylated peptide divided by amount of the peptide representing total IRS1 amount. *P < 0.05 analyzed with paired t-test for fasting versus insulin-stimulated con-
ditions, and an unpaired t-test for NGT versus T2DM.
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HEK293 cells [14]. Thus, this phosphorylation site may impose negative
feedback of insulin action. Identification of the kinases that phosphory-
late these sites could provide insight into insulin signaling defects.

Ser383 and Ser412/Ser413 phosphorylation was down-regulated in
both diagnosis groups. Ser383 has been identified by a large scale
phosphoproteomics analysis of mitotic immortalized cells [15], but not
under physiological conditions. Ser412/Ser413 is located proximal to
the phosphotyrosine binding domain (PTB) domain. Phosphorylation
of Ser residues located within or proximal to the PTB domain of IRS1 in-
terfere with the interaction between the activated tyrosine phosphory-
lated insulin receptor [5], andmay influence insulin action. In CHO cells,
mutation of the rodent equivalent (Ser408) confers a partial protection
from anisomycin-induced insulin resistance [16]. In these CHO cells, in-
sulin increased Ser408 phosphorylation [16], whereas Ser412/Ser413
phosphorylation was decreased in insulin-stimulated human skeletal
muscle. Whether these differences reflect species-specific, or cell type-
dependent effects remains to be determined.

We report phosphorylation of Ser1142 and Thr446 is reduced by in-
sulin in both diagnosis groups, while Ser1145 phosphorylation was re-
duced only in men with NGT. This insulin-mediated reduction of
Ser1142 phosphorylation conflicts with the modest increase in lean
healthy individuals following 60 min insulin-stimulation [7]. Both
Ser1142 and Ser1145 are located in the C-terminal domain of IRS1,
encompassing the Src Homology domain-containing phosphatase 2
binding site [5]. In adipocytes, membrane localization of IRS1 is depen-
dent on the C-terminal region in a species-dependentmanner [17]. Con-
sequently, the effects of phosphorylation of these sites on IRS1
4

localization and signaling should be ascertained to gain insight into
the pathophysiology of T2DM.

Tyr612 was the only tyrosine site quantitated in our study, with re-
duced phosphorylation under insulin-stimulated conditions. The low
number of phosphorylated tyrosine sites was expected since the identi-
fication was carried out only with skeletal muscle samples from the
fasted condition. Tyr612 is part of a YMXM motif, which is important
for activation of PI3-kinase and insulin-mediated glucose transport
[18]. The insulin-stimulated reduction in Tyr612 phosphorylation was
unexpected, since global IRS1 tyrosine phosphorylation rapidly in-
creases, and is sustained in insulin-stimulated human skeletal muscle
[1,4]. In the present study, the reduction in tyrosine phosphorylation
at Tyr612 may be due to a rapid feedback mechanism to modulate the
insulin signaling.

Insulin-stimulated phosphorylation of Ser636 attenuates signal
transduction [19,20]. We assessed two peptides (peptide IRS1-P31
and IRS1-P32) covering this serine site. Peptide IRS1-P31, specific for
Ser636, was unchanged under fasted conditions, but increased under
insulin-simulated conditions in men with T2DM. For peptide IRS1-
P32, covering [Ser629, Ser636], insulin-mediated phosphorylation of
[Ser629, Ser636] was increased, corroborating previous results [7].
Thus, hyperphosphorylation at this site may contribute to peripheral
insulin-resistance.

A limitation of our study was that the identification step was not
performed in insulin-stimulated skeletal muscle. Therefore, a putative
phosphorylation site with low phosphorylation in the fasted state
would have escaped identification. More than 100 putative

Image of Fig. 1


Fig. 2. IRS1 Phosphopeptides decreased with insulin-stimulation. Skeletal muscle biopsies were obtained frommenwith NGT or T2DM under fasting conditions (white bars) and 30min
into a euglycemic hyperinsulinemic clamp (insulin-stimulated conditions (grey bars)). The occupancy ratio (%) of the phosphorylated peptides in skeletal muscle was calculated by the
amount of the phosphorylated peptide divided by amount of the peptide representing total IRS1 amount. *P < 0.05 analyzed with paired t-test for fasting versus insulin-stimulated con-
ditions, and unpaired t-test for NGT versus T2DM.
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phosphorylation sites on IRS1 exist, and many of these sites have low
phosphorylation levels. Even though we had good coverage of peptides
throughout IRS1 (80%, Suppl Fig. 1), certain regions were not
completely covered. For example, the peptide sequence surrounding
Ser24 (amino acids 21–27) was not captured in our analysis. Further-
more, we cannot exclude the possibility that the insulin-stimulated
phosphorylation detected at 30 min may not entirely reflect the full
5

activation of the skeletal muscle insulin response, as the glucose infu-
sion rate was assessed during the last 60 min of the insulin clamp.

In conclusion, we have performed a comprehensive analysis of IRS1
phosphorylation sites in skeletal muscle frommenwith NGT and T2DM
and identified 33 phosphorylation sites, including Ser393 and Thr1017,
two previously unidentified sites. Strikingly, many insulin-mediated
changes in IRS1 phosphorylation were similar between diagnosis

Image of Fig. 2


Fig. 3. IRS1 Phosphopeptides unchangedwith insulin-stimulation. Skeletal muscle biopsies were obtained frommenwith NGT or T2DM under fasting conditions (white bars) and 30min
into a euglycemic hyperinsulinemic clamp (insulin-stimulated conditions (grey bars)). The occupancy ratio (%) of the phosphorylated peptides in skeletal muscle was calculated by the
amount of the phosphorylated peptide divided by amount of the peptide representing total IRS1 amount. *P < 0.05 analyzed with paired t-test for fasting versus insulin-stimulated con-
ditions, and unpaired t-test for NGT versus T2DM.
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groups. Changes in IRS1 serine and threonine phosphorylation alter the
ability of the insulin receptor to phosphorylate IRS1 on tyrosine sites [5].
However, basal phosphorylation of IRS1 on serine or threonine siteswas
unaltered betweendiagnosis groups. Thus, despite skeletalmuscle insu-
lin resistance, the pattern of IRS1 phosphorylationwas not uniformly al-
tered by T2DM, and other post-translational modifications may be
involved. Since most of the sites with differential insulin response in-
volve serine phosphorylation, a further identification of the serine ki-
nase(s) involved could provide entry points for the treatment of
insulin resistance.
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