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Abstract
Protein–protein interactions are key to most cellular processes. Tandem mass spectrometry (MS/
MS)-based proteomics combined with co-immunoprecipitation (CO-IP) has emerged as a
powerful approach for studying protein complexes. However, a majority of systematic proteomics
studies on protein–protein interactions involve the use of protein overexpression and/or epitope-
tagged bait proteins, which might affect binding stoichiometry and lead to higher false positives.
Here, we report an application of a straightforward, label-free CO-IP-MS/MS method, without the
use of protein overexpression or protein tags, to the investigation of changes in the abundance of
endogenous proteins associated with a bait protein, which is in this case insulin receptor
substrate-1 (IRS-1), under basal and insulin stimulated conditions. IRS-1 plays a central role in the
insulin signaling cascade. Defects in the protein–protein interactions involving IRS-1 may lead to
the development of insulin resistance and type 2 diabetes. HPLC-ESI-MS/MS analyses identified
eleven novel endogenous insulin-stimulated IRS-1 interaction partners in L6 myotubes
reproducibly, including proteins play an important role in protein dephosphorylation [protein
phosphatase 1 regulatory subunit 12A, (PPP1R12A)], muscle contraction and actin cytoskeleton
rearrangement, endoplasmic reticulum stress, and protein folding, as well as protein synthesis.
This novel application of label-free CO-IP-MS/MS quantification to assess endogenous interaction
partners of a specific protein will prove useful for understanding how various cell stimuli regulate
insulin signal transduction.

Keywords
HPLC-ESI-MS/MS; Insulin receptor substrate-1; Insulin signaling complexes; Label-free; Protein-
protein interactions

Correspondence to: Zhengping Yi; Zhengping.yi@asu.edu.
Electronic supplementary material The online version of this article (doi:10.1007/s13361-010-0051-2) contains supplementary
material, which is available to authorized users.

NIH Public Access
Author Manuscript
J Am Soc Mass Spectrom. Author manuscript; available in PMC 2012 March 1.

Published in final edited form as:
J Am Soc Mass Spectrom. 2011 March ; 22(3): 457–466. doi:10.1007/s13361-010-0051-2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
The majority of biological processes are regulated by precisely controlled protein–protein
interactions. Tandem mass spectrometry (MS/MS) based proteomics combined with co-
immunoprecipitation (CO-IP) offers a powerful approach for the study of complex protein–
protein interactions [1]. A number of strategies have been developed for protein–protein
interaction quantification, using either label-free or using stable-isotopic labeling
approaches, such as stable isotope labeling with amino acids in cell culture (SILAC) [2,3]
and iTRAQ [4]. Although labeling approaches offer excellent reproducibility and short
instrumentation time, much interest has been attracted to the label-free approach, due to its
simplicity and cost efficiency [5–9]. In addition, in the label-free approach, there is no need
for chemical reactions that might be a source of experimental variability. The label-free
approach allows for quantification of protein abundance based on either the peak area/
intensity of a peptide [6–9] or spectral counting [5,10–12]. Rinner et al. analyzed
sequentially diluted immunoprecipitation samples from control cells and cells stably
expressing human hemagglutin tagged FoxO3A using the label-free quantification by mass
spectrometry approach [8]. Their results indicated that background proteins showed a
constant pattern in these sequentially diluted samples while real interaction proteins showed
a varying pattern. This approach might require a large amount of starting material due to the
serial dilution, a limiting factor for human tissue samples. More recently, Wepf et al. have
designed a novel, label-free absolute quantification strategy to assess the stoichiometry of
protein complexes using an isotope-labeled peptide corresponding to the sequence of an
affinity tag [6]. In addition, Sardiu et al. built a sophisticated human protein interaction
network using label-free mass spectrometry [5]. Vector algebra and statistical methods were
combined with normalized spectral counting (NSAF) to analyze proteins affinity-purified
with 27 different epitope-tagged baits.

The majority of proteomic studies that have focused on protein–protein interactions have
involved the use of protein overexpression and/or epitope-tagged bait proteins, which might
affect binding stoichiometry and lead to a higher rate of false positives. A label-free
approach, without the utilization of protein overexpression or protein tags, may offer
advantages for studying protein complexes at the endogenous level. Recently, Malovannaya
et al. reported a large-scale CO-IP-MS/MS analysis of endogenous protein complexes in
nuclear extracts of HeLa S3 cells under the basal state [13]. They built a human protein
network in HeLa S3 cells based on more than 1000 CO-IP-MS/MS experiments they
performed. Although the results obtained were comprehensive, a large number of samples
were required to generate the requisite dataset.

Insulin signaling is crucial to many biological processes in muscle, including glycogen
synthesis, glucose transport, mitogenesis, protein synthesis, and degradation. The
intracellular actions of insulin are mediated by interactions between key regulatory proteins
and enzymes (kinases and phosphatases). Defects in the insulin signaling pathway have been
implicated in the development of insulin resistance and type 2 diabetes [14,15]. An excellent
prototypical example of a protein known to be involved in insulin-induced complex
formation is insulin receptor substrate-1 (IRS-1). IRS-1 has a pleckstrin homology (PH)
domain and a phosphotyrosine binding (PTB) domain, through which it interacts with the
insulin receptor and insulin-like growth factor 1 receptor (IGF1R). IRS-1 also has several
YXXM motifs. Upon phosphorylation, IRS-1 interacts with the p85 regulatory subunit of
phosphatidylinositide (PI) 3-kinase (PI 3-K), which leads to the activation of this enzyme
and subsequent activation of Akt, resulting in enhanced glucose uptake, and increased
glycogen synthesis and protein synthesis. Abnormal protein–protein interactions involving
IRS-1 may interfere with proper insulin transduction and lead to the development of insulin
resistance and type 2 diabetes.
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The present study was undertaken to use a proteomic approach to discover insulin-
stimulated endogenous IRS-1 interaction partners in L6 myotubes. L6 Myotubes were either
left untreated or treated with 100 nm insulin for 15 min. One mg of cell lysate protein from
basal or insulin-stimulated myotubes was immunoprecipitated with an antibody specific to
IRS-1, respectively. The resulting immunoprecipitates were separated on the same sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel in two separate lanes,
which were then cut into 10 slices each, digested with trypsin, and the resulting peptides
subjected to HPLC-ESI-MS/MS analysis. Using this straightforward approach, without the
use of labeling or protein overexpression/tags, a number of endogenous insulin-stimulated
IRS-1 interaction partners were detected reproducibly.

Materials and Methods
Antibodies and Reagents

Anti-protein phosphatase 1 regulatory subunit 12A (PPP1R12A) was purchased from Santa
Cruz Biotechnology, Santa Cruz, CA, USA; anti-IRS1 and anti-p85 antibodies were
purchased from Millipore, Temecula, CA, USA; anti-rabbit IgG and anti-mouse IgG-HRP
linked secondary antibody were ordered from GE Healthcare UK Ltd. and ECL from Perkin
Elmer, Shelton, CT, USA. Protein A sepharose beads and all other reagents were obtained
from Sigma, St Louis, Mom, USA.

Cell Culture
The parental L6 rat myoblasts (ATCC, Manassas, VA, USA) were maintained in DMEM
medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum and
5% penicillin/streptomycin in a humidified atmosphere containing 5% CO2 and 95% air at
37 °C. Cells were subcultured by trypsinization of subconfluent cultures using 0.25% trypsin
with EDTA. L6 myoblasts were seeded at a density of 8×105 cells per 10 cm dish. For
differentiation into myotubes, myoblasts were placed in fresh medium containing 2% fetal
bovine serum and penicillin/streptomycin every 24 h for 7 d. The myotubes were serum
starved for 4 h at 37 °C before insulin stimulation.

Immunoprecipitation and Western Blotting Analysis
L6 myotubes were stimulated with or without insulin (100 nM) for 15 min at 37 °C. The
cells were lysed with 1 mL of triton lysis buffer to detect protein–protein interactions (50
mM HEPES [pH 7.6], 150 mM NaCl, 20 mM sodium pyrophosphate, 10 mM NaF, 20 mM
β-glycerophosphate, 1% Triton, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, and
10 μg/mL leupeptin and aprotinin). Protein concentration was estimated by the Bradford
Assay (Bio-Rad) using bovine serum albumin (Sigma, St. Louis, MO, USA) as a standard.
Cell lysates (1 mg) were diluted in lysis buffer and incubated with 2 μg of IRS-1 antibody
(Millipore, Temecula, CA, USA). The immunoprecipitates were collected with protein A
agarose beads (Sigma, St. Louis, MO, USA) overnight at 4 °C with gentle rotation and were
then washed three times with phosphate buffered saline (PBS). Samples were boiled in SDS-
PAGE sample buffer and resolved on 7.5% 1D-SDS-PAGE. The proteins were visualized
with Coomassie blue (Sigma Chemical Co., St. Louis, MO, USA). One basal and one insulin
treated sample harvested on the same day were paired and resolved on a gel side by side to
minimize gel to gel variations.

For Western blotting analysis, samples were boiled in SDS-PAGE sample buffer and
resolved on 7.5% SDS-PAGE, transferred onto nitrocellulose membranes (Bio-Rad), and
analyzed by Western blotting with the appropriate antibodies and the immune complex was
detected by chemiluminescence (Perkin Elmer, Shelton, CT, USA).
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In-Gel Trypsin Digestion, Mass Spectrometry, Data Analysis, and Bioinformatics
All were performed as previously described in references [16–18] with the exception that all
tryptic peptides were desalted by solid-phase extraction instead of using an on-line nanotrap.
Briefly, the gel lanes resulting from each experiment were cut into 10 slices of
approximately equal size. Each slice was cut into 1 mm cubes prior to digestion. The gel
pieces were destained and subjected to trypsin digestion at 37 °C overnight. The resulting
peptides were extracted and purified by solid-phase extraction (C18 ZipTip; Millipore,
Billerica, MA, USA), followed by online HPLC-ESI-MS/MS analyses on a hybrid linear ion
trap (LTQ)-Fourier Transform Ion Cyclotron Resonance (FTICR) mass spectrometer (LTQ
FT; Thermo Fisher, San Jose, CA, USA) fitted with a PicoView nanospray source (New
Objective, Woburn, MA, USA). The HPLC-ESI-MS/MS runs were set up as below to
minimize day to day experimental variations: slices #1–5 from the basal sample, followed
by a blank, then slices #1–5 from the corresponding insulin sample resolved on the same gel,
followed by a blank, then slices #6–10 from the basal sample, followed by a blank, then
finally slices #6–10 from the insulin treated sample.

Tandem mass spectra were extracted from Xcalibur “RAW” files and charge states were
assigned using the Extract MSN script (Xcalibur 2.0 SR2; Thermo Fisher, San Jose, CA,
USA). The fragment mass spectra were then searched against the IPI RAT v3.59 database
(39,866 entries, http://www.ebi.ac.uk/IPI/) using Mascot (Matrix Science, London, UK; ver.
2.2). The false discovery rate was determined by selecting the option to search the decoy
randomized database. The search parameters used were: 10 ppm mass tolerance for
precursor ion masses and 0.5 Da for product ion masses; digestion with trypsin; a maximum
of two missed tryptic cleavages; variable modifications of oxidation of methionine and
phosphorylation of serine, threonine, and tyrosine. Probability assessment of peptide
assignments and protein identifications were made through use of Scaffold (ver. Scaffold 2
00 06, Proteome Software Inc., Portland, OR, USA). Only peptides with ≥95% probability
were considered. Proteins that contained identical peptides and could not be differentiated
based on MS/MS analysis alone were grouped. Criteria for protein identification included
detection of at least two unique peptides and a probability score of ≥99%. Multiple isoforms
of a protein were reported only if they were differentiated by at least one unique peptide
with ≥95% probability, based on Scaffold analysis.

Statistical Analysis
Statistical significance was assessed by comparing basal and insulin-stimulated protein
abundance (normalized to IRS-1 protein abundance) using the sign test developed by Frank
Wilcoxon [19,20]. The sign test is a non-parametric test that can pin-point directional
changes while makes few assumptions about the nature of the distributions under test. If
paired samples from two continuous random variables X and Y is drawn, the sign test is
used to test the hypothesis that there is “no difference” between random variables X and Y.
As detailed in the Results section, we have paired normalized spectrum counts from the
basal (NormSC BAS) and corresponding insulin-stimulated conditions (NormSC INS) in
our experiments. For a protein of interest, suppose X = NormSC BAS and Y = NormSC
INS, we let P = Pr(Y > X). Then we test the null hypothesis that there is no difference
between X and Y is equivalent to test H0: P = 0.50. That is, under the null hypothesis, it says
that given a random pair of measurements (Xi, Yi), Xi and Yi are equally likely to be larger
than the other. To perform the sign test, n independent pairs of sample data, (X1, Y1), (X2,
Y2), …, (Xn, Yn), are collected from the populations. Note that those pairs with no difference
are omitted. Let M be the number of pairs for which Yi is greater than Xi. Under the
assumption that H0 is true, the probability of observing the number of pairs for which Yiis
greater than Xi follows a binomial distribution, that is M ~ bin(n, 0.5). The probability to
observe the number of pairs with Yi greater than Xi, Pr(M), can be calculated as
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. If the total number of pairs of independent measurement is 5, the
probability to observe 5 pairs with Yi greater than Xi, can be calculated as

Results and Discussion
The outline of our approach is shown in Figure 1.

From five independent biological comparisons (five basal and five insulin stimulated
samples, 10 slices/gel lane, 100 HPLC-ESI-MS/MS runs), a total of 214 unique proteins
were identified in at least one sample after reduction for redundancy. There were at least two
unique peptides (95% confidence) assigned to each identified protein, all with a confidence
level ≥99% based on the Scaffold analysis. The false discovery rate, as assessed by Mascot
searching of a randomized database, was 10.9% at the peptide level. Since there were at
least two unique peptides assigned to each identified protein, this gave a false discovery rate
of 1.2% (10.9%*10.9% = 1.2%) at the protein level. A detailed list of all proteins identified
in this study together with their IPI ID, molecular weight, and the number of tandem mass
spectrum assigned to each protein is provided as Supporting Information (Supplemental
Table 1). For each identified peptide sequence, we have included the following in
Supplemental Table 2: modifications, flank residues, precursor mass, charge, and mass error
observed, and the best Mascot score (Supplemental Table 2).

In order to minimize false positives, a series of filters were used to narrow the number of
proteins that were used in comparisons between the basal and insulin stimulated conditions.
This approach is diagrammed in Figure 2. First, the spectrum count, which is the number of
MS/MS spectra assigned to a protein, was determined for each protein in each sample. In
samples for which no spectra for a protein were observed, the spectrum count value for that
protein in that sample was set to 0, and 0 s were included in all analyses of protein
abundance differences. The first filter applied was to exclude all proteins from further
analysis that were not detected with a minimum of four assigned spectra in at least four out
of five basal samples or at least four out of five insulin stimulated samples. For example, a
protein found in four out of five basal samples with a minimum of four assigned spectra in
each sample would be included in the analysis regardless of how many times it was detected
in the five insulin stimulated samples. There were 73 such proteins (Supplemental Table 3).
The next step was to calculate the normalized spectrum values for each protein (termed
“NormSC”) in each sample by dividing the spectrum count for a specific protein by the
spectrum count for IRS-1 in the same sample, in order to correct for sample loading:

.

The normalization strategy is the same concept used in Western blotting, in which the
Western blot signal for an interaction protein is normalized against that for the protein
serving as the “bait.” As mentioned in the Methods section, the basal and insulin-stimulated
samples that were harvested on the same day, resolved on the same gel, and analyzed by
HPLC-ESI-MS/MS during the same period of time were paired to minimize day to day
variations. After normalization, the ratio of the NormSC for the basal samples (NormSC
BAS), and the paired insulin stimulated samples (NormSC INS), was calculated for each of
the 73 proteins. There were five such ratios for each protein. A ratio greater than one
indicates an increased association of a protein with IRS-1 upon insulin stimulation in that
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particular comparison experiment, while a ratio less than one indicates a decrease, and a
value of one indicates no insulin induced change in association of the protein with IRS-1. If
a protein has zero spectrum counts in the basal sample, while possessing the minimum value
of four spectrum counts in the insulin stimulated sample, we did not calculate the ratio and,
instead, considered the association as an insulin induced increase by default. If a protein has
five increases out of the five comparisons performed, the P value of the test that this protein
to be associated with IRS-1 randomly upon insulin-stimulation is 0.03125 based on the sign
test (please see Methods for details). Fifteen proteins were identified as insulin-stimulated
IRS-1 interaction partner (P = 0.03125) and they were listed in Table 1 and Table 2. No
proteins with five decreases out of the five comparisons performed were detected. In
summary, to be classified as a specific insulin stimulated interaction partner of IRS-1, a
protein has to satisfy all three criteria:

1. Detected with at least two unique peptides assigned (each with 95% confidence
based on the Scaffold analysis).

2. Detected with a minimum of four assigned spectra in at least four out of five basal
samples or at least four out of five insulin stimulated samples,

3. Has five increases out of the five comparisons performed.

IRS-1 was detected from basal and insulin-stimulated cells (n = 5; 105±10 and 100±8
assigned MS/MS spectra, respectively). Out of the five comparisons, IRS-1 spectrum counts
were higher in the insulin stimulated samples than those in the respective basal samples
twice, lower twice, and equal once, indicating that there were no substantial changes in
IRS-1 protein abundance after insulin treatment. However, we identified the p85↦ and β
subunits of PI 3-K, a well known insulin-stimulated binding partner of IRS-1, in the basal
samples with 0 ± 0 and 11 ± 2 assigned spectra, respectively, while in the insulin-stimulated
samples these proteins were identified with 8±1 and 74±15 assigned spectra, respectively,
indicating increased association of IRS-1 and p85 upon insulin stimulation (n = 5, Table 1).
After correcting for sample loading by dividing the spectrum count for each of the subunits
by the corresponding spectrum count of IRS-1 from each sample, the NormSC of the PI 3-K
subunits showed an obvious increase after insulin treatment in all five comparisons (P =
0.03125, Table 1). Since p85 and p110 subunits of PI 3-K are well-known insulin stimulated
interaction partners of IRS-1, these results served as a positive control and validated this
experimental approach. It is noted that some proteins may not bind to IRS-1 directly, but
indirectly through other proteins that do interact with IRS-1 directly, such as the p110
catalytic subunit of PI 3-K.

Furthermore, eleven additional proteins possessed substantially more assigned spectra and
normalized spectrum counts upon insulin stimulation (n = 5, P = 0.03125, Table 2),
indicating increased association with IRS-1. All of these identified proteins have five
increases out of the five comparisons. No previous reports on the association of these
proteins with IRS-1 in corresponding co-immunoprecipitates have been reported thus far.

As shown in Table 2, α-actinin-1 and α-actinin-4 are among the proteins that showed a
reproducible increase in association with IRS-1 upon insulin stimulation; α-actinin-1 and α-
actinin-4 were found to interact with GLUT4 overexpressed in L6 myotubes in response to
insulin stimulation using stable isotope amino acid labeling and mass spectrometry
techniques [21]. Interestingly, knockdown of α-actinin-4 but not α-actinin-1 impaired
insulin-induced GLUT4 translocation [22]. Our results provide the first evidence indicating
that α-actinin-4 may be regulated by insulin through IRS-1, or vice versa.

The protein PPP1R12A also underwent insulin-stimulated association with IRS-1
reproducibly. PPP1R12A, also known as the myosin phosphatase target subunit (MYPT1 or
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MBS), is highly expressed in non-muscle- and smooth-muscle-cells [23]. Recently, it has
been reported that PPP1R12A is highly expressed in mouse EDL and soleus muscles [24].
PPP1R12A can bind to the catalytic subunit of protein phosphatase 1 (PP1c) and anchor
PP1c to specific substrates such as myosin II [23,25]. Protein phosphatase 1 (PP1) is a
serine/threonine phosphatase that plays a role in a variety of cellular processes [26,27].
Previous reports have shown that treatment of cells with okadaic acid, an inhibitor of both
PP1 and the protein phosphatase 2A (PP2A), increases serine phosphorylation of IRS-1 and
results in reduced insulin stimulated IRS-1 tyrosine phosphorylation [28–30]. Since our
results indicate that IRS-1 may associate with the regulatory subunit of PP1, PPP1R12A, our
data might provide insight as to how IRS-1 undergoes insulin induced dephosphorylation.
We have performed Western blot analysis to confirm the insulin stimulated interaction of
IRS-1 with PPP1R12A and p85. Serum starved L6 myotubes were either left untreated or
stimulated with 100 nm insulin for 15 min and immunoprecipitated with either normal IgG
(NIgG) negative control antibodies, which lack specific binding capability for IRS-1, or
anti-IRS-1 antibodies, followed by immunoblotting with IRS-1, PPP1R12A, and p85
antibodies. As shown in Figure 3, PPP1R12A showed an increased abundance in the
immunoprecipitates of IRS-1 after insulin stimulation by Western blot analysis (Figure 3,
middle panel). As expected, p85 also showed an increased association with IRS-1 (Figure 3,
lower panel), while there were no detectable bands in the NIgG immunoprecipitates in the
regions of IRS-1, PPP1R12A, and p85, indicating the specificity of the antibodies.

It is noted that Myosin phosphatase Rho-interacting protein (MPRIP) [31], a known
interaction protein of PPP1R12A, is also among the proteins identified to exhibit an
increased association with IRS-1 reproducibly upon insulin stimulation, although MPRIP
may bind to IRS-1 indirectly through PPP1R12A.

Two other proteins involved in muscle contraction and actin cytoskeleton dynamics also
showed insulin stimulated association with IRS-1 reproducibly, including Caldesmon
(CALD1) and troponin T (TNNT3). Hanke and Mann used tyrosine phosphorylated and
corresponding non-phosphorylated IRS-1 peptides as bait to compare the respective
interacting proteins in complex whole lysates from murine C2C12 muscle cells in the basal
state [32]. They identified a number of proteins involved in cytoskeletal rearrangement that
bind specifically to tyrosine phosphorylated IRS-1 peptides. Although these proteins were
not identified as insulin stimulated interaction partners of IRS-1 in the present study, both
studies indicate the importance of the interaction between IRS-1 and cytoskeleton.

It has been reported that elongation factor 2 (EEF2) plays an important role in insulin
stimulated protein synthesis [33]. In addition, polyadenylate-binding protein 1 (PABPC1)
can bind to nuclear pre-mRNA poly(A) tails to play an essential role in mRNA translation
[34]. The present study provides evidence for the first time that EEF2 and PABPC1 may
undergo insulin stimulated association with IRS-1 and may provide new insight into the
IRS-1 regulated protein synthesis.

Three proteins involved in protein folding and degradation were found to possess an insulin-
induced interaction with IRS-1, 78 kDa glucose-regulated protein (HSPA5) that is also
known as GRP78 or BiP, heat shock protein HSP 90-β (HSP90AB1) [35], as well as HtrA
serine peptidase 1 (HTRA1) [36]. Endoplasmic reticulum (ER) stress plays a crucial role in
insulin resistance [37]. HSPA5 expression is induced in response to ER stress to assist in
protein folding and assembly [38], which serves as a mechanism to protect cells. Recently,
GRP78(+/−) mice were shown to exhibit resistance to high fat diet-induced obesity and type
2 diabetes [39]. GRP78 also mediates the unfolded protein response (UPR) caused by ER
stress, which results in a transient reduction of new protein synthesis and may serve as a
negative feed-back loop for IRS-1 mediated insulin signaling, since insulin stimulates

Geetha et al. Page 7

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



protein synthesis through IRS-1. In addition, it has been shown that UPR activates
inflammatory signaling pathways, leading to increased serine phosphorylation of IRS-1 and
subsequent reduced insulin action [37]. Our novel findings indicate the potential new
interaction between IRS-1 and the ER and its related signaling networks.

The approach we used included immunoprecipitation of a “bait” protein, IRS-1, at the
endogenous level, followed by 1D-SDS-PAGE, to separate co-interaction proteins and
contaminants, in-gel trypsin digestion to generate peptide fragments, and HPLC-ESI-MS/
MS analysis to identify co-immunoprecipitating proteins. Multiple biological comparisons
and rigorous criteria were used to minimize false positives. The normalization strategy used
is identical to that used in Western blotting, which normalizes co-interaction protein
abundance to that of the “bait” protein. The strategy is straightforward and has the ability to
detect endogenous protein complexes, without the use of labeling or protein overexpression/
tags. This approach may be applicable to the study of other protein complexes in cells,
animal models, and even in human tissue samples.

It is noted that none of the downstream kinases of PI 3-K, such as PDK1 and Akt, were
identified in the present study. This might due to the fact that their interaction with IRS-1 is
transient and highly dynamic. Chemical cross-linking might be used to “freeze” and capture
these dynamic interactions [40,41]. However, so far, chemical cross-linking is still not fully
developed, as this technique suffers from high false positives due to nonspecific cross
linking.

We used normalized spectral counts to assess insulin-stimulated IRS-1 interaction partners.
An alternative is to use spectral counts directly without normalization. Using spectral
counts, 16 proteins have an increased abundance with IRS-1 under insulin stimulated
conditions, compared to 15 proteins using normalized spectral counts. Fourteen of these
proteins were identical using either approach. LIM domain only 7b (LMO7b) and isoform 2
of ankycorbin (RAI14) were only classified as insulin-stimulated IRS-1 interaction partners
when using spectral counts, while polyadenylate-binding protein 1 (PABPC1) was only
classified as an insulin-stimulated IRS-1 interaction partner when using normalized spectral
counts. The good agreement between using spectral counts versus normalized spectral
counts may be contributed to the similar IRS-1 protein loading.

Spectral counting has emerged as an effective means to assess protein abundance under
different conditions [5,10–12], especially for detecting moderate to large changes. Sardiu et
al. have shown that normalized spectral counting (NSAF), an approach based on spectral
counting, can be used to built a sophisticated human protein interaction network [5]. In the
present work, we have demonstrated that spectral counting is capable of detecting
endogenous insulin-stimulated IRS-1 complexes. However, isotopic labeling methods are
better at detecting small changes that might be missed with spectral counting [42].

The false discovery rate (FDR) associated with multiple statistical comparisons has become
an area of active research [43,44]. FDR is defined as [43,44]:

We performed 72 sign tests using normalized spectrum counts and observed 15 proteins
were significantly different between basal and insulin treated samples (P = 0.03125).
Among these 15 proteins with P = 0.03125, there may be two potential false positives
(72*0.03125 = 2.25). Thus, the estimated FDR for this study is .
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Conclusions
The present project analyzes proteins isolated from L6 myotubes under basal and insulin-
stimulated conditions utilizing state-of-the-art HPLC-ESI-MS/MS to assess endogenous
interaction partners of IRS-1, a key player in the insulin signaling cascade. Eleven novel
IRS-1 interaction partners were identified upon insulin stimulation, including proteins that
play a role in protein serine/threonine dephosphorylation, muscle contraction and actin
cytoskeleton rearrangement, ER stress and protein folding, as well as protein synthesis.
These results indicate that the combination of co-immunoprecipitation of IRS-1 followed by
1D-SDS-PAGE and HPLC-ESI-MS/MS can be used to assess insulin stimulated changes in
the abundance of proteins associated with IRS-1 at the endogenous level.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental workflow for the analysis of endogenous insulin stimulated IRS-1 interacting
partners in L6 myotubes
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Figure 2.
Data analysis workflow for endogenous insulin stimulated IRS-1 interacting partners in L6
myotubes
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Figure 3.
PPP1R12A and the p85 regulatory subunit of PI 3-K interact with IRS-1. L6 myotubes were
serum-starved for 4 h and either left untreated or stimulated with insulin (100 nM) for 15
min at 37 °C. One mg of lysate proteins were immunoprecipitated with normal IgG or IRS-1
antibodies and Western blotted with antibodies specific to either IRS-1, PPP1R12A, or p85;
each graph is representative of data obtained from three independent experiments
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