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ABSTRACT

Antibodies that recognize specifically phosphorylated sites on proteins are widely utilized for studying
the regulation and biological function of phosphoproteins. The proposed strategy is a powerful, analytical
tool allowing the generation of phospho-site specific antibodies albeit adjacent phosphorylation sites are
present. Here, we demonstrate the assessment and elimination of cross reactivity of phospho-site-spe-
cific-Ser®>” IRS-1 antibody. While determining the specificity of p-Ser>>” antiserum we came across the
cross reactivity of the antiserum with adjacent Ser®>® which was successfully abolished by an improved
immuno-purification method. The specificity of the purified antiserum was then verified by indirect
ELISA, results of ELISA were also mirrored in the experiments carried out in BHK-IR cells using different
mutants of IRS-1 carrying mutations at either Ser>>’/Ser>>8/Ser®>7/>>%, Immuno-purified-p-Ser>>” did not
react with IRS-1 Ala®>>” and IRS-1 Ala®*7/3°8, In conclusion, the present study describes generation and
characterization of p-Ser>” IRS-1 antibody, which reacts with IRS-1 in site specific and phosphorylation

state-dependent manner without showing cross reactivity to adjacent Ser®>¢, This antibody can be effec-

tively used to further clarify the inhibitory role of Ser

357 in insulin signal transduction.

© 2008 Elsevier Inc. All rights reserved.

Insulin resistance is a common pathological state wherein tar-
get tissues develop a less than normal response to circulating insu-
lin. This plays a central role in the development of type 2 diabetes,
the epidemic which is one of the main causes of morbidity and
mortality worldwide [1]. The binding of insulin to its receptor ini-
tiates and activates the insulin signal transduction cascade. The
discovery of insulin receptor substrate (IRS) proteins and their role
to link cell surface receptors to the intracellular signaling cascades
is a key step to understand insulin action [2]. IRS family members
play a pivotal role in modulating and diversifying insulin signals
and are absolutely required for normal insulin-stimulated glucose
uptake [3]. While tyrosine phosphorylation of IRS-1 is definitely
necessary for the activation of insulin action, IRS-1 serine phos-
phorylation mainly modulates the signal intensity and is a major
mechanism in the physiological shut down. Therefore, dysregu-
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lated serine phosphorylation of IRS-1 is hypothesized to be a gen-
eral molecular mechanism for insulin resistance [3-6].

A common tool to investigate the function of single or multiple
phosphorylation sites is the generation of point mutations of the
site(s) to be studied, i.e. the gain of function using an exchange
of the site to Asp or Glu, and the loss of function by an exchange
of Tyr to Phe, and Ser or Thr to Ala. The major limitation of this
strategy is that solely on/off effects can be examined. Contrary to
that, the most powerful tool to investigate slight regulations of dis-
tinct phosphorylation site(s), e.g. effect of insulin on a particular
serine site in IRS-1, are phospho-site-specific antibodies. Over the
last decade several specific Ser-phosphorylation sites of IRS-1 have
been identified and their relative function in insulin signaling is
established [7-10]. Most of such studies were based on the devel-
opment of phospho-site-specific antibodies for a particular serine
site of IRS-1. Development of phospho-site-specific-antibodies is
crucial to demonstrate the physiological significance of a particular
serine site in insulin action that cannot be resolved by more con-
ventional methodologies. Of note, IRS-1, a sophisticated regulated
multi-adapter protein, contains 34 tyrosine, 63 threonine and
181 serine residues at a total length of 1235 amino acid residues.
Based on frequent nearby potential phosphorylation sites within
IRS-1, the generation of phospho-site-specific antibodies requires
a particular preparation strategy and proper validation to establish
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that they do not cross react with unphosphorylated peptide, other
phosphoproteins or especially other phospho residues of the same
protein. By using a novel mass spectrometric approach for phos-
phopeptide screening [8,11], we recently identified Ser>>’, located
near PTB domain of IRS-1, as a PKC-5-mediated phosphorylation
site and demonstrated the biological significance of this site in
insulin signal transduction [12]. During the course of our studies
we observed a novel phenomenon of two functional serine sites
of IRS-1 adjacent to each other ie. Ser®®’ and Ser>>®. Whereas,
Ser®>® had been postulated to be a potential phosphorylation site
in prior studies using point mutated IRS-1 [5,13]. Here, we aimed
to develop and characterize phospho-site-specific-Ser>>” IRS-1
(p-Ser>7) antibody. The presence of the adjacent Ser>>® was a chal-
lenge to develop a phospho-site specific antibody that can be spe-
cific enough to recognize the phosphorylation of Ser>>” alone,
without giving cross reactivity to adjacent Ser>>® residue, so that
single effect of Ser®>” could be demonstrated in insulin signaling.

In this paper we describe for the first time, generation, charac-
terization and validation of phospho-site-specific-Ser>>” IRS-1
(p-Ser>>”) antibodies. A complementary, generally applicable ap-
proach of epitope selection, phosphopeptide synthesis, multistep
immuno-affinity-chromatography, and enzyme-linked immuno-
sorbent assay using diverse synthetic peptides, and finally
characterization and validation of the antibody in living cells to ex-
clude cross reactivity of the phospho-site-specific antibody is
demonstrated.

Materials and methods

Solid-phase peptide synthesis. The peptides were synthesized
using standard Fmoc/tBu chemistry, performed on the multiple
peptide synthesizer Syro II (MultiSynTech, Witten, Germany) on
a 0.025-mmol scale using a 6-fold molar excess of Fmoc amino
acids (MultiSynTech, Witten, Germany) on TCP-resin (PepChem,
Reutlingen, Germany) or MAP-resin (Lys)4-(Lys),-Lys-p-Ala-OR)
as described in [14]. Crude peptides were purified using prepara-
tive reversed-phase high-performance liquid chromatography
(RP-HPLC) and their identity was confirmed using MALDI-MS. Pep-
tide purities were determined via analytical RP-HPLC and proved
to be greater than 95%.

Generation of phospho-site-specific-Ser>>” IRS-1 (p-Ser®>?) anti-
bodies. The free peptide AHRHRGpSSRLHPPLNHSRSI was coupled
to keyhole limpet hemocyanin (KLH) by the glutardialdehyde
method and was also synthesized as multiple antigen peptide
(MAP) (AHRHRGpSSRLHPPLNHSRSI)g-(Lys)s-(Lys),-Lys-B-Ala-OH.
The antiserum was obtained after repeated immunization of two
rabbits with 1:1 mixture of the peptide-KLH and the MAP. This
phospho-Ser®>? antiserum was used to test the specificity of the
antibody in the initial experiments (Fig. 1B and C).

Multistep immunoaffinity chromatography. The antiserum was
purified by three step affinity purification. To achieve this 10 mg
of each of the peptides AHRHRGSSRLHPPLNHSRSI (non-phosphor-
ylated peptide I), AHRHRG-SpSRLHPPLNHSRSI (pSer358-peptide
1), and the AHRHRGpSSRLHPPLNHSRSI (pSer357-peptide III) were
coupled separately to 1 g of a CH-activated Sepharose (GE Health-
care, Freiburg, Germany) according to the manufactures
instructions.

The antiserum was applied to the column (10 x 1 cm) loaded
with the immobilized peptide I and recycled overnight at 4 °C.
Afterwards, the serum was transferred to the column loaded with
peptide Il and again recycled overnight at 4 °C. Finally, the residual
serum was affinity-purified on the immobilized peptide III over-
night at 4 °C. After intensive washing with PBS, the antibody was
eluted with 0.1 M glycine-HCI (pH 2.5) and neutralized with 1 M
Tris-HCl pH 8.5. Appropriate fractions were collected and

concentrated to 0.5 mg/ml on Amicon 20 kD ultra-filtration mem-
brane. This immuno-purified-phospho-site-specific-Ser>>” anti-
body was then used for all further experiments (Figs. 2 and 3).

Edman sequencing. The identity of peptide II and peptide IIl was
confirmed by Edman degradation (Applied Biosystem, ABI 477).
Both peptides showed the expected sequence and cross phosphor-
ylation were not detected.

ELISA. The wells of microtiter plates (Nunc Brand Products,
MaxiSorb surface, Wiesbaden, Germany) were coated with 5 pg
of different peptides (listed in Table 1) in PBS in a final volume
of 100 pl/well at 4 °C overnight. The plates were washed three
times with 200 pl of washing buffer (PBS/0.05% Tween-20, pH
7.0) and blocked with blocking buffer (PBS/0.05% Tween-20, pH
7.0, containing 2% BSA) for 2 h at 37 °C. After washing, the plates
were treated for 1 h at 37 °C with purified phospho-site-specific-
Ser®>” antibody (diluted in PBS/0.05% Tween-20, pH 7.0, containing
0.5% BSA) or the phospho-site-specific-Ser>>” antiserum. After
washing, the plates were incubated with HRP-conjugated goat
anti-rabbit Ig (Dianova, Hamburg, Germany; 1:5000 diluted in
PBS/0.05% Tween-20/0.5% BSA). 100 pl/well ABTS (2,2’-azino-bis/
3-ethyl-benzthiazoline-6-sulfonic acid)/H,0, in substrate buffer
(citrate buffer 100 mM, pH 4.5) was added 100 pl/well and the col-
or development analyzed at a wavelength of 405 nm [15].

Cell lines, reagents, and antibodies. C2C12 cells were from ATCC
(Wesel, Germany). Baby hamster kidney cells, stably expressing
the human insulin receptor (BHKIR), were kindly provided by R.
Lammers (University Hospital Tuebingen). Oligonucleotides were
synthesized by Invitrogen (Karlsruhe, Germany). Cell culture med-
ia, supplements, fetal calf serum (FCS) were purchased from Gibco
(Eggenstein, Germany); the protease inhibitor mixture was prod-
uct from Roche (Mannheim, Germany) and the antibodies against
IRS-1 (C-terminus) from Upstate Biotechnology (Lake Placid,
USA). The cytomegalovirus promoter-based expression vector for
rat IRS-1 was described in [16].

Site-directed mutagenesis. Mutation of Ser
or glutamate, mutation of Ser>>® to alanine and mutation of Ser
and Ser®*® to alanine was made by oligonucleotide-mediated
mutagenesis. The mutagenic upstream primers used were IRS-1-
Ala®> cc cac gec cat cgg cat cga gge gee tee agg ttg cac ccc cca
ctc aac cac and IRS-1-Glu?>7 cc cac gcce cat cgg cat cga ggc gag tec
agg ttg cac ccc cca ctc aac cac, IRS-1-Ala3>7/3%8 cc cac gec cat cgg
cat cga ggc gec gec agg ttg cac ccc cca cte aac cac, IRS-1-Ala®>® cc
cac gce cat cgg cat cga gge age gec agg ttg cac ccc cca ctc aac cac
with the wild-type IRS-1 expression vector serving as template. Po-
sitive clones were verified by sequencing.

Cell culture, transfection, and cell lysis. BHKIR cells were cultured
in Dulbecco’s modified Eagle’s medium containing 25 mM glucose,
10% fetal calf serum, 2 mM glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin. A minimum of 4.0 x 10° cells/well of a
six-well plate were transfected using the Caz (PO4),-DNA-co-pre-
cipitation method [17]. Cells were starved in Dulbecco’s modified
Eagle’s medium (5.5 mM glucose) without fetal calf serum for
24 h and then stimulated with insulin (10 nM) or TPA (0.5 uM) as
indicated. C2C12 cells were cultured in Dulbecco’s modified Eagle’s
medium containing 25 mM glucose, 10% fetal calf serum, 2 mM
glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin. A
minimum of 1.0 x 10 cells/well of a six-well plate were transfec-
ted using the Cas (PO4),-DNA-co-precipitation method. Forty hours
after transfection, the cells were starved in Dulbecco’s modified Ea-
gle’s medium (5.5 mM glucose) without FCS for 3 h, and then stim-
ulated with insulin (10 nM) or TPA (0.5 uM), as indicated. Cells
were lysed with 200 pl of lysis buffer/well (50 mM Tris, pH 7.6,
150 mM NaCl, 1% Triton X-100, and containing protease and phos-
phatase inhibitors). Forty micrograms of protein of the total ex-
tracts were separated by SDS-PAGE (7.5%) and Western blot
analysis was performed as described [8,18].

357 of IRS-1 to alanine

357
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Fig. 1. Sequence alignment of the corresponding amino acid sequences around Ser

and Ser

358 of IRS-1 proteins from different specie and initial Characterization of the

antiserum raised against phospho-Ser>*’. (A) Sequence alignment of the corresponding amino acid around Ser>*’ for rat, mouse and human IRS-1 (amino acid numbers are

indicated) is shown. Only the small region of rat IRS-1 containing the sequence AHRHRGpSSRLHPPLNHSRSI (antigenic peptide can be seen as shaded box,
phosphorylated residue) IRS-1 351-370 was used for generation of polyclonal phosphor-site-specific Ser>>” antibody. (B) Characterization of the phospho-Ser
was performed in C2C12 cells transiently transfected with IRS-1 wild-type (WT) and stimulated with

transfected C2C12 cells. Antibody characterization for phospho-Ser®>’

* shows

357 antiserum in

TPA and insulin for 30 min. The blot was reprobed to show the expressed IRS-1 protein levels. (C) C2C12 cells were transiently transfected with either IRS-1 wild-type (WT) or
IRS-1 Ala**? and stimulated with insulin and TPA for 30 min. The blot was reprobed to show the expressed IRS-1 protein levels.

Statistical analysis. Results presented are derived from at least
three independent experiments. Means + SEM were calculated
and groups of data were compared using Student’s t-test. A p-value
<0.05 was considered to be statistically significant.

Results and discussion

Initial characterization of antiserum raised against p-Ser*>” showed
cross reactivity with adjacent Ser>>8

To identify novel Ser/Thr phosphorylation sites in IRS-1, in vitro
phosphorylation assays were performed with the isolated N-termi-
nal amino acid residues 2-304 and amino acid residues 265-522 of
GST-IRS-1 protein fragments [8]. Upon incubation of recombinant
IRS-1 fragments with various PKC-isoforms we identified Ser>’
of rat IRS-1 (Ser>®? in human IRS-1) as an in vitro PKC phosphory-
lation site (data not shown).

Next, we generated polyclonal phospho-site-specific antibodies
(as described in Materials and methods) using a phosphopeptide
sequence corresponding to the region of rat IRS-1 surrounding
Ser®7 (Fig. 1A). Previously, we and others [8,10,19] have success-
fully employed crude antiserum of the immunized rabbits for the
detection of phospho-proteins. It was observed that phospho anti-
bodies are more stable in the serum and show marked specificity
for their respective phospho-proteins compared with their dephos-
phorylated versions. Therefore, in the initial experiments we used
crude antiserum to test the specificity of the phospho-site-specific-
Ser®>” antibody.

Mice muscle cells, C2C12, overexpressing IRS-1 WT were stim-
ulated with insulin or phorbol ester 12-O-tetradecanoyl 13-phor-
bol acetate (TPA), a pharmacological activator of classical and
novel PKC-isoforms for 30 min (Fig. 1B). Before stimulation, anti-
body did not react with IRS-1, while insulin and TPA strongly stim-
ulated phosphorylation of Ser®’, indicating that the antibodies

recognize phosphorylation of Ser®>’. To further verify that the anti-
body specifically recognizes phosphorylation of Ser>>’, IRS-1 Ala®>”
mutant was generated by PCR site-directed mutagenesis, to pre-
vent phosphorylation at Ser>>’. C2C12 cells were transiently trans-
fected with either IRS-1 WT or IRS-1Ala%>” mutant and stimulated
with insulin or TPA for 30 min. Surprisingly, the phosphorylation
signal detected by antiserum was comparable between IRS-1
Ala®*>7 and IRS-1WT expressing cells (Fig. 1C), indicating an unspe-
cific binding of the antibody. This unspecific binding was possibly a
cross reactivity with the adjacent Ser®>® of IRS-1. Cross reactivity
could be due to in vivo phosphorylation of Ser>>®, as encountered
by Sun et al. while developing anti-Bcr pSer-354 [20]. Moreover,
we exclude the possibility of an exchange of the phosphate group
between two serine sites during peptide synthesis, by performing
Edman sequencing of the synthetic peptides. The results of Edman
sequencing confirmed the identity of the peptides.

Since Ser>>® had already been reported to be a functional site of
IRS-1 we needed to eliminate the cross reactivity of the antibody
with Ser®8, so that the single effect of Ser>>” of IRS-1 in insulin sig-
naling can be elucidated [21]. To address this problem we aimed to
carry out immuno-purification of the antiserum raised against
phosphorylation of Ser®>” of IRS-1.

Immuno-purification of antiserum and determination of specificity of
purified-phospho-site-specific-Ser>>antibody by indirect ELISA

The generated antibody was immuno-purified by multiple
purification steps using non-phosphorylated Ser>>?, p-Ser>>8, and
p-Ser>>” peptide (as described in Materials and methods). To deter-
mine and compare the specificity and cross reactivity of the phos-
pho-Ser®>” antiserum and purified-p-Ser>>” antibody, an indirect
ELISA was performed using different phospho-synthetic peptides
(Table 1). The results of indirect ELISA (Fig. 2A) revealed that the
antibody specifically detected immunogenic phosphopeptide
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IRS-1 351-370;p357
IRS-1 351-370;p357(Ala at 358 )
IRS-1 351-370; p357p358

IRS-1 351-370;p358

IRS-1 351-370;np357(Ala at 358)
IRS-1 351-370;np357np358

No peptide

Immuno-purified- p-Ser357
pSer37 antibody Antiserum-

Dilutions 1:500 | 1:3000

Absorbance (450 nm)

Fig. 2. Determination of specificity of polyclonal phospho-site-specific-Ser357 antibody by indirect ELISA. (A) The purified polyclonal-phospho-site-specific-Ser>>” antibody
specifically recognized immunogenic phosphopeptide (AHRHRGpSSRLHPPLNHSRSI) but not the non-phosphorylated form of the peptide or to other phosphopeptides.
Synthetic peptides (5 pig) were incubated on an ELISA plate. Phospho-site-specific-Ser®>” antiserum and purified phospho-site-specific-Ser*>’ antibodies were used for the

detection, at dilutions of 1:3000 and 1:500, respectively. (B) Quantification of relative binding of each polyclonal antibody to the phospho-Ser

synthetic peptides (listed in Table 1) using the PEPSCAN-ELISA method.

(p-Ser®>?) and shows a complete negative reaction towards non-
phosphorylated form of the peptide or to other phosphopeptides

(Fig. 2B) including the peptide phosphorylated at Ser>8,

Final determination of specificity of purified-phospho-site-specific-
Ser>>” antibody in living cells

Finally, in order to establish the specificity of the antibody
against phosphorylation of Ser®>” of IRS-1 in living cells, two more
mutants of IRS-1 were generated; IRS-1Ala*>® to prevent phos-
phorylation at Ser>*® and a double mutant IRS-1A1a%>7/3>® to pre-
vent phosphorylation simultaneously at both, Ser®*” and Ser>>%,
BHKIR cells were transiently transfected with IRS-1 WT, IRS-1
Ala®>7, IRS-1 Ala®*%, and IRS-1 Ala>>7/3*>® and stimulated with insu-
lin or TPA for 30 min (Fig. 3A). The antiserum non-specifically rec-
ognized Ser>>® phosphorylation upon stimulation with TPA and
insulin in the cells overexpressing IRS-1 Ala®>” comparable to the
cells overexpressing IRS-1TWT and IRS-1 Ala3®® (Fig. 3A and B)
.Whereas, with purified-phospho-Ser>>” antibody very low signal
of phosphorylation was detected in IRS-1 Ala**” and IRS-1 Ala®>”/
358 transfected cells, similar to the immunoblots obtained with
control-transfected cells (Fig. 3B). The very low signal most likely
depends on the endogenous IRS-1 in the transfected cells, which
can be phosphorylated at Ser®>’. These data evidently show that
the immunopurified antibody specifically recognizes IRS-1, when
it is phosphorylated on Ser>>” without any cross reactivity with
the adjacent putative phosphorylation residue Ser>>%. Similar re-
sults have been obtained using C2C12 skeletal muscle cells (data

357 of IRS-1 protein-based

not shown). Moreover, we also demonstrated in vivo phosphoryla-
tion of Ser®>” using this immuno-purified-phospho-Ser>>” antibody
in our recent study [12] which further validate the specificity of the
antibody. Additionally, we used double mutant IRS-1Ala*>7/*%8 to
confirm that the observed cross reactivity of the crude antiserum
was against Ser>>8, It is evident that a reduced phosphorylation sig-
nal was observed in IRS-1Ala>7/358 expressing cells, where phos-
phorylation at both sites is blocked, as compared to IRS-1 Ala3>’
where phosphorylation at only Ser>>’ is prevented (Fig. 3A upper
panel). The very low signal in IRS-1Ala>>7/3>8 expressing cells most
likely depends on the endogenous IRS-1 in the transfected cells,
which can be phosphorylated at Ser®>’. These results support the
conclusion that cross reactivity shown by the antiserum was
against Ser>>® phosphorylation.

The advantage of phospho-site-specific antibodies is that they
permit rapid analysis of intracellular phospho-proteins without
the need to employ complex structural protein analysis [20]. Gen-
eration of phospho-Ser-specific antibodies of IRS-1 provides a pow-
erful tool to study regulatory function of Ser/Thr phosphorylation
of IRS-1 in insulin signal transduction in vivo. The strength of our
study is the generation and establishment of new phospho-site-
specific-Ser>®” antibodies, in the presence of adjacent Ser®>%, We
emphasize here that phospho antibodies require proper validation
to determine that they do not cross react with adjacent or nearby
serine residues. To achieve this goal, immuno-purification and val-
idation of immunoreactivity of the phospho antibody with mutants
of the serine site in question and adjacent sites is recommended,
otherwise it can lead to erroneous interpretation of the data
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Fig. 3. Specificity of phospho-Ser>>’

357 Ala
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antibodies in cultured cells. (A) Baby hamster kidney cells stably expressing the human insulin receptor (BHKIR-cells) were transfected

with IRS-1 WT, IRS-1 Ala®>’, IRS-1 Ala®*%, and IRS-1 Ala®>7/*>8 and treated with insulin (10 nM, 30 min) or TPA (0.5 uM, 30 min). After stimulation cells were lysed and
analyzed by 7.5% SDS-PAGE and immunoblotted with phospho-Ser®>” antiserum and immuno-purified-phospho-Ser®>” antibodies. The same blots were stripped and
reprobed with a polyclonal IRS-1 antibody. Representative results from three experiments are shown. (B) Phosphorylation intensity of Ser®>” of IRS-1 detected by immuno-

purified-phosho-Ser®>”

mutants vs. IRS-1 WT; #p < 0.05 IRS-1A1a%>7/*>¢ mutant vs. IRS-1 WT).

Table 1

Sequence of synthetic peptides

Peptide Sequence

IRS-1 351-370; p357 AHRHRG+SRLHPPLNHSRSI
IRS-1 351-370; p357(Ala at 358) AHRHRG+ARLHPPLNHSRSI
IRS-1 351-370; p357p358 AHRHRG++RLHPPLNHSRSI
IRS-1 351-370; p358 AHRHRGS+RLHPPLNHSRSI
IRS-1 351-370; np357(Ala at 358) AHRHRGSARLHPPLNHSRSI
IRS-1 351-370; np357np358 AHRHRGSSRLHPPLNHSRSI

Plus (+) sign indicates a phosphorylated serine; p, phosphorylated; np, non-
phosphorylated.

[20,22]. The proposed strategy accurately demonstrates the speci-
ficity of our generated antibody and rules out the likelihood of
cross reactivity with adjacent sites. This is especially important
in case of IRS-1 proteins because IRS-1 contains a number of poten-
tial serine phosphorylation residues and each serine phosphoryla-
tion site has a distinct and regulatory role in insulin signaling.
Therefore, based on frequent side by side potential phosphoryla-
tion sites within IRS-1, we suggest that the generation of phos-
pho-site-specific antibodies for IRS-1 in particular and other
proteins in general require a particular preparation strategy.

The prepared phospho-Ser>>” IRS-1 antibody is remarkably spe-
cific for the phosphorylated Ser>>? epitope and works effectively in
common applications such as western blot analysis and immuno-
precipitation. Therefore, pSer>>” IRS-1 antibody should facilitate ef-
forts to further elucidate the in vivo inhibitory and regulatory role

antibody was quantified based on scanning densitometry of immunoblots normalized for IRS-1 protein (means * SE, n=3,’p < 0.05 IRS-1 Ala®>7

of PKC-induced Ser®>? phosphorylation in insulin signal transduc-
tion and will be quite useful in better understanding the molecular
basis of insulin resistance.

Acknowledgments

We thank Andreas Dittmar, Roman Werner, Katrin Brodbeck,
Heike Runge, and Ann Kathrin Pohl for their technical assistance.
This work was supported by Higher Education Commission of Paki-
stan, and German Academic Exchange Service (DAAD), Germany
and Deutsche Forschungsgemeinschaft (SFB 685).

References

[1] AR. Saltiel, C.R. Kahn, Insulin signalling and the regulation of glucose and lipid
metabolism, Nature 414 (2001) 799-806.

[2] Y.H. Lee, M.F. White, Insulin receptor substrate proteins and diabetes, Arch.
Pharm. Res. 27 (2004) 361-370.

[3] M.F. White, IRS proteins and the common path to diabetes, Am. ]J. Physiol.
Endocrinol. Metab. 283 (2002) E413-E422.

[4] Y. Zick, Uncoupling insulin signalling by serine/threonine phosphorylation:
a molecular basis for insulin resistance, Biochem. Soc. Trans. 32 (2004)
812-816.

[5] Y.F. Liu, A. Herschkovitz, S. Boura-Halfon, D. Ronen, K. Paz, D. Leroith, Y. Zick,
Serine phosphorylation proximal to its phosphotyrosine binding domain
inhibits insulin receptor substrate 1 function and promotes insulin
resistance, Mol. Cell Biol. 24 (2004) 9668-9681.

[6] P. Gual, Y. Marchand-Brustel, J.F. Tanti, Positive and negative regulation of
insulin signaling through IRS-1 phosphorylation, Biochimie 87 (2005) 99-109.

[7] V. Aguirre, T. Uchida, L. Yenush, R. Davis, M.F. White, The c-Jun NH(2)-terminal
kinase promotes insulin resistance during association with insulin receptor



(8

[9

(10]

(11]

[12]

[13]

(14]

R.S. Waraich et al. /Biochemical and Biophysical Research Communications 376 (2008) 26-31 31

substrate-1 and phosphorylation of Ser(307), J. Biol. Chem. 275 (2000) 9047-
9054.

K. Moeschel, A. Beck, C. Weigert, R. Lammers, H. Kalbacher, W. Voelter, E.D.
Schleicher, H.U. Haring, R. Lehmann, Protein kinase C-zeta-induced
phosphorylation of Ser318 in insulin receptor substrate-1 (IRS-1) attenuates
the interaction with the insulin receptor and the tyrosine phosphorylation of
IRS-1, ]. Biol. Chem. 279 (2004) 25157-25163.

M.W. Greene, M.S. Ruhoff, R.A. Roth, J.A. Kim, M.J. Quon, J.A. Krause, PKCdelta-
mediated IRS-1 Ser24 phosphorylation negatively regulates IRS-1 function,
Biochem. Biophys. Res. Commun. 349 (2006) 976-986.

C. Weigert, A.M. Hennige, T. Brischmann, A. Beck, K. Moeschel, M. Schauble, K.
Brodbeck, H.U. Haring, E.D. Schleicher, R. Lehmann, The phosphorylation of
Ser318 of insulin receptor substrate 1 is not per se inhibitory in skeletal
muscle cells but is necessary to trigger the attenuation of the insulin-
stimulated signal, J. Biol. Chem. 280 (2005) 37393-37399.

A. Beck, K. Moeschel, M. Deeg, H.U. Haring, W. Voelter, E.D. Schleicher, R.
Lehmann, Identification of an in vitro insulin receptor substrate-1
phosphorylation site by negative-ion muLC/ES-API-CID-MS hybrid scan
technique, J. Am. Soc. Mass Spectrom. 14 (2003) 401-405.

R.S. Waraich, C. Weigert, H. Kalbacher, A.M. Hennige, S.Z. Lutz, H.U. Haring, E.D.
Schleicher, W. Voelter, R. Lehmann, Phosphorylation of Ser357 of rat insulin
receptor substrate-1 mediates adverse effects of protein kinase C-delta on
insulin action in skeletal muscle cells, J. Biol. Chem. 283 (2008) 11226-11233.

K. Paz, Y.F. Liu, H. Shorer, R. Hemi, D. LeRoith, M. Quan, H. Kanety, R. Seger,
Y. Zick, Phosphorylation of insulin receptor substrate-1 (IRS-1) by protein
kinase B positively regulates IRS-1 function, J. Biol. Chem. 274 (1999)
28816-28822.

N. Zaidi, T. Herrmann, W. Voelter, H. Kalbacher, Recombinant cathepsin E has
no proteolytic activity at neutral pH, Biochem. Biophys. Res. Commun. 360
(2007) 51-55.

[15] N. Zaidi, T. Herrmann, D. Baechle, S. Schleicher, J. Gogel, C. Driessen, W.
Voelter, H. Kalbacher, A new approach for distinguishing cathepsin E
and D activity in antigen-processing organelles, FEBS ]. 274 (2007)
3138-3149.

[16] M. Kellerer, J. Mushack, E. Seffer, H. Mischak, A. Ullrich, H.U. Haring, Protein
kinase C isoforms alpha, delta and theta require insulin receptor substrate-1 to
inhibit the tyrosine kinase activity of the insulin receptor in human kidney
embryonic cells (HEK 293 cells), Diabetologia 41 (1998) 833-838.

[17] J.C. Bruning, J. Winnay, S. Bonner-Weir, S.I. Taylor, D. Accili, C.R. Kahn,
Development of a novel polygenic model of NIDDM in mice heterozygous for
IR and IRS-1 null alleles, Cell 88 (1997) 561-572.

[18] M. Kellerer, J. Mushack, E. Seffer, H. Mischak, A. Ullrich, H.U. Héring, Protein
kinase C isoforms alpha, delta and theta require insulin receptor substrate-1 to
inhibit the tyrosine kinase activity of the insulin receptor in human kidney
embryonic cells (HEK 293 cells), Diabetologia 41 (1998) 833-838.

[19] M.P. Coghlan, T.S. Pillay, J.M. Tavare, K. Siddle, Site-specific anti-
phosphopeptide antibodies: use in assessing insulin receptor serine/
threonine phosphorylation state and identification of serine-1327 as a novel
site of phorbol ester-induced phosphorylation, Biochem. ]. 303 (1994) 893-
899.

[20] T. Sun, M. Campbell, W. Gordon, R.B. Arlinghaus, Preparation and
application of antibodies to phosphoamino acid sequences, Biopolymers 60
(2001) 61-75.

[21] Y.F. Liu, A. Herschkovitz, S. Boura-Halfon, D. Ronen, K. Paz, D. LeRoith, Y. Zick,
Serine phosphorylation proximal to its phosphotyrosine binding domain
inhibits insulin receptor substrate 1 function and promotes insulin resistance,
Mol. Cell Biol. 24 (2004) 9668-9681.

[22] R.M. Gallo, D.J. Riese, The antibody sc-33040-R fails to specifically recognize
phosphorylation of ErbB4 on tyrosine1056, Growth Factors 25 (2007) 329-
333.



	Development and precise characterization of phospho-site-specific antibody of Ser357 of IRS-1: elimination Elimination of cross reactivity with adjacent Ser358
	Materials and Methodsmethods
	Results and Discussiondiscussion
	Initial characterization of antiserum raised against p-Ser357 showed cross reactivity with adjacent Ser358
	Immuno-purification of antiserum and determination of specificity of purified- phospho-site-specific-Serpurified-phospho-site-specific-Ser357antibody by indirect ELISA
	Final determination of specificity of purified- phospho-site-specific-Serpurified-phospho-site-specific-Ser357 antibody in living cells

	AcknowledgementsAcknowledgments
	References


