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ABSTRACT: Grbl10 is a Src-homology 2 (SH2) and Pleckstrin-homology (PH) domain-containing protein
that binds to several autophosphorylated receptor tyrosine kinases including the insulin receptor (IR).
Our previous studies showed that Grb10 underwent insulin-stimulated serine phosphorylation, yet the
kinase(s) responsible for phosphorylation and the sites of the phosphorylation remain unknown. In this
report, we show that Grb10 is a direct substrate of the p42/44 mitogen-activated protein kinase (MAPK).
In addition, we found that inhibition of the MAPK signaling pathway reduced Grb10 phosphorylation in
cells. Using site-directed mutagenesis, phosphopeptide mapping, and capillary-diecospray-tandem

mass spectrometry analysis, we identified'&eBer'8 and Set’® of human Grb10Q as MAPK-mediated

in vitro phosphorylation sites. In vivo labeling and two-dimensional phosphopeptide mapping studies
revealed that S&° and Set’® of human Grb1@ are phosphorylated in intact cells. Replacing'Send

Ser’6 with alanines reduced the inhibitory effect of human Gib®d@ insulin-stimulated IRS1 tyrosine
phosphorylation. Taken together, our findings suggest that phosphorylation of the adaptor protein may
provide a feedback inhibitory mechanism by which Grb10 regulates insulin signaling.

Insulin action is initiated by binding of the hormone to its Grb10 is a SH2 and PH-domain-containing adaptor protein
membrane receptor in target cells. Upon insulin binding, the that binds to tyrosine-phosphorylated insulin and insulin-
tyrosine kinase activity of the3-subunit of the insulin like growth factor 1 (IGF1) receptors in response to insulin
receptor (IR) becomes activated, resulting in the subsequent or IGF1 stimulation 2, 3). There is some controversy on
phosphorylation of downstream signaling molecules such aswhether Grb10 is a positive or negative regulator of insulin
IRS-1 and IRS-2, which leads to activation of the phosphati- signaling @—7). Two recent studies showed that reducing
dylinositol (PI) 3-kinase signaling pathway. Binding of the expression levels of endogenous Grb10 led to increased
insulin also results in autophosphorylation of the insulin growth in mice 8) and enhanced insulin signaling in cells
receptor, leading to the association of the adaptor protein (9), suggesting that endogenous Grb10 may act as a negative
Shc, which serves to activate the mitogen-activated proteinregulator of both growth and insulin signaling.

kinase (MAPK) signaling pathway. Through both the Pl Grb10 has been shown to be phosphorylated on both serine

3-kinase and MAPK pathways, insulin stimulates a variety (10, 11) and tyrosine residued2, 13). Although Tec, Src,

of cellular responses including glucose uptake, cellular and Fyn have been identified as the kinases responsible for

growth, metabolism, and differentiatiofh)( tyrosine phosphorylation of Grb1A2, 13), the kinase(s)

that mediate(s) Grb10 serine phosphorylation remain(s)
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Grb1(; as two in vivo phosphorylation sites. Replacing’Ser
and Set’® with alanines reduced the inhibitory effect of
human Grb10Q on insulin-stimulated IRS1 tyrosine phos-
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harvested by centrifugation at 5aGpCor 10 min and
maintained at—80 °C for 10 min. The cells were then
resuspended in ice-cold buffer C (50 mM Tris-HCI, pH 7.5,

phorylation. Taken together, our findings reveal that Grb10 50 mM KCI, 1 mM dithiothreitol, 5 mM EDTA, 1 mM

is a direct substrate of MAPK and suggest that phosphory-

lation of the adaptor protein at S&tand Set’® may provide

phenylmethanesulfonyl fluoride, 0.1% Triton X-100, and 1
mg/mL lysozyme), followed by incubation on ice for 30 min.

a feedback inhibitory mechanism by which Grb10 regulates The solution was sonicated and clarified by centrifugation

insulin signaling.
MATERIALS AND METHODS

Cell Lines and Reagent#& Chinese hamster ovary cell
line overexpressing the insulin receptor (CHO/IR) and cDNA
encoding human full-length human Griilhave been
described previouslylQ). Biochemical reagents were ob-
tained from the following sources: HA monoclonal antibody,

Covance; LY294002, Sigma; PD98059, Calbiochem; sec-
ondary antibodies conjugated to alkaline phosphatase an

horseradish peroxidase, Promega; proteirSepharose
beads, Amersham-Pharmacia Biotech; glutathid®epharose
beads, Sigma; fg ZipTips, Millipore; TPCK-treated trypsin,
Worthington Biochemical Corp.; antibody to phosphoty-
rosine, Transduction Laboratories.

Generation of Truncation Mutants of Full-Length Human
Grb10. A cDNA encoding amino acids 36694 of human
GrblQ (10) was generated by PCR using full-length human
Grb1Q cDNA as a template (for nomenclature of Grb10
isoforms, please see refsand 3). The PCR primers used
were FW, 5CGGAATTCCCCGCACAGTCTGAC-3 and
RV, 5-CTGCGTCGACCGCTTCTTCACTC-3 Using a

at 1400@ for 15 min. The proteins were purified by affinity
chromatography using glutathion&epharose beads.

Cell Culture, Immunoprecipitation, and Western Blot.
CHOI/IR cells were grown in Ham’s F-12 medium (Life
Technologies) supplemented with 10% newborn calf serum
and 1% penicillin/streptomycin. Transfections of CHO/IR
cells were performed in 100 mm plates with 4@ of total
recombinant plasmid, using LipofectAMINE reagent accord-
ing to the manufacturer’s protocol (InVitrogen). Twenty-

({)our hours after transfection, cells were lysed in 3Q@0of

uffer A (50 mM Hepes, pH 7.6, 150 mM NaCl, 1% Triton
X-100, 10 mM NaF, 20 mM sodium pyrophosphate, 20 mM

p-glycerol phosphate, 1 mM sodium orthovanadateu 0

mL leupeptin, 10ug/mL aprotinin, and 1 mM phenyl-
methanesulfonyl fluoride). The homogenate was centrifuged
(1400@, 4 °C, 10 min), and the supernatants were incubated
with specific antibodies bound to protein G beads overnight
at 4 °C with gentle rotation. After incubation, immunopre-
cipitates were washed extensively with ice-cold buffer B (50
mM Hepes, pH 7.6, 150 mM NacCl, and 0.1% Triton X-100).
Proteins bound to the beads were eluted by heating &€95
for 4 min in SDS-PAGE sample loading buffer. The eluted
proteins were separated by SBBAGE, transferred to a

similar approach, we also generated expression vectorsyjyrocellulose membrane, and detected with specific antibod-
encoding a carboxyl-terminal truncated mutant of human jgq

Grbl(® [residues 36-473; Grbl0 ASH2)] and the C-
terminal of human Grb1[residues 416-594; Grb10 (BPS
+ SH2)] using the following PCR primer pairs: '-5
CGGAATTCCCCGCACAGTCTGAC-35-GCTGTCGAC-
CTAGGATGTTCATCCG-3and B-GCGAATTCCCTCAG-
CAGAGGAAG-3,5-CTGCGTCGACCGCTTCTTCACTC-
3, respectively. After restriction digestion, the cDNA

In Vitro Phosphorylation of Grb10 by MAPKRecombi-
nant wild-type p42 MAPK (ERK2) was activated in vitro
by incubation at 30°C for 1 h in MEK kinase buffer (20
mM Hepes, pH 7.5, 20 mM Mgg]l0.1 mg/mL BSA, and 2
mM ATP) in the presence of activated MEK1 [ERK2 and
activated MEK1, which were purified to near homogeneity
by nickel chelate chromatography, were generous gifts from

fragments were subcloned into the GST fusion protein o, 3 E. Ferrell (5-19)]. HA-tagged Grb10 proteins

expression plasmid pGEX-4-T1, in frame at their N-termini
with a sequence encoding GST (Pharmacia Biotech).

Construction of Plasmids and Site-Directed Mutagenesis.

Human Grb1@S104G Grb1@stsol Grb1Es+18A
Grb1¢5418AIS421A/T422/;\ Grb1¢8476A, Grb1@5150I/S4766 and
Grb1(;S1500/5476Dwere generated by single-stranded site-

transiently expressed in CHO/IR cells were immunoprecipi-
tated with anti-HA antibody adsorbed onto protein-&ja-
rose beads. After overnight incubation at@, the beads
were collected and washed twice with ice-cold buffer B and
once with ice-cold MEK kinase buffer. Phosphorylation of
Grb10 by MAPK was carried out at 3@ for 30 min in the

directed mutagenesis according to the protocol as describechresence of MEK kinase buffer (final volume 80), 2 uCi

by Kunkel (L4) using customized primers. The subcloning

of [y-3?P]JATP (PerkinElmer Life Sciences), and activated

of these cDNAs into the mammalian expression vector MAPK. The reaction was stopped by the addition of SDS

pBEX, in frame with the HA tag, was performed according
to the previously described protocdl(). The generation of
cDNA encoding Myc-tagged full-length mutants of Grb10
was accomplished as described previousty. All site-

directed mutagenesis products were confirmed by restriction

mapping and DNA sequencing. The construct for IRS31 (
was described previously.

Expression and Purification of Proteins in Bacterial Cells.
BL21(DE3) cells containing plasmids encoding GST fused
to either human GrbX) Grb10ASH?2), or Grb10(BP$SH2)
were grown in LB medium containing ampicillin. Expression
of proteins was induced by the addition of 1 mM isopropyl
pB-p-thiogalactoside (IPTG) for 3.5 h at 3@. Cells were

sample buffer and heating at 9& for 4 min. The proteins
were separated by SBEAGE using 10% (w/v) polyacryl-
amide gels and transferred to a nitrocellulose membrane, and
the phosphorylated Grb10 was visualized by autoradiography.

In Vivo 3°P Labeling and Phosphopeptide Mapping of
Grb1Q. In vivo %P metabolic labeling and phosphopeptide
mapping studies of Grb10 were carried out using similar
protocols as described previousR0yf.

Mass Spectrometr\Matrix-assisted laser desorption ion-
ization time-of-flight mass spectrometry (MALDI-TOF/MS)
was conducted on an Applied Biosystems Voyager-DE STR.
For analysis of tryptic digests of Grb10 and extracts of spots
from 2-D TLC plates, 2,5-dihydroxybenzoic acid (DHB) was
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employed as the matrix, and the instrument was operated in ) 1 2 3 4 5 6 7 8
the reflectron mode with positive ion detection. MALDI- .

TOF spectra were generated by averaging the results from | - e- . |‘(’rblU'P
100 laser shots, with spectral processing by smoothing (five | P — |~Grb10
points) and noise reduction. The peptide mass maps producet

by MALDI-TOF/MS of tryptic digests of Grbl0 were msulim -+ - *+ - + - *
searched against published databases by means of the MS PD LY  LY+PD

Fit module of Protein Prospector (http://prospector.ucsf.edu/) B) 140, K e ,
and MASCOT (Matrix Science, http://www.matrixscience. 10l !

com) in order to confirm the presence of the target protein. 5

HPLC—electrospray ionizationtandem mass spectrometry = ,_.;mo

(HPLC-ESI/MS/MS) was performed on a Thermo Finnigan £ s 80

LCQ, which has been adapted for microspray ionization. On- = § 60!

line HPLC separations were accomplished with a Michrom S&

BioResources MAGIC 2002 micro-HPLC as follows: col- 3&% )

umn, PicoFrit (New Objective; 7bm i.d.) packed to 10 cm © 20

with C18 adsorbent (Vydac; 218MS:6n, 300 A); mobile o , .
phase A, 0.5% acetic acid/0.005% TFA; mobile phase B, No Treatment  Insulin PD Insulin + PD

90% acetonitrile (ACN)/0.5% acetic acid/0.005% TFA, linear Ficure 1: PD98059 and LY294002 inhibit the basal and insulin-
gradient of 2-72% B in 30 min; flow rate, 0.4L/min. For stimulated phosphorylation of Grb10. (A) CHO/IR cells transiently
initial analysis of tryptic digests, a data-dependent acquisition €XPressing human Grbg@vere labeled with ¥PJorthophosphate

rotocol was utilized in which the four most intense ions in and left untreated (lanes 1 and 2) or treated with PD980S9 (50
p uM, lanes 3 and 4), LY294002 (5@M, lanes 5 and 6), or

each survey scan were sequentially fragmented in the ionLy294002 and PD98059 (lanes 7 and 8} foh and then treated
trap by collision-induced dissociation (CID) using an isola- with (+) or without (—) insulin (108 M) for 5 min. Grb1@ was
tion width of 2.5 and a relative collision energy of 35%. immunoprecipitated with antibody against the HA tag. The phos-

; ; ; phorylation and expression of Grbd@ere visualized by autora-
The uninterpreted MS/MS spectra obtained by this approachdiography (upper panel) or by Western blot using an anti-HA

were analyzed by the SEQUEST component of the LCQ antibody (lower panel). Data are representative of four individual
software and by MASCOT (Matrix Science). For detection experiments. (B) Quantitative analysis of the effect of PD98059

of selected Grb10 peptides (“targeted MS/MS”), the ap- on Grb10 phosphorylation in cells. Grbl0 phosphorylation was

propriate ¥ and 2+ ions were specifically trapped and quantified using Scion Image and normalized to Grb10 expression
: levels. The mean fold stimulation is expressed as a percentage of

fragmented. Assgnment' of all M.S/MS. fragments was o maximumt SE (1= 4). Key: * P < 005, *. P < 0.01.

verified by comparison with the predicted ions generated in

silico by GPMAW (Lighthouse Data). to a lesser extent, of Grb10 phosphorylation in both the basal

Statistical SignificanceResults are expressed as the mean and insulin-stimulated states (Figure 1A, lanes 3 and 4 vs
+ SEM. Differences between the groups were examined for lanes 1, 2, 5, and 6, and Figure 1B). Inhibition of both the
statistical significance using analysis of variance (ANOVA). MAPK and Pl 3-kinase pathways together significantly

decreased Grb10 phosphorylation (Figure 1A, lanes 7 and 8
RESULTS vs lanes 1 and 2). Taken together, these results suggest that
Grb10 is a substrate of kinases involved in both the PI

Grb10 Undergoes Insulin-Stimulated and Pl 3-Kinase/ 3-kinase and MAPK pathways.

MAPK-Dependent Phosphorylation in Cele previously Grb10 Is a Direct Substrate of MAPK in Vitr&xamina-
showed that treatment of cells with insulin resulted in a QE| tion of the Grb10 sequence revealed several potentia| MAPK
mobility shift of Grb10, which was abolished by incubation phosphorylation sites [(P)-X-S/T-R1) or S/T-P @2)]. To

of Grb10 with potato alkaline phosphatase (PAR)(Grbl0 test whether Grb10 is a direct substrate for MAP kinase, we
differential gel mobility was also prevented by treatment of carried out in vitro phosphorylation studies. HA-tagged
cells with either the PI 3-kinase inhibitor LY294002 or the human Grblﬁ or Grblq (2) was transient'y expressed in
MEK1 inhibitor PD98059 10). Together, these findings  CHO/IR cells, immunoprecipitated with antibody to the HA
suggest that Grb10 is a potential substrate for kinasestag, and incubated in vitro with bacterially expressed,
involved in both the Pl 3-kinase and MAPK Signaling purified, and activated p42 MAPK in the presence/}eﬁ{P]_
pathways. ATP. Incubation with MAPK resulted in phosphorylation

To provide direct evidence that Grb10 is phosphorylated of both Grb10 isoforms (Figure 2A, lanes 3 and 4 vs lane
by kinases in the Pl 3-kinase and the MAPK pathways, 2). A time course experiment revealed that phosphorylation
metabolic labeling experiments were performed on CHO/ of Grb10 by MAPK could be observed as early as 5 min
IR cells transiently overexpressing human G 1@ agree- and persisted up to 30 min (data not shown). No phospho-
ment with previous reportd (), insulin stimulation resulted  rylation was observed when Grb10 isoforms were incubated
in an increase of Grb10 phosphorylation, as visualized by with activated MEK1 alone (Figure 2A, lane 1). Taken
incorporation of®?P into the protein (Figure 1A, lanes 1 vs together with the finding that Grb10 phosphorylation is
2 and Figure 1B). Inhibition of the PI 3-kinase pathway with inhibited by the MEK1 inhibitor PD98059 (Figure 1), these
LY294002 resulted in a decrease of Grb10 phosphorylation, results suggest that Grb10 is a direct substrate of MAPK.
in both basal and insulin-stimulated conditions (Figure 1A,  Map the Regions of Grb10 Phosphorylated by MAPK in
lanes 5 and 6 vs lanes 1 and 2). Treatment of cells with the Vitro. To identify the MAPK-mediated Grb10 phosphory-
MEK?1 inhibitor PD98059 also resulted in a decrease, albeit lation site(s), we first carried out studies to map the region-
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Ficure 2: Identification of Grb10 as a substrate of MAPK. (A) Phosphorylation of the PH-domain truncated humar @rioiL€ull-

length human Grb1®isoforms by MAPK in vitro. CHO/IR cells were transiently transected with either empty vector (lane 2), PH-domain
truncated human Grbg0(lane 3), or full-length human GrbZ(lanes 1 and 4). The proteins were immunoprecipitated with antibody to

the HA tag and incubated with constitutively active MEK1 alone (lane 1) or MEK1 together with activated p42 MAPK (ERK2) in the
presence of)f-2P]JATP. Grb10 phosphorylation and expression were determined by autoradiography (upper panel) or by Western blot with
anti-HA antibody (bottom panel), respectively. Data are representative of at least three individual experiments. (B) Diagrams of full-length
and various truncations of human Grigl@runcation (C) and point mutants (D) of Grb10 were in vitro phosphorylated by MAPK and
analyzed by two-dimensional phosphopeptide mapping.

(s) on Grb10 that contain potential MAPK phosphorylation Grb1Q proteins were transiently expressed in CHO/IR cells,
sites. Several GST fusion proteins representing differentimmunoprecipitated, and phosphorylated by activated MAPK
regions of human GrbX0(Figure 2B) were expressed in in vitro in the presence of/F*?P]JATP. No major differences
bacterial cells, purified, and phosphorylated by activated were observed between the phosphopeptide maps of the
MAPK in vitro. The phosphorylated truncated Grb10 proteins S104G mutant and wild-type Grb10 (Figure 2D, panel a vs
were then subjected to trypsin digestion and two-dimensional panel b). In contrast, phosphopeptide mapping of the S150I
phosphopeptide analyses. In vitro phosphorylation of GST- and S476A mutants revealed the loss of phosphopeptide 4
Grbl(Q; resulted in five phosphopeptides (Figure 2C, panel and phosphopeptide 2, respectively (Figure 2D, panels c and
a). Phosphopeptide mapping of Grb/XS§H2) revealed the e vs panel a). These results identified ‘Seand Set’® of
loss of phosphopeptide 2, suggesting that one of the majorhuman Grb1Q as major MAPK-catalyzed phosphorylation
MAPK-catalyzed phosphorylation sites resided within amino sites in vitro. While replacing S&# with alanine did not
acids 474594 of human Grbl® (Figure 2C, panel b).  result in the net loss of any phosphopeptides, this mutation
Phosphopeptide mapping of Grb10 (BRSSH2) revealed did lead to a marked reduction in phosphorylation of
the loss of phosphopeptide 4, indicating that one of the major phosphopeptide 1 as compared to wild-type hGéEigure
MAPK-catalyzed phosphorylation sites on Grigi present 2D, panel d). One possible explanation for this result is that
between amino acids 36109 (Figure 2C, panel c). the Set'®containing tryptic peptide possesses a second
Identification of Se¥° and Set’® of Human Grb1Q as MAPK consensus phosphorylation site, #Ar(Figure 3).
MAPK-Catalyzed Phosphorylation Sites in VitExamina- Therefore, Th?? in the Set!®-containing peptide may act
tion of the sequence of human Grlil(?) revealed several as a compensatory phosphorylation site on Grb10 upon
potential MAPK phosphorylation sites [P-X-S/T-R1jj or mutation of Sef'® resulting in the appearance of phospho-
SIT-P @2)]: T%-P, S04p, P -G-$%0-p, TS5 p, S8 p, T#22 peptide 1 on the two-dimensional phosphopeptide map of
P, and %P (Figure 2B). Previous studies on both human Grb1G**'84 phosphorylated by MAPK in vitro.
Grb10 @0) and mouse Grb101Q) found that Grbl0 Identification of Set'® of Human Grb1@ as an in Vitro
phosphorylation in cells occurs predominantly on serine MAPK Phosphorylation SiteTo elucidate the identity of
residues. To test whether the potential MAPK consensus phosphopeptide 1 of the in vitro phosphorylated wild-type
phosphorylation serine residues on Grb10 were phosphory-Grb10 (Figure 3, inset), the peptides in spot 1 were eluted
lated by MAPK in vitro, site-directed mutagenesis was from the thin-layer chromatography plate and analyzed by
performed to generate HA-tagged S104G, S1501, S418A, andmatrix-assisted laser desorption ionization time-of-flight mass
S476A Grb10 mutants. The HA-tagged wild-type or mutant spectrometry (MALDI-TOF/MS). A peptide with a molecular
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Ficure 3: Identification of Sef® of human Grb10 as an in vitro MAPK phosphorylation site by HPLC-ESI/MS/MS. In vitro phosphorylation
of wild-type Grb1@ was performed as described in Figure 2C in the absencg-BP]ATP. Grb10 protein bands were excised from the
membrane and digested with trypsin, and the peptides were analyzed by capillary HPLC-ESI/MS/MS.

mass of 1266 Da, consistent with the mass of phosphorylatedtide 2 (Figure 4, panel ¢ vs panels a and b), and mutation of
Grb1@-415-425, was detected (data not shown). Further Serf’®led to a loss of phosphopeptide 3 (Figure 4, panel d
analysis of this peptide by capillary HPE@lectrospray vs panels a and b) while the double mutant hGRTgS+76A
tandem mass spectrometry (HPLC-ESI/MS/MS) resulted in lacks both phosphopeptide 2 and 3 (Figure 4, panel e vs
a spectrum unambiguously confirming the presence of panels a and b). Interestingly, mutation of S&also resulted
phosphorylated-Grb10-415125 (ALLpSPFSTPVR; 1266 in a loss of the minor phosphopeptide 4 (Figure 4, panel d
Da). The spectrum verified that 3& but not Set?! or vs panels a and b). One possible explanation for this
Thr*??, was the specific site of phosphorylation (data not observation may be that tryptic digestion of Grb10 may have
shown). To confirm this finding, GST-GrbtOwas phos- resulted in multiple Séfé-containing phosphopeptides due
phorylated by MAPK in vitro in the presence of unlabeled to incomplete digestion at either A or Arg*®® within the
ATP. Grb10 was separated by SBBAGE, and proteins  Serf’containing tryptic peptide. In agreement with this
on the SDS-PAGE gel were detected by Coomassie blue possibility, we have recently observed the appearance of
staining. The band corresponding to Grb10 was excised frommultiple phosphopeptides corresponding to one phosphory-
the gel and subjected to in-gel tryptic digestion, and the lation site in our phosphopeptide mapping studies of PDK1
resulting peptides were analyzed by targeted HPLC-ESI/MS/ autophosphorylation at THf (20).

MS. The spectrum was produced by collision-induced  pytations at Séf°and Set”® Reduce the Inhibitory Effect
dissociation (CID) pf the ion atVz 634.4, which represents ¢ hGrb1@ on Insulin SignalingWe have previously found
a doubly charged ion of the phosphorylated Gb#15-  that overexpression of Grbl10 inhibits insulin-stimulated
425 peptide. The fragment characteristic of a phosphopeptidepnosphorylation of IRS-17). To determine the potential role
representing the loss of phosphoric acid from theidn  of Grh10 phosphorylation, we compared the effect of wild
can be seen an'z 585.5. The C-terminal fragment series type and the phosphorylation site mutant of Grb10 on insulin-
(Ys—yo) and the N-terminal fragments,bbs definitively stimulated tyrosine phosphorylation of IRS-1. To avoid the

place ;[gle phosp?eate substituent on*SeFigure 3). possibility that overexpression of Grb10 may mask subtle
~ Sef and Set”® of Human Grb1gq Are lIZhosphor);La'[ed differences between wild-type and mutant Grb10 in their
in Intact Cells.To test whether S&¥, Sef'?, and Set® of ability to inhibit insulin signaling, we performed dose curve

Grb1Q were phosphorylated in intact cells, in vivo metabolic  experiments to establish an optimal condition at which
labeling experiments were carried out. CHO/IR cells ex- gifferent effects between wild-type and mutant Grb10 on
pressing either wild-type or point mutants of hGriMere jygylin-stimulated IRS-1 tyrosine phosphorylation could be
incubated with 2P]Jorthophosphate, and the labeled Grb10 Jetected (data not shown). We found that the hGrBeys47eA
proteins were subsequently isolated and subjected to twWo-mytant had a reduced inhibitory effect on insulin-stimulated
dimensional phosphopeptide mapping analysis. The two- phosphorylation of IRS-1 compared to wild-type hGrb10
dimensional phosphopeptide maps of basal and insulin-(rigure 5A, lane 4 vs lane 3). Quantification analysis showed
stimulated hGrbl1D resulted in an equal number of hat hGrb1@gS150/s476Ainhibits IRS-1 phosphorylation less
phosphopeptides, but the intensity of several phosphopeptidesgfficiently than wild-type hGrb1D(Figure 5B). These results

was increased after insulin stimulation (Figure 4, panel a gggest that serine phosphorylation of Grb10 may play a role
vs panel b). In vivo labeling and two-dimensional phos- i, regulating Grb10/IR interaction.

phopeptide analysis of the Grbl0 triple mutant

(Grb1(p418asa21AT422) reyvealed no change of the phospho- piscuUsSION

peptide map compared to wild-type Grb10, indicating that

Serf!8 was not phosphorylated in intact CHO/IR cells (data  Grb10 binds to the tyrosine-phosphorylated insulin recep-
not shown). Mutation of Sé¥ led to a loss of phosphopep- tor in response to insulin stimulation, and this association
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FiIGURE 4: Identification of Se¥C and Set’® of hGrbl@ as phosphorylation sites in cells. CHO/IR cells transiently expressing either
wild-type or mutant Grb19were labeled with¥P]orthophosphate and left either untreated (a, c, d, e) or treated withML.thsulin for

5 min (b). Grb10 was immunoprecipitated with antibody against the HA tag, and its phosphorylation was analyzed by two-dimensional
phosphopeptide analysis.

has been shown to regulate insulin-stimulated Pl 3-kinase unpublished studies). This result is in agreement with a recent
and MAPK signaling. We and others have previously shown finding that another Grb7/10/14 family member, Grb14, is
that, in cells, Grb10 is phosphorylated on both serib@ (  a substrate for PKC (25). Further studies aimed at deter-
11) and tyrosine residued 2, 13). Tyrosine phosphorylation  mining whether Grb10 is a physiological substrate of RKC
of Grb10 has been shown to negatively regulate its binding are currently in progress.
to the IR @L3); however, the kinases that catalyze Grb10 Interestingly, treatment of cells with either LY294002 or
serine phosphorylation and the roles of serine phosphoryla-PD98059 resulted in a generic decrease of all the phospho-
tion in regulating Grb10 function have not been character- rylation sites (data not shown), suggesting the possibility that
ized. phosphorylation at either the ERK and/or the Pl 3-kinase-

In this study, we show that hGrbg0s a direct substrate  dependent phosphorylation sites may act as a “primer” for
of MAPK and is phosphorylated by the p44/42 MAPK in subsequent phosphorylation at other sites. Hierarchal phos-
vitro at Set®, Sef'8 and Set’s. We also demonstrated that phorylation has been observed for several other proteins,
Sef®° and Set’® of hGrb1l@ are phosphorylated in intact including glycogen synthase and the transcription factor
cells. Together with the finding that Grb10 phosphorylation FOXO1. Glycogen synthase becomes phosphorylated &t Ser
in cells is inhibited by PD98059, a specific inhibitor of the allowing for the subsequent phosphorylation of ‘Sday
MAPK upstream kinase (MEK) (Figure 1), our results casein kinase-126). FOXO1 undergoes phosphorylation at
suggest that Grb10 is a physiologically relevant substrate of Sef® by protein kinase B (Akt/PKB), which permits
the p44/42 MAPK. sequential phosphorylation at $8and Set?® (27). FOXO1

In addition to being phosphorylated by MAPK, our results is also phosphorylated at $& which is a prerequisite for
also show that inhibition of the PI 3-kinase pathway blocks the phosphorylation of TAt and Set' (28). However,
Grb10 phosphorylation. Phosphorylation by kinases within whether Grb10 undergoes hierarchal phosphorylation requires
both the MAPK and PI 3-kinase pathways has been reportedfurther identification of the remaining Grb10 phosphorylation
for other insulin signaling molecules such as the 90 kDa sites and the kinases responsible for the phosphorylation.
ribosomal S6 kinase 1 (RSK1) protein, which acts as a The finding that Grb10 is a direct substrate of the p42
substrate for both MAPK and phosphoinositide-dependent MAPK is of interest since Grb10 has been shown to inhibit
kinase 1 (PDK1) Z3). During the revision of this paper, a insulin-stimulated activation of both the MAPIQ,(29) and
study reported the identification of Akt as a kinase within Pl 3-kinase ) pathways by preventing IR substrate phos-
the PI 3-kinase signaling pathway capable of phosphorylating phorylation. Thus, it is possible that phosphorylation of
Grb10 @4). Our unpublished studies revealed that Grb10 is Grb10 by MAPK may provide a feedback mechanism to
a direct substrate of PKE another serine/threonine kinase regulate insulin signaling. In agreement with this, we found
downstream of Pl 3-kinase (K. L. Wick and F. Liu, that expression of the hGrbd¥s0/s476A double mutant



8896 Biochemistry, Vol. 44, No. 24, 2005

A) ! 2 3 4
- * ITIRS-1 Y-P
R I —IRS-1 {anti-HA)
—Grbl0 (anti-HA)
Insulin: - + + +
WT Grbl0 : +
Grh10515005476A i
% g
B) — :
c j T 1
5 120 —
- m | -
E E, 100
-2 g
£%
= J
-
52 40
ERE 20 I-I] I—I—I
=
F o . |
No Treatment Insulin ~ WT Grb10 Grb10
Insulin  S1501/5476A
Insulin

FiIGURE 5: Phosphorylation of hGrbItat Set*0and Set® affects

the ability of hGrb1@ to inhibit insulin signaling. (A) CHO/IR
cells transiently expressing either HA-tagged IRS-1 alone or IRS-1
plus wild-type or mutant hGrbX0were serum starved and treated
with (+) or without (—) insulin (108 M) for 5 min. Tyrosine
phosphorylation of IRS-1 in cell lysates was determined by Western
blot using anti-phosphotyrosine antibody. The expression of IRS-1
and Grb1@ was determined by Western blot using antibody to the
HA tag and Grb10, respectively. (B) Quantitative analysis of the
effect of either wild-type hGrb10 or hGrbg#&-50/S476Agn insulin-
stimulated IRS-1 phosphorylation in cells. IRS-1 tyrosine phos-
phorylation was quantified using Scion Image and normalized to
IRS-1 expression levels. The mean fold stimulation is expressed
as a percentage of the maximumSE ( = 3). Key: *, P < 0.05;

*»* P < 0.01.

protein inhibited insulin-stimulated tyrosine phosphorylation
of IRS-1 less efficiently than wild-type hGrb10 (Figure 5),
suggesting that serine phosphorylation of Grb10 promotes
Grb10-mediated inhibition of insulin signaling.

We found no difference between the ability of wild-type
Grb10, Grb16'% Grbl1G4%4  Grb1(S0Vs4764  or
Grb1(p1o0D/s476hxg gssociate with either MEK1 or Rafl, two
kinases within the MAPK pathway that have been shown to
interact with Grb10 30) (data not shown). In addition to
the IR and the IGF1R, Grb10 has also been found to interact
with several cellular proteins including the ubiquitin ligase
Nedd4 1), which has been shown to recruit Nedd4 to the
IGF1 receptor, resulting in IGF1 receptor degradati@®).(
Cotransfection experiments showed that introduction of either
Grb1P1o0vs476Agr wild-type Grb10 resulted in similar levels
of IGF1R degradation (data not shown), suggesting that
phosphorylation of Grb10 at S& and Set’® does not play
arole in the ability of Grb10 to mediate IGF1R degradation.

While our results show that serine phosphorylation of
Grb10 at Séf° and Set’®is involved in the inhibitory role
of Grb10 in insulin signaling, it is interesting to note that,
in addition to these two sites, at least five additional major
phosphopeptides exist in the phosphopeptide map of the in
vivo labeled wild-type Grbl1l0 (Figure 4). These findings

suggest the presence of alternative phosphorylation sites and

additional kinase(s) involved in the phosphorylation of Grb10
at these sites. It is possible that phosphorylation at the

Langlais et al.

unidentified sites acts together with phosphorylation of Grb10
at Set®® and Set’® to regulate Grb10 function. Consistent
with this, a very recent study proposed that Grb10 is
phosphorylated at S8F and that phosphorylation at this site
promotes the interaction between Grb10 and 14-24.(
Identification of the remaining Grb10 phosphorylation sites
and the kinases involved in the phosphorylation will provide
important information in fully understanding how phospho-
rylation regulates the function of Grb10 in insulin signaling
and action.

ACKNOWLEDGMENT

We thank Drs. R. Bhatt and J. E. Ferrell for the purified
ERK2 and MEK1. We also thank Ramon Riojas and Fresnida
Ramos for their expertise in the quantitative and statistical
analysis.

REFERENCES

1. White, M. F. (2002) IRS proteins and the common path to diabetes,
Am. J. Physiol. Endocrinol. Metab. 28B413-E422.

.Lim, M. A,, Riedel, H., and Liu, F. (2004) Grb10: more than a
simple adaptor proteirfront. Biosci. 9 387—403.

Riedel, H. (2004) Grb10 exceeding the boundaries of a common
signaling adapterf-ront. Biosci. 9 603-618.

.Wang, J., Dai, H., Yousaf, N., Moussaif, M., Deng, Y., Boufelliga,
A., Swamy, O. R., Leone, M. E., and Riedel, H. (1999) Grb10, a
positive, stimulatory signaling adapter in platelet-derived growth
factor BB-, insulin-like growth factor I-, and insulin-mediated
mitogenesisMol. Cell. Biol. 19 6217-6228.

.Deng, Y., Bhattacharya, S., Swamy, O. R., Tandon, R., Wang,
Y., Janda, R., and Riedel, H. (2003) Growth factor receptor-
binding protein 10 (Grb10) as a partner of phosphatidylinositol
3-kinase in metabolic insulin actiod, Biol. Chem278 39311
39322.

. Mounier, C., Lavoie, L., Dumas, V., Mohammad-Ali, K., Wu, J.,
Nantel, A., Bergeron, J. J., Thomas, D. Y., and Posner, B. . (2001)
Specific inhibition by hGRB10zeta of insulin-induced glycogen
synthase activation: evidence for a novel signaling pathwiy,

Cell. Endocrinol. 17315-27.

. Wick, K. R., Werner, E. D., Langlais, P., Ramos, F. J., Dong, L.
Q., Shoelson, S. E., and Liu, F. (2003) Grb10 inhibits insulin-
stimulated insulin receptor substrate (IRS)-phosphatidylinositol
3-kinase/Akt signaling pathway by disrupting the association of
IRS-1/IRS-2 with the insulin receptal, Biol. Chem278 8460~
8467.

. Charalambous, M., Smith, F. M., Bennett, W. R., Crew, T. E.,
Mackenzie, F., and Ward, A. (2003) Disruption of the imprinted
Grb10 gene leads to disproportionate overgrowth by an Igf2-
independent mechanisiroc. Natl. Acad. Sci. U.S.A. 108292—
8297.

. Langlais, P., Dong, L. Q., Ramos, F. J., Hu, D., Li, Y., Quon, M.
J., and Liu, F. (2004) Negative regulation of insulin-stimulated
mitogen-activated protein kinase signaling by Grbil. En-
docrinol. 1§ 350-358.

Dong, L. Q., Du, H.-Y., Porter, S., Kolakowski, J., L. F., Lee, A.
V., Mandarino, L. J., Fan, J. B., Yee, D., and Liu, F. (1997)
Cloning, chromosome localization, expression, and characteriza-
tion of an SH2 and PH domain-containing insulin receptor binding
protein hGrb1@, J. Biol. Chem. 27229104-29112.

Ooi, J., Yajnik, V., Immanuel, D., Gordon, M., Moskow, J. J.,
Buchberg, A. M., and Margolis, B. (1995) The cloning of Grb10
reveals a new family of SH2 domain proteif@ncogene 10
1610-1630.

Mano, H., Ohya, K., Miyazato, A., Yamashita, Y., Ogawa, W.,
Inazawa, J., lkeda, U., Shimada, K., Hatake K, Kasuga, M.,
Ozawa, K., and Kajigaya, S. (1998) Grb10/GrbIR as an in vivo
substrate of Tec tyrosine kinagéenes Cells 3431—-441.

Langlais, P., Dong, L. Q., Hu, D., and Liu, F. (2000) Identification
of Grb10 as a direct substrate for members of the Src tyrosine
kinase family,Oncogene 192895-2903.

2

3.

10.

11.

12.

13.



Phosphorylation of Grb10 by MAP Kinase

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Kunkel, T. A., Roberts, J. D., and Zakour, R. A. (1987) Rapid
and efficient site-specific mutagenesis without phenotype selection,
Methods Enzymol. 15867—383.

Ferrell, J. E., Jr., and Bhatt, R. R. (1997) Mechanistic studies of
the dual phosphorylation of mitogen-activated protein kindse,
Biol. Chem 272, 19008-19016.

Huang, C. Y., and Ferrell, J. E., Jr. (1996) Ultrasensitivity in the
mitogen-activated protein kinase cascadmc. Natl. Acad. Sci.
U.S.A. 9310078-10083.

Robbins, D. J., Zhen, E., Owaki, H., Vanderbilt, C. A., Ebert, D.,
Geppert, T. D., and Cobb, M. H. (1993) Regulation and properties
of extracellular signal-regulated protein kinases 1 and 2 in vitro,
J. Biol. Chem. 2685097-5106.

Mansour, S. J., Matten, W. T., Hermann, A. S., Candia, J. M.,
Rong, S., Fukasawa, K., Vande Woude, G. F., and Ahn, N. G.
(1994) Transformation of mammalian cells by constitutively active
MAP kinase kinaseScience 265966—970.

Resing, K. A., Mansour, S. J., Hermann, A. S., Johnson, R. S.,
Candia, J. M., Fukasawa, K., Vande Woude, G. F., and Ahn, N.
G. (1995) Determination of v-Mos-catalyzed phosphorylation sites
and autophosphorylation sites on MAP kinase kinase by ESI/MS,
Biochemistry 342610-2620.

Wick, M. J., Wick, K. R., Chen, H., He, H., Dong, L. Q., Quon,
M. J., and Liu, F. (2002) Substitution of the autophosphorylation
site Thr516 with a negatively charged residue confers constitutive
activity to mouse 3-phosphoinositide-dependent protein kinase-1
in cells, J. Biol. Chem 277, 16632-16638.

Davis, R. J. (1993) The mitogen-activated protein kinase signal
transduction pathwayl. Biol. Chem. 26814553-14556.
Whitmarsh, A. J., and Davis, R. J. (1998) Structural organization
of MAP-kinase signaling modules by scaffold proteins in yeast
and mammalsTrends Biochem. Sc23, 481-485.

Richards, S. A., Fu, J., Romanelli, A., Shimamura, A., and Blenis,
J. (1999) Ribosomal S6 kinase 1 (RSK1) activation requires signals
dependent on and independent of the MAP kinase EQUy.

Biol. 9, 810-820.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Biochemistry, Vol. 44, No. 24, 2008897

Urschel, S., Bassermann, F., Bai, R. Y., Muench, S., Peschel, C.,
and Duyster, J. (2005) Phosphorylation of Grb10 regulates its
interaction with 14-3-3,). Biol. Chem (in press).

Cariou, B., Perdereau, D., Cailliau, K., Browaeys-Poly, E.,
Bereziat, V., Vasseur-Cognet, M., Girard, J., and Burnol, A. F.
(2002) The adapter protein ZIP binds Grb14 and regulates its
inhibitory action on insulin signaling by recruiting protein kinase
Czeta,Mol. Cell. Biol. 22 6959-6970.

Nakielny, S., Campbell, D. G., and Cohen, P. (1991) The molecular
mechanism by which adrenalin inhibits glycogen synthdsis,

J. Biochem. 199713-722.

Rena, G., Woods, Y. L., Prescott, A. R., Peggie, M., Unterman,
T. G., Wililams, M. R., and Cohen, P. (2002) Two novel
phosphorylation sites on FKHR that are critical for its nuclear
exclusion,EMBO J. 21 2263-2271.

Nakae, J., Barr, V., and Accili, D. (2000) Differential regulation
of gene expression by insulin and IGF-1 receptors correlates with
phosphorylation of a single amino acid residue in the forkhead
transcription factor FKHREMBO J 19, 989-996.

Mori, K., Giovannone, B., and Smith, R. J. (2005) Distinct Grb10
domain requirements for effects on glucose uptake and insulin
signaling,Mol. Cell. Endocrinol. 23039-50.

Nantel, A., Mohammad-Ali, K., Sherk, J., Posner, B. |., and
Thomas, D. Y. (1998) Interaction of the Grb10 adapter protein
with the Rafl and MEK1 kinases, Biol. Chem. 27310475
10484.

Morrione, A., Plant, P., Valentinis, B., Staub, O., Kumar, S., Rotin,
D., and Baserga, R. (1999) mGrb10 Interacts with NeddBjol.
Chem. 27424094-24099.

Vecchione, A., Marchese, A., Henry, P., Rotin, D., and Morrione,
A. (2003) The Grb10/Nedd4 complex regulates ligand-induced
ubiquitination and stability of the insulin-like growth factor |
receptor,Mol. Cell. Biol. 23 3363-3372.

BI050413lI



