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A B S T R A C T

Sam68 (Src associated in mitosis) is a RNA binding protein that links cellular signaling to RNA processing.

In previous studies we found that insulin promotes Sam68 relocalization in the cytoplasm allowing

Sam68 to associate with p85PI3K, Grb2, GAP and probably the insulin receptor (IR), modulating insulin

action positively. In the present work, we wanted to define the role of Sam68 in the first stages of IR

signaling.

Both BRET and co-immunoprecipitation assays have been used for the study of Sam68 binding to IR,

IRS1 and p85-PI3K.

BRET saturation experiments indicated, for the first time, that Sam68 associates with IRS1 in basal

condition. To map the region of Sam68 implicated in the interaction with IRS1, different Sam68

mutants deleted in the proline-rich domains were used. The deletion of P0, P1 and P2 proline rich

domains in N-terminus as well as P4 and P5 in C-terminus of Sam68 increased BRET50, thus indicating

that the affinity of Sam68 for IRS1 is lower when these domains are missing. Moreover, in IR-

transfected HEK-293 cells, BRET saturation experiment indicated that insulin increases the affinity

between Sam68-Rluc and IRS1-YFP.

In conclusion, our data indicate that Sam68 interacts with IRS-1 in basal conditions, and insulin

increases the affinity between these two partners.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Sam68 is the Src-associated in mitosis protein of 68 kDa, that
belongs to the STAR signal transducer and activator of RNA family
of RNA-binding proteins, which are implicated in signal transduc-
tion and RNA metabolism [1–3]. Sam68 (Fig. 1) contains a KH
domain located within a larger domain of 200 amino acids, with
RNA binding activity, named GSG, common to STAR proteins. This
GSG domain is flanked by six proline rich sequences (from P0 to
P5), located at its N-terminus (P0–P2) and C-terminus (P3–P5) and
involved in Sam68 interaction with SH3 and WW domains
containing proteins such as Src, Fyn, Sik, BRK [4,5], PI3K [6],
PLC-g-1 [7,8], PRMT [4], Grb2, Grap [9] and Nck [10]. The
interaction of Sam68 with the SH3 domains of Src family kinases
is required for its tyrosine phosphorylation [2,3]. In fact, Sam68
also contains a tyrosine rich region at the C-terminus of the
protein. Tyrosine phosphorylation of Sam68 strongly affects its
activity [11] and is necessary for its association with different
proteins containing SH2 domains, that include kinases belonging
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to Src family [2,3,8,12], Sik/BRK [13], as well as those from Itk/Tec
family [14,15]. Tyrosine-phosphorylated Sam68 also interacts with
docking proteins and signaling enzymes containing SH2 domains
such as Grb2 [8,9], Grap [9], Nck [10], PLC-g-1 [8], Ras-GAP [8,16]
and the p85 subunit of PI3K [6]. These numerous interactions
suggest that Sam68 plays an adaptor role in signal transduction
and is involved in several cellular processes.

We have previously shown the implication of Sam68 in IR
signaling. Although Sam68 has been described as a nuclear protein
[17,18], it can translocate from nucleus to cytoplasm in presence of
methylase inhibitors, viral infections or during cell cycle transition
[19–21]. Interestingly, we have demonstrated that Sam68 is
exclusively located in the cytoplasm of rat adipocytes and its
expression is enhanced upon insulin stimulation. In CHO cells, IR
overexpression in itself also increases Sam68 expression, and
insulin stimulation further increases its expression and targets
Sam68 to the cytoplasm. Moreover, the IR activation in vivo, in both
CHO-IR cells and rat adipocytes, stimulates Sam68 tyrosine
phosphorylation, increasing its association with p85-PI3K
[22,23]. In hepatoma cells that over-express IR (HTC-IR), Sam68
is associated with the SH2 domains of the p85 regulatory subunit
of PI3K, forming a ternary complex with IRS-1 [24,25]. Further-
more, insulin stimulation promotes Sam68 association with the

http://dx.doi.org/10.1016/j.bcp.2011.09.030
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SH2 domains of GAP in vivo and in vitro [26,27]. These interactions
with insulin signaling effectors suggest that Sam68 plays an
adaptor role in IR signal transduction.

Insulin receptor substrates-1 (IRS-1) belong to a family of
intracellular proteins with at least six members identified to date
(IRS-1 to IRS-6) [28–32]. At first, this family was identified as
insulin receptor substrates but now they are also known to be
implicated in other signaling pathways. IRS-1 as well as other
members of the family contain a Pleckstrin Homology (PH)
domain at their N-terminus, that is used to keep the protein bound
to membrane phosphoinositides in close proximity to the insulin
receptor, and a Phospho-Tyrosine Binding (PTB) domain that
recognizes and bind the phosphorylated NPXY motif in the IR
[33,34]. IRS-1 also contains numerous tyrosine residues that, once
phosphorylated, are recognized by proteins containing Src-
homology 2 (SH2) domains such as the p85 regulatory subunit
of phosphatidylinositol 3-kinase (PI3K), Grb2, Nck, Crk, Fyn, and
SHP-2 [35–37]. Upon insulin receptor activation, IRS-1 is
phosphorylated on tyrosine residues, allowing downstream
effectors such as PI3K to be recruited and activated. In addition
to this canonical role of IRSs in IR and IGFR signaling pathways,
IRS-1 and IRS-2 can also interact with many other signaling
pathways in a non-canonical way [38] or translocate to the
nucleus in response to IGF-I or certain oncogenes (although it does
not bear a nuclear localization signal). IRS1 translocation into the[(Fig._1)TD$FIG]
Fig. 1. Expression of yellow fluorescent protein (YFP) fusion constructions in human em

tagged proteins. The confocal images show the localization of each protein expressed. A

expression of IRS1(1–271)-YFP, (B) wild-type Sam68-YFP (C), Sam68(1–355)-YFP, (D)

Sam68(93–443)-YFP. The percentage of transfected cells showing a high fluorescence s

construction. HEK293 cells were transfected with 600 ng of cDNAs, lanes (A) IRS1-YFP, (B

Sam68(71–443) and (G) Sam68(93–443). Two days after transfection, cells were lysed
nucleus is dependent on its PTB domain. Inside the nucleus, IRS-1
regulates transcription of several genes implicated in different
stages of cancer progression. For instance, in the nucleus, IRS-1
associates to estrogen receptor a (ERa) and regulates the ERa
gene transcription, inside the nucleus [39,40]. Nuclear IRS-1 also
interacts with b-catenin, and regulates the cyclin D1 transcription
[38,41].

In this work, our aim was to characterize the role of Sam68 in IR
signaling pathway by BRET. The BRET technology is an important
tool for the study of protein–protein interactions in living cells
[42,43]. The use of this methodology has allowed us to describe, for
the first time, the direct interaction between Sam68 and IRS1 as
well as the regions of Sam68 involved and the implication of the
said interaction in IR signaling.

2. Materials and methods

2.1. Reagents and materials

2-Amino-2-(hydroymethyl)-1,3-propanediol (Trizma base),
sodium orthovanadate, pyrophosphate tetrasodium salt, sodium
fluoride, Tween-20, Triton X-100, poly-L-lysine-hydrobromide
and paraformaldehyde were from Sigma (St. Louis, MO, USA).
phosphate buffer saline (PBS) was from BioWhittaker (Lonza,
VerviersBelgium). Nonidet-P40 was from Fluka-Biochemika
bryonic kidney (HEK)-293 cells. Cells were transfected with cDNAs encoding YFP-

schematic diagram of each protein is shown alongside the fluorescence image: (A)

Sam68(1–335)-YFP and (E) Sam68(1–295)-YFP, (F) Sam68(71–443)-YFP and (G)

ignal was around 25–30%. (H) Western blot showing the expression level of each

) Sam68-YFP, (C) Sam68(1–335)-YFP, (D) Sam68(1–355)-YFP, (E) Sam68(1–295), (F)

and immunoblotted with anti-GFP antibody.
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(Sigma Aldrich, St. Louis, MO, USA and Steinheim, Germany).
Other chemicals were from Panreac (Barcelona, Spain).

Insulin actrapid� was purchased from Novo Nordisk (Bags-
vaerd, Denmark). Protein G-sepharose, nitrocellulose membranes,
and Hyperfilm ECL were from GE healthcare (Upsala, Sweden and
Buckinghamshire, UK). Western-Blotting luminol reagent was
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Glycerol,
protease inhibitor cocktail and Fugene 6 transfection reagent were
from Roche (Mannheim, Germany).

Recombinant YFP protein was from BioVision (San Francisco,
CA, USA). Coelenterazine h was purchased from Uptima, Interchim
(Montluçon, France). Phusion hot Start high fidelity DNA polymer-
ase was from Finnzymes (Espoo, Finland). ApaI, KpnI and EcoRI
restriction enzymes were from Takara Bio Inc. (Shiga, Japan).

2.2. Antibodies

Monoclonal anti-GFP antibodies were purchased from Roche
(Mannheim, Germany); antibodies against insulin receptor b-
subunit (C-19): sc-711 and Sam68 (C-20): sc-333, were purchased
from Santa Cruz Biotechnology. Monoclonal antibody to Renilla
Luciferase was from Chemicon International (Temecula, CA). Sheep
anti-mouse and donkey anti-rabbit, IgG HRP-linked whole
antibodies were from GE healthcare. Anti-mouse-IgG-Atto 633
from goat antiserum was from Fluka (Sigma Aldrich, Steinheim,
Germany).

2.3. Expression vectors

The complementary DNA encoding IR–Rluc, IRS(1–271)-1-YFP,
and IR-pcDNA3.1 have been described previously [44–46]. p85a-
YFP was kindly provided by Dr. G. Bismuth. Wild-type Sam68
sequence was subcloned in frame with the YFP coding-sequence
in the pEYFP-N1 expression vector (Clontech:Takara Bio Inc.,
Shiga, Japan), using sites in the polylinker of the vector. To clone
Sam68 in phRLuc-N3 expression vectors the sites chosen were
KpnI and ApaI. For truncated forms of Sam68, the same sites were
used to clone them in eYFP-N1 and phRLuc-N3 vectors. In
Sam68(71–443) protein the 70 first amino acids of Sam68
containing proline rich domains P0 and P1 are missing. In
Sam68(93–443) the first N-terminal 92 aminoacids containing P0,
P1 and P2 rich proline domains are missing. The C-terminal
deleted mutants of Sam68 are Sam68(1–355) lacking 88
aminoacids comprising P5 proline rich domain, Sam68(1–335)
lacking P5 and P4 proline rich domains and Sam68(1–295) lacking
P5, P4 and P3. The cDNA sequences of these proteins were cloned
by PCR excluding the above mentioned segments and introduced
between EcoRI and ApaI sites in EYFP-N1 and between KpnI and
ApaI in phRLuc-N3 expression vectors.

2.4. Cell culture and transfection

HEK-293 cells were seeded at a density of 2 � 105 cells per 35-
mm dish, and were transfected one day later with cDNA coding for
IR-Luc and Sam68-YFP or Sam68-Luc and IRS1-YFP as specified in
the figure legends. One day after transfection, cells were
transferred into polylysine-coated 96-well microplates (Cultur-
Plate-96, white; NUNC, Thermo Scientific, Roskilde, Denmark) at a
density of 3 � 104 cells per well. BRET measurements were carried
out in these microplates on the following day [44,47].

2.5. BRET measurements

All BRET measurements were performed at 21 8C using a TriStar
LB941 microplate analyser (Berthold, Bad Widbad, Germany). Cells
grown in 96-well microplates were washed once with PBS and pre-
incubated for 15 min in PBS in the presence of 5 mM coelenterazine
h (the luciferase substrate). Light-emission acquisition at 485 and
530 nm was then started and prolonged for 20 min. In some cases,
insulin (100 nM) was added after 15 min of pre-incubation with
coelenterazine and acquisition was started immediately. Cells
expressing only the protein fused to RLuc (BRET donor) were used
to determine the background. BRET measurements were carried
out every 24 s and repeated 30 times. BRET signal was expressed in
milliBRET units (mBU) as previously described [44].

For BRET saturation experiments, constant amounts of the
cDNA coding for the Luc-tagged partner were co-transfected with
increasing amounts of cDNA coding for the YFP-tagged partner.
48 h after transfection, BRET measurements were performed as
described previously. The data were plotted as a function of the
YFP/Luc ratio and analyzed with a nonlinear hyperbolic regression
using the GraphPrism 5 software (GraphPad Software, San Diego,
CA, USA). To determine [YFP]/[Luc] ratio, luciferase expression
level was determined by measuring the total luciferase activity in
the cells, and YFP expression level was determined by measuring
the fluorescence signal emitted by the cells at 530 nm after
illumination at 480 nm. These signals were converted into moles of
YFP and luciferase using regression curves. The regression curve for
YFP was obtained by measuring the fluorescent signal emitted by a
recombinant commercial protein purchased from Biovision.
Dilutions of a 2 mg/ml-stock solution of YFP were prepared in
PBS and the fluorescent signal emitted by 30, 60, 100, 150, 300, 500,
700, 1000 and 1500 ng was measured. Plotting the fluorescent
signal as a function of ng of YFP recombinant protein (converted to
nmoles) gives the equation that permit to convert fluorescent
signal into nmoles of protein. For luciferase regression curve,
HEK293 cells were transfected with crescent amounts of a cDNA
encoding luciferase fused to YFP (a Luc-YFP fusion protein). The
luciferase activity and fluorescence level in these cells were then
measured. Using the regression curves obtained with recombinant
YFP, the expression of YFP could be converted in nmoles, and
therefore the luciferase activity could be also expressed in nmoles
(one molecule of Luc is associated with one molecule of YFP in the
fusion protein). A regression curve to convert luciferase activity
into nmoles was therefore obtained by plotting the luminescent
signal as function of nmoles of YFP protein. The software used to fit
the regression data was GraphPrism 5.

2.6. Fluorescence imaging

HEK293 were plated at a density of 2 � 105 cells per 35-mm
dish on poly-L-lysine (1.5 mg/ml)-pre-coated glass coverslips. The
day after cells were transfected with 300 ng of Sam68-YFP,
Sam68(1–355)-YFP, Sam68(1–335)-YFP, Sam68(1–295)-YFP,
Sam68(71–443)-YFP or Sam68(93–443)-YFP cDNAs. 48 h after
transfection, cells were washed 3 times with PBS and fixed with
paraformaldehyde (4%) in PBS for 20 min and washed again 3 times
in PBS. The coverslips were then mounted over a microscope slide
with one drop of mounting medium (Fluoromount, SouthernBio-
tech, Birmingham, AL, USA). Immunofluorescence images were
collected in a laser scanning spectral confocal microscope (Laser
Leica TCS-SP2, Wetzlar, Germany).

2.7. Immunocytochemistry in HEK293 cells

The subcellular localization of Sam68-Luc/IRS1-YFP interaction
was studied by confocal microscopy. HEK293 cells were co-
transfected with both constructions and 24 h later plated on
poly-L-lysine-coated coverslips, and then and allowed to attach
overnight. The next day, in a dark place, cells were fixed for 20 min in
a 4% paraformaldehyde solution, subsequently rinsed 3 times in PBS
pH 7.4 and blocked for 1 h in PBS containing 2% bovine serum



R. Quintana-Portillo et al. / Biochemical Pharmacology 83 (2012) 78–87 81
albumin (BSA) and 0.1% (v/v) Triton X-100 for permeabilization.
Next, cells were incubated for 4 h a room temperature with an anti-
luciferase antibody dilution (1:100 in PBS containing 2% BSA and
0.025% (v/v) Triton X-100). Then, coverslips were rinsed 3 times with
PBS and incubated for 1 h at room temperature with a 1:500 (v/v)
dilution of an atto 633-conjugated goat anti-mouse antibody in PBS
containing 2% BSA and 0.025% (v/v) Triton X-100. After extensive
washing with PBS, the coverslips were drained and mounted onto
glass slides using a drop of mounting medium. A control for primary
antibody was made in cells non transfected with Sam68-Luc. A
control for secondary antibody also was made in absence of primary
antibody, in cells co-expressing both constructions.

2.8. Western blotting

In order to evaluate the level of protein expression in HEK-293
cells transfected for BRET experiments, a fraction of the transfected
cells were not transferred in 96 well microplates but spared for
seeding in a 6-well plate. 24 h after, these cells were lysed with
extraction buffer (i.e., at the same time as BRET measurements).
Total lysates were subsequently incubated 20 min at 4 8C and
insoluble proteins pelleted-off by centrifugation. The soluble
supernatants were denatured with loading buffer [48] for 5 min
at 95 8C, resolved by SDS-PAGE and electrophoretically transferred
onto nitrocellulose membranes. The membranes were blocked 1 h
at room temperature in PBS-T (PBS with 0.2% of Tween 20)
containing 3% of BSA. The blots were then incubated with primary
antibodies for 3 h at RT or overnight at 4 8C, washed 3 times in PBS-
T, and further incubated with a secondary antibody linked to
horseradish peroxidase. Bound horseradish peroxidase was
visualized in hyperfilm ECL by using a western blotting luminol
reagent from Santa Cruz.

2.9. Co-immunoprecipitation of Sam68 and IRS1

HEK-293 cells grown in 10-cm dishes were transiently
transfected with the cDNA coding for IRS-YFP and Sam68 wild-
type or Sam68 deletion mutants fused to luciferase. 48 h after
transfection, the cells were washed in cold PBS and lysed for
30 min at 4 8C with 1 ml of ice-cold lysis buffer (50 mM Tris pH 8,
1% Nonidet P-40, 137 mM NaCl, 10% glycerol, 1 mM phenyl-
methylsulfonyl fluoride, 1 mM sodium orthovanadate, 50 mM NaF,
10 mM pyrophosphate and protease inhibitor cocktail). Protein
concentration was determined by the BCA protein assay kit from
Pierce using BSA as standard. Soluble cellular lysates were
incubated with anti-GFP antibody for 3 h at 4 8C. Next, 50 ml
protein G-Sepharose was added to immune complexes, and
incubation was continued for 2 h at 4 8C [49]. The immunopre-
cipitates were washed 3 times with lysis buffer and proteins
denatured with 40 ml of loading buffer [48] for 5 min at 95 8C. The
soluble supernatants were then resolved by SDS-PAGE and
electrophoretically transferred onto nitrocellulose membranes
perform western blotting.

3. Results

3.1. Study of wild-type and Sam68-YFP deleted mutants’ localization

As shown in Fig. 1, the localization of the fusion proteins is
consistent with that previously described by others [17,18,50,51].
Fig. 1A shows that IRS1(1–271)-YFP is essentially located in the
cytosol, but some cells also display a dual cytosolic and nuclear
localization. The isoform of IRS1 used comprises the first 271 in N-
terminus containing the PH and PTB domains of IRS1, because full
length IRS1-fluorescent protein fusion is not properly expressed
and forms aggregates in the cell ([51] and our unpublished
observations). Cells expressing Sam68-YFP (Fig. 1B) display a
prevalent fluorescent signal located in the nucleus (left panel), in
agreement with the known targeting of Sam68 to this compart-
ment, but a cytosolic and nuclear localization of Sam68 can also be
observed in some cells (right panel). In Fig. 1C–E the expression of
the C-terminus deleted forms, Sam68(1–355)-YFP, Sam68(1–335)-
YFP and Sam68(1–295)-YFP, respectively, were exclusively re-
stricted to cytosol as would be expected for Sam68 isoforms
lacking the nuclear localization signal located along 420–443
aminoacids. In contrast, in Fig. 1F and G the expression of N-
terminus deleted forms of Sam68, where NLS is present,
Sam68(72–443) and Sam68(93–443), showed again the typical
nuclear localization of Sam68 wild-type, (left panel), although in
some cells a cytoplasmic and nuclear distribution was observed
(right panel), as seen for full-length Sam68. All these constructs
were also detected on a western blot of cell lysates (Fig. 1H), where
the molecular weight and expression level of each construct can be
evaluated using an anti-GFP antibody.

3.2. Study of interactions between insulin signaling effectors and

Sam68 by BRET

The BRET methodology allows us to study the interaction
between two partners, one fused to Renilla luciferase (Rluc) and
the other partner fused to a yellow fluorescent protein (YFP). The
luciferase transforms its substrate coelenterazine into a lumines-
cent molecule that produces light at 480 nm. If the two partners
interact (if the distance between the two partners is less than
100 Å), an energy transfer can occur between the Rluc and the YFP,
resulting in the emission of a fluorescent signal by the YFP at
530 nm. This technique has been used to monitor ligand-induced
conformational changes within the IR [42], as well as its
interactions with other receptors or proteins [44,45,47,49],
dimerization of G protein coupled receptors GPCR [52,53], and
dimerization of other proteins [54,55].

The association of Sam68 to PI3K through the SH2 domains of
the p85 regulatory subunit has previously been shown to link
Sam68 to IR/IRS-1/p85PI3K complex in HTC-IR [24,25]. To
determine whether these interactions could be detected by BRET,
IR-Luc, IRS1(1–271)-YFP and p85a-YFP and Sam68 fused to either
YFP or luciferase were used. In HEK293 expressing IR-Luc and
Sam68-YFP or Sam68-Luc and p85a-YFP, no BRET signal could be
detected (data not shown). These results indicate that if a direct
interaction really takes place between Sam68 and IR or p85a, the
relative orientation between these partners would not be
favorable to energy transfer. Indeed, BRET signal not only depends
on the distance between the luminescent and fluorescent
proteins, but also on their relative orientation [56], and therefore,
the absence of a detectable BRET signal does not necessarily
means lack of interaction. In contrast, co-expression of Sam68-Luc
and IRS1-YFP proteins in HEK-293 cells resulted in a robust BRET
signal (around 100 mBU) that was measured during 15 min
(Fig. 2A), suggesting a strong interaction between these proteins
in basal conditions (open squares). Stimulation with insulin
100 nM of cells co-transfected with Sam68-Luc and IRS1-YFP
(black solid squares) had no effect on the BRET signal, probably
because HEK293 cells only express low endogen IR levels. The
specificity of the signal was demonstrated by comparison with the
low non-specific BRET signal obtained in cells transfected with
Sam68-Luc and YFP (black circles), despite similar expression
levels.

To further demonstrate the specificity of Sam68-Luc/IRS1-YFP
interaction, we performed BRET donor saturation assays. In this
kind of experiments, the donor concentration is kept constant
while the acceptor concentration is increased. Thus, the BRET
signal should rise with increasing acceptor concentrations until
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Fig. 2. Sam68-Luc/IRS1-YFP interaction can be measured by BRET. (A) HEK293 cells transfected with Sam68-Luc and either IRS1-YFP or YFP were pre-incubated 15 min with

coelenterazine and then stimulated or not with 100 nM insulin. BRET measurements were started immediately after insulin stimulation. Data are representative of three

experiments with a [YFP]/[Luc] ratio of 4. (B) Regression functions of YFP and luciferase signal. Known amounts of a commercial recombinant YFP protein were used to

establish a standard curve permitting to convert fluorescent signals measured in BRET conditions assay into nmol of YFP molecules (left panel). For luciferase regression

function, HEK293 cells were transfected with increasing amounts of cDNA encoding luciferase fused to YFP. Luminescent and fluorescent signals were measured in similar

conditions as in BRET assays. The luminescent signal was plotted as a function of nmoles of YFP protein (obtained using the standard curve obtained previously to convert

fluorescent signal into nmol of YFP molecules). Since each luciferase molecule was fused to one YFP molecule, luminescent signals could then be converted in nmol of

luciferase molecules. Thus, a regression curve permitting to convert luminescent signal into nmol of luciferase molecules was obtained (right panel). (C) BRET saturation curve

of IRS-1-YFP. HEK293 cells were transfected with a fixed amount of Sam68-luc cDNA (300 ng) and variable amounts of IRS1-YFP cDNA (50–2000 ng) and were stimulated

(black solid squares) or not (open squares) with 100 nM of insulin. HEK293 also were transfected with Sam68-Luc and increasing amounts of EYFP-N1 cDNA (black solid

circles) as negative control. The BRET ratio (expressed in mBU) is represented as a function of the [YFP]/[Luc] fusion protein ratio (quotient of nmoles of luciferase and nmoles

of YFP obtained from regression curves of luciferase and YFP). Every saturation curve was constructed with at least 50 points from 4 independent experiments. (D-F) HEK293

cells were co-transfected with both IRS1-YFP and Sam68-Luc. By confocal microscopy, direct IRS1-YFP fluorescence signal is shown in panel D and indirect fluorescence

corresponding to Sam68-Luc detected by immunocytochemistry is shown in panel E. In panel F, the two images were superimposed and the yellow color indicates co-

localization of the two proteins.
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reaching a plateau or maximum level where all donor molecules
are engaged by an acceptor. At this point, the BRET signal
denominated BRETmax, reflects the total number of donor–acceptor
complexes and the distance between donor and acceptor
molecules as well as their relative orientations, although, these
two last factors are closely dependent on each construction
[49,57–59]. The relative amount of acceptor to donor that gives
50% of the maximal energy transfer (BRET50) reflects the relative
affinity between donor- and acceptor-fusion proteins [44,49].

The BRET signal was measured in HEK293 cells transfected with
a constant amount of Sam68-Luc cDNA and increasing amounts of
IRS1-YFP or YFP. The BRET signal was plotted as a function of the
fusion protein ratio [YFP]/[RLuc]. The fusion protein ratio was
calculated as the (YFP nmoles)/(Luc nmoles) quotient. The
fluorescent signal of the YFP was converted in nmoles of YFP
proteins from a regression curve using fluorescence measurements
of a recombinant YFP protein (Fig. 2B, left panel). The luciferase
signal was converted in nmoles using a construction coding Luc
and YFP proteins together. In this case, the expression of these two
proteins is, by definition, equimolar, and allowed us to establish
the regression curve for luminescent signal (Fig. 2B, right panel).
Then, the BRET signal data expressed in mBU were fitted by using a
non-linear regression equation assuming a single binding site
(GraphPad Prism 5). As can be seen in Fig. 2C the BRET signal
increases hyperbolically with crescent expression of acceptor
construction (IRS-1-YFP), which implicates a specific interaction
between Sam68-Luc and IRS-1-YFP when compared to the linear
curve generated with non-saturatable ‘‘bystander’’ BRET obtained
with YFP alone. BRET50 calculated as the relative concentration of
YFP (nM) over Luc (nM), was around 1 (Table 1), suggesting that
the affinity between the partners is relatively high since equimolar
amounts of the two partners resulted in half-saturation of the
donor. Insulin stimulation of the cells had no effect, neither on
BRETmax, nor on BRET50 (Table 1).



Table 1
BRETmax and BRET50 parameters of Sam68-Luc/IRS1-YFP interaction.

BRETmax BRET50

Sam68-Rluc + IRS1-YFP (Basal) (1) 123.7�11.8 1.0� 0.2

Sam68-Rluc + IRS1-YFP (Ins 100 nM) 127.1�11.5 1.1� 0.2

Table 2
BRETmax and BRET50 of Sam68-Luc deleted isoforms/IRS1 interactions.

BRETmax BRET50

Sam68(1–355)-Rluc + IRS1-YFP (2) 250.7�26.1 2.0� 0.4

Sam68(1–335)-Rluc + IRS1-YFP (3) 280.2�20.8 2.1� 0.3

Sam68(1–295)-Rluc + IRS1-YFP (4) 97.1�13.0 1.1� 0.4

Sam68(71–443)-Rluc + IRS1-YFP (5) 115.3�17.15 2.5� 0.9

Sam68(93–443)-Rluc + IRS1-YFP (6) 121.7�19.2 1.8� 0.6
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We next examined by confocal microscopy the location of
Sam68-Luc/IRS1-YFP interaction. As shown in Fig. 2 (panels D–G),
co-expression of IRS1-YFP and Sam68-Luc resulted in significant
overlap of fluorescence signal in the cytosol as well as in the
nucleus.

3.3. Mapping the region of Sam68 implicated in the interaction with

IRS-1

IRS proteins contain a conserved pleckstrin homology (PH)
domain at their amino termini, flanked by a phosphotyrosine
binding (PTB) domain. Multiple Tyr and Ser/Thr phosphorylation
motifs responsible for the propagation of IR signaling as well as its
modulation are found in C-terminal to the PTB domain [36,37]. In
this work, an IRS1-YFP construction has been used encoding only
the conserved region of 271 amino acids (PH/PTB domain) fused to
YFP protein (Fig. 1A). Indeed, previous studies have indicated that
full length IRS1-fluorescent protein fusion is not properly
expressed and forms aggregates into the cell [51]. The resulting
IRS1 protein, containing only the PH and PTB domain, is capable of
interacting with IR by its PTB domain [46,51].

To identify the Sam68 region implicated in the interaction with
IRS1 we expressed proteins lacking one, two or three proline rich
domains, in both N and C-terminals of Sam68 and we analyzed how
these deletions modified the BRET50 (see Fig. 1 for schematic diagram
of truncated proteins). As shown in Fig. 3A, deletion of the C-terminal
P5 proline rich domains, produced a rightward displacement of the
saturation curve compared to wild-type interaction, resulting in a 2-
fold increase in BRET50 of Sam68(1–355)-Luc/IRS-1-YFP interaction
over wild-type interaction (Table 2). The same result was obtained
when the construct of Sam68 lacking P4 and P5 domains was used.
Nonetheless, the deletion of three proline rich domains in C-
terminus, P5, P4 and P3, restored a BRET50 value similar to that of
wild-type interaction. Such an increase in BRET50 of Sam68(1–355)-
Luc and Sam68(1–335)-Luc/IRS-1-YFP interactions indicates a
diminished affinity between donor and acceptor, and suggests that

[(Fig._3)TD$FIG]

Fig. 3. Mapping the domains of Sam68 implicated in the interaction with IRS1. BRET sat

amounts of wild-type or truncated mutants of Sam68-Luc cDNAs and crescent amounts

black squares); curve 2: Sam68(1–355)-Luc/IRS1-YFP interaction (discontinuous line, op

Sam68(1–295)-Luc/IRS1-YFP (discontinuous line, open circles). (B) Curve 1: Sam68-Luc/I

IRS1-YFP interaction (discontinuous line with open circles); curve 6: Sam68(93–443)-Lu

with 25–40 points from 3 to 4 independent experiments.
the C-terminus region in Sam68 is important for its interaction with
IRS1. On the other hand, BRET50 of Sam68(71–443)-Luc/IRS1-YFP
and Sam68(93–443)-Luc/IRS1-YFP interactions (Fig. 3B) were 2.5-
and 1.8-fold higher than wild-type interaction. This decrease in
affinity also gives a role for N-terminus region of Sam68.

The interaction of IRS1(1–271)-YFP with the different variants
of Sam68 tagged with Luc was also demonstrated by immunopre-
cipitation with an anti-GFP antibody (Fig. 4). HEK cells were co-
transfected with 300 ng cDNA of IRS1-YFP and 300 ng cDNA of
either empty vector or for full-length or truncated Sam68-Luc.
When different constructs are overexpressed in a cell, the protein
expression level is not necessarily the same. This was the case with
the different deleted mutants of Sam68-Luc. As can be seen in
Fig. 4A, the transfection of HEK293 cells with full-length Sam68-
Luc and the five Sam68-Luc truncated mutants results in different
protein expression levels, as detected in lysates by western
blotting with an anti-luciferase antibody. Immunoprecipitation of
IRS1 was performed using an anti-GFP antibody, and the amount of
Sam68 co-immunoprecipitated with IRS1 was evaluated using an
anti-luciferase antibody (Fig. 4B). The quantification of luciferase
signal in western blot showed important differences in the amount
of luciferase-tagged proteins bound to IRS1-YFP. However,
when the luciferase signal in the immunoprecipitate was
corrected by the amount of luciferase present in the cell lysate
(Fig. 4C), it appeared that Sam68-Luc, Sam68(1–295)-Luc and
Sam68(93–443)-Luc were very similar in their capacity to bind to
IRS1-YFP, whereas Sam68(1–355)-Luc, Sam68(1–335)-Luc and
Sam68(71–443)-Luc bound IRS1-YFP less efficiently.

3.4. Effect of IR overexpression on Sam68-Luc/IRS1-YFP interaction

The expression of endogenous IR in HEK293 cells is very low
[44]; hence we were not able to see any insulin effect on Sam68-
Luc/IRS1-YFP interaction (Fig. 1). To determine whether this
uration experiments were performed using HEK293 cells co-transfected with fixed

of IRS1-YFP cDNA. (A) Curve 1: Sam68-Luc/IRS1-YFP interaction (continuous line,

en squares); curve 3: Sam68(1–335)/IRS1-YFP (punctuated line, crosses); curve 4:

RS1-YFP interaction (continuous line, black squares); curve 5: Sam68(71–443)-Luc/

c/IRS1-YFP interaction (punctuated line, open squares). Each curve was constructed
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Fig. 4. Detection of the interaction between IRS1 and wild-type or deletion mutants of Sam68 by immunoprecipitation. HEK293 seeded in 10 cm dishes were transfected with

IRS1-YFP and the different deleted forms of Sam68-Luc. Two days after transfection, cells were lysed and immunoprecipitated with anti-GFP antibody. The proteins in total

cell lysates as well as immunoprecipitated proteins were separated on 7% SDS-polyacrylamide gels, transferred to nitrocellulose, and immunoblotted with anti-luciferase and

anti-GFP antibodies. (A) Western blotting of a whole lysate of transfected cells with anti-luciferase or anti-GFP antibodies (upper panel), and optical density (O.D., middle

panel) of the luciferase signal. (B) Western blot (upper panel) with anti-luciferase and anti-GFP antibodies of the proteins immunoprecipitated with anti-GFP antibody.

Immunoprecipitated Sam68-Luc, Sam68(1–355)-Luc, Sam68(1–335)-Luc, Sam68(1–295) and Sam68(71–443) are indicated by arrows. The middle panel shows optical

densities (O.D.) of the immunoprecipitated luciferase signals. (C) Relative amounts of Sam68-Luc mutants co-immunoprecipitated with IRS-YFP after normalization by the

amount of Sam-68-Luc mutant present in each cell extract ([O.D. from IP/O.D. from lysates] ratio). Western blots are representative of three experiments.
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interaction can be modulated by insulin, HEK293 cells were co-
transfected with Sam68-Luc, IRS1-YFP and IR cDNAs, maintaining
Sam68-Luc and IR expression constant while increasing the IRS1-
YFP (Fig. 5A). BRET saturation curves indicate that in basal
condition, BRET50 was 0.7. When insulin was present, the BRET50

decreased to 0.3 (Table 3). This increase in affinity suggests that
insulin promotes recruitment of IRS1 to Sam68 [49,60].

We also wanted to determine if different levels of IR
overexpression might affect Sam68-Luc/IRS1-YFP saturation
curves (Fig. 5B). To this aim, we transfected HEK293 cells with
increasing amounts of IR cDNA (300, 400 and 600 ng). The
expression level of the IR was controlled by western blotting
(Fig. 5C). The effect of IR overexpression on BRET50 is shown in
Table 3. Increasing the amounts of IR expression level resulted in a
decrease in BRET50 of Sam68-Luc/IRS1-YFP interaction, although
transfection of 400 and 600 ng of cDNA gave the same BRET50.

4. Discussion

4.1. The interaction between Sam68 and IRS1

Previous works by our group have proposed a role for Sam68 in
IR signaling pathway [23]. In HTC overexpressing IR, insulin has
been shown to have a dose-dependent effect on Sam68 tyrosine
phosphorylation. In CHO cells overexpressing IR and in a more
physiological system such as isolated rat adipocytes, a similar
effect of insulin on Sam68 tyrosine phosphorylation was found
[22,25]. After its phosphorylation in response to insulin, Sam68 is
recruited from nucleus to different insulin signaling complexes
located in the cytosol such as IRS1/PI3K [25], Ras-GAP [6,16] or
Grb2-SOS [26]. Moreover, in an important insulin target cell as rat
adipocytes, localization of Sam68 in basal conditions is preemi-
nently cytosolic [22]. In this paper, we demonstrate for the first
time that Sam68 directly interacts with IRS1. Co-localization of
Sam68 and IRS1 was observed by confocal microscopy both in the
nucleus and the cytosol (Fig. 2) suggesting that interaction
between these partners could take place in both compartments.
The fact that Sam68/IRS1 interaction can be detected with an IRS1
construction which contains only the first 271 N-terminal residues
(i.e. comprising the PH and PTB domains but lacking most tyrosine
phosphorylation sites) suggests that Sam68/IRS1 interaction is
independent of tyrosine phosphorylation of IRS1 by IR.

4.2. Domains of Sam68 implicated in the interaction with IRS1

Our BRET experiments indicate that the interaction between
Sam68 and IRS1 seems to implicate both N and C termini end of
Sam68. The increase in BRET50 of Sam68(1–355)-Luc/IRS-1-YFP
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Fig. 5. Effect of IR overexpression and insulin stimulation on Sam68-Luc/IRS1-YFP interaction. (A) Basal and insulin stimulated BRET saturation curves. The cells were co-

transfected with fixed amounts of Sam68-Luc and IR-pcDNA3 (300 ng of both cDNAs) and crescent amounts of IRS1-YFP cDNA in absence (continuous curve 2, open squares)

or presence of 100 nM of insulin (discontinuous curve 3, black squares). (B) Comparison of saturation curves of Sam68-Luc/IRS1-YFP interaction when HEK293 cells are co-

transfected with crescent amounts of IR-pCDNA3.1. Continuous curve 1 (black squares) is the saturation curve obtained for Sam68-Luc/IRS1-YFP interaction in absence of

transfected IR; discontinuous curve 2 (open squares) is the saturation curve for the same interaction when the cells were co-transfected with 300 ng of IR-pcDNA; continuous

curve 4 (open circles) is the saturation curve obtained when the cells were co-transfected with 400 ng of IR-pcDNA3; punctuated curve 5 (black circles) is the saturation curve

obtained when the cells were co-transfected with 600 ng of IR-pcDNA3. (C) Control of IR amount expressed in HEK293 cells co-expressing Sam68-Luc and IRS1-YFP by

immunoblotting. A fraction of the cells used in a representative BRET experiment shown in (B) were lysed. Proteins were denatured, electrophoretically resolved in 7% SDS-

PAGE and transferred to a nitrocellulose membrane. Sam68-Luc, IRS1-YFP and IR and b-actin proteins were immunodetected by using anti-luciferase, anti-GFP, anti-IRb and

anti-b-actin antibodies. Each curve include between 25 and 43 experimental points.
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and Sam68(1–335)-Luc/IRS-1-YFP interactions in comparison to
that of wild-type Sam68, indicates a lower affinity of these
isoforms for IRS1, suggesting that the C-terminus region of Sam68
comprising of at least the aminoacids 355 to 443 is implicated in
the interaction with IRS1. Intriguingly, the deletion of P3 together
with P4 and P5 proline rich domains restores the binding affinity of
Sam68 to IRS1. This finding indicates that P3 domain is implicated
in some functions of Sam68 that depending on signal transduction
and cellular processes, might modulate the interaction with IRS1.
The absence of aminoacids 1–70 (containing, proline rich domains
P0 and P1 in N terminus) also decreased the affinity of Sam68(71–
443)-Luc/IRS1-YFP suggesting a role to these domains for Sam68/
IRS1 interaction.

The GSG domain of Sam68 is common to other members of STAR
proteins, this domain is a hnRNPKhomology (KH) domain flanked by
two domains in N- and C-terminal, known as Qua1 (amino acids
from 95 to 135 in Sam68) and Qua2 (amino acids from 256 to 280 in
Sam68), respectively [61,62]. The capacity to oligomerize is
Table 3
BRETmax and BRET50 of Sam68-Luc/IRS1-YFP interaction with different level of IR expre

Sam68-Rluc/IRS1-YFP/IR (300 ng of cDNA) Basal (2)

Sam68-Rluc/IRS1-YFP/IR (300 ng of cDNA) Ins 100 nM (3)

Sam68-Rluc/IRS1-YFP/IR (400 ng of cDNA) (4)

Sam68-Rluc/IRS1-YFP/IR (600 ng of cDNA) (5)
attributed to Qua1 domain, whereas Qua2 is thought to be essential
for sequence specific RNA recognition [63]. In our BRET assays, Qua2
and Qua1 were present in all constructs used. This suggests that IRS1
may interact with dimeric or oligomeric forms of Sam68.

4.3. Sam68/IRS1 interaction and IR signaling

The other question we want to address is the possible role that
Sam68/IRS1 interaction could have in IR signaling. As HEK293 did
not express a significant level of IR, we overexpressed IR in cells co-
expressing both Sam68-Luc and IRS1- YFP partners of BRET. The
presence of IR produces an increase in affinity of Sam68/IRS1
interaction meaning that a recruitment of IRS1 to Sam68 is
produced. Crescent overexpression of IR also reveals a dependent
increase in affinity with a reduction in BRETmax of Sam68/IRS1
interaction. This decrease in BRETmax may be a consequence of the
presence of IR, which by interacting with IRS1 or Sam68, may
change the efficiency of energy transfer between Sam68-Luc and
ssion.

BRETmax BRET50

74.3�5.1 0.7�0.1

78.6�6.2 0.3�0.06

31.0�2.5 0.2�0.09

38.4�4.4 0.3�0.1
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IRS1-YFP. Taken together, these results suggest that Sam68,
interacts with IRS1 in basal conditions and that insulin stimulation
increases the affinity of Sam68/IRS1 interaction when IR is present.

4.4. Possible implications of Sam68/IRS1 interaction

The importance in describing Sam68/IRS1 interaction stems
from various data that implicates both proteins in oncogenic
transformation and cancer progression as breast cancer or prostate
cancer [38,64–68]. Curiously Sam68 and IRS1 have been implicat-
ed in the regulation of transcriptional activity of estrogen and
androgen receptor in nucleus [39,67–69].

Other proteins without SH2 domains have been reported to
bind IRS1. Thus, it has been shown that phosphorylated IRS1 and
IRS2 are capable of binding to and regulating proteins devoided of
SH2 domains such as Bcl-2, 14-3-3 adaptor proteins or the focal
adhesion kinase pp124FAK [70–74]. On the other hand, the function
of PH domains is the targeting of proteins to membranes by
binding phosphoinositides [75]. Several proteins containing PH
domains have to bind certain proteins known as, PH domain-
protein ligands, to ensure effective membrane association and
subsequent activation of signaling pathways. For example, the
association of PH domain of b-adrenergic receptor kinase (bARK)
to Gbg subunits of heterotrimeric G-proteins or the association of
PH domains of pleckstrin and BTK to filamentous actin seem to be
implicated in directing the localization of these PH domains
containing proteins to the proximity of plasma membrane [76,77].

4.5. Conclusion

Our work indicate that Sam68 interacts with IRS1 in basal
conditions and insulin stimulation as well as the overexpression of
IR increase the affinity of this interaction in living cells. In this way,
Sam68 could have a function at the first steps of IR signaling, by
allowing or favoring the recruitment of IRS1 to IR proximity.
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