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Abstract

Arap3 is a phosphoinositide (PI) 3 kinase effector that serves as a GTPase activating protein (GAP) for both Arf and Rho G-proteins. The
protein has multiple pleckstrin homology (PH) domains that bind preferentially phosphatidyl-inositol-3,4,5-trisphosphate (PI(3,4,5,)P3) to induce
translocation of Arap3 to the plasma membrane upon PI3K activation. Arap3 also contains a Ras association (RA) domain that interacts with the
small G-protein Rap1 and a sterile alpha motif (SAM) domain of unknown function. In a yeast two-hybrid screen for new interaction partners of
Arap3, we identified the PI 5′-phosphatase SHIP2 as an interaction partner of Arap3. The interaction between Arap3 and SHIP2 was observed
with endogenous proteins and shown to be mediated by the SAM domain of Arap3 and SHIP2. In vitro, these two domains show specificity for a
heterodimeric interaction. Since it was shown previously that Arap3 has a higher affinity for PI(3,4,5,)P3 than for PI(3,4)P2, we propose that the
SAM domain of Arap3 can function to recruit a negative regulator of PI3K signaling into the effector complex.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The phosphoinositide (PI) 3 kinase (PI3K) pathway plays an
important role in various signaling pathways, such as insulin
signaling, membrane trafficking and the regulation of cell
dynamics, via production of the second messenger PI(3,4,5,)P3
[1,2]. Arap3 (Arf GAP, Rho GAP, Ankyrin repeat and PH do-
mains) is a PI3K effector protein that was first identified through
its ability to bind PI(3,4,5,)P3 lipids [3]. Upon binding of
PI(3,4,5,)P3 lipids to one of its pleckstrin homology (PH) domains,
Arap3 translocates to the plasma membrane and is activated to
serve as a dual GTPase activating protein (GAP) for Arf and Rho
G-proteins [4]. Arap3 is implicated in the regulation of the actin
cytoskeleton, lamellipodia formation and cell spreading [5,6]. In
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addition, Arap3 contains an RA domain that binds specifically to
the small G-protein Rap1 and a SAMdomain of unknown function
[4] (Fig. 1A). The SAM domain is a 60–70 amino acid motif that
mediates protein–protein, protein–RNA and protein–lipid inter-
actions [7,8]. SAM domains are found in over 1000 proteins with
diverse cellular functions and in organisms from yeast to man [9].
They mediate protein–protein interactions by either homo- or
heterodimerization or through oligomerization [10–12]. Thus far,
the function and the binding partner of the Arap3 SAM domain
are unknown. Besides PI(3,4,5,)P3 lipids and Rap1GTP, the only
known interaction partner for Arap3 is the adaptor protein CIN85
that is involved in the internalization of monoubiquitinated mem-
brane proteins [13,14]. This interaction is mediated by a proline–
arginine motif in Arap3 that is specific for the CIN85 SH3 domain
(Fig. 1A).

The SH2 domain-containing inositol 5′-phosphatase
SHIP2 hydrolyzes PI(3,4,5)P3 to PI(3,4)P2 [15,16]. It is
ubiquitously expressed and, together with SHIP1 and PTEN,
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ig. 1. Domain composition of Arap3 and SHIP2. Schematic representation of the domain structure of (A) Arap3 and (B) SHIP2. Numbers above indicated parts o
rap3 show the truncation mutants used in the Y2H screen. Both Arap3-1 and Arap3-4 interacted with SHIP2. The CIN85-binding proline–arginine motif in Arap3 is
dicated as well.
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inhibits PI3K-activated signaling pathways [17]. Studies in
SHIP2 knockout mice suggest that SHIP2 plays a role in
controlling insulin sensitivity and obesity, probably by de-
creasing the level of active protein kinase B (PKB) [18,19].
Like Arap3, SHIP2 has several protein–protein interaction
domains. Besides its SH2 domain that mediates the recruit-
ment of SHIP2 to activated receptor tyrosine kinases [20,21]
and its catalytic phosphatase domain, SHIP2 has a proline-
rich region followed by a C-terminal SAM domain. Several
interaction partners are known for SHIP2, including the HGF
receptor c-Met [21], the E3 ubiquitin ligase Cbl and Cbl-
associated protein (CAP) [22]. In addition to its function in
down regulating the insulin pathway, SHIP2 is also linked to
the regulation of the actin cytoskeleton and cell adhesion,
mainly by its ability to bind proteins such as filamin [23],
vinexin [24], p130Cas [25] and Shc [26,27]. A role in
endocytosis and the down regulation of the EGF and EphA2
receptors has also been proposed for SHIP2 [28,29]. Fur-
thermore, after growth factor stimulation or adhesion,
SHIP2 becomes phosphorylated and can relocalize to
membrane ruffles [26,28]. Thus, SHIP2 can regulate changes in
PI(3,4,5,)P3 levels and is involved in the organization of the
actin cytoskeleton. Until recent, binding partners were known
only for the SHIP2 SH2 domain [21,25,27] and proline-rich
region [22–24], not for its SAM domain, but it has now been
shown that the EphA2 receptor binds to SHIP2 through
dimerization of both SAM domains [29].

To get more insight into the role of Arap3 as a downstream
PI3K effector protein, we looked for new interaction partners of
Arap3. Here, we describe the identification of the lipid
phosphatase SHIP2 as a binding partner of Arap3 and show
that the interaction is mediated by heterodimerization of their
SAM domains. We show that the SAM domains are both
necessary and sufficient for this interaction and that the two
domains have a high affinity for one another. Since Arap3 is a
protein regulated by PI(3,4,5)P3, the substrate for SHIP2, we
propose that the SAM domain of Arap3 can function to recruit a
negative regulator of PI3K signaling into the effector complex.
f

2. Materials and methods

2.1. Antibodies and reagents

Monoclonal antibodies recognizing the FLAG-M2 epitope and the penta-His
epitope were obtained from Sigma and Qiagen, respectively. Rabbit polyclonal
anti-SHIP2 antibody and sheep anti-Arap3 antibody were described before [3,15].
Where indicated, cells were stimulatedwith 20 ng/ml EGF (ICNBiomedicals Inc.),
1 μg/ml insulin (Sigma) and 10 μM LY294002 (Sigma).

2.2. Plasmids and constructs

GFP-ΔSAMArap3 (residues 71–1544) was made using mutagenesis PCR
with GFP-Arap3 [3] as a template. FlagHis-tagged Arap3 was created using
Gateway Technology (Invitrogen). FlagHis-ΔSAMArap3 (residues 71–1544) was
also made usingmutagenesis with FlagHis-Arap3 as a template. His-tagged SHIP2
andHis-t-SHIP2 have been described before [20]. His-SHIP2-ΔSAM (residues 1–
1192)wasmade usingmutagenesis PCR. TheGST-tagged SAMdomains ofArap3
(residues 1–75) and SHIP2 (residues 1192–1258) were made by inserting SalI/
NotI-digested PCR products into XhoI/NotI-digested pGEX4T3 vector (Pharma-
cia). HA-RapV12 and HA-RapGAP were described previously [30,31].

2.3. Yeast two-hybrid screen

Four different Arap3 truncation constructs (residues 1–607, 608–1089,
1089–1544 and 1–1089) were PCR-amplified, cloned into a plasmid derived
from pBTM116 using Gateway Technology and sequence verified. Yeast two-
hybrid screening was carried out by Hybrigenics S.A. (Paris, France) as
previously described [32].

2.4. Cell culture and transfections

HEK293T, HeLa and MEF cells were maintained in Dulbecco's Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS),
penicillin/streptomycin and glutamine. Cells were transfected using FuGENE6
transfection reagent according to manufacturer's instructions (Roche). Typically,
for a 10-cm culture dish, 2 μg DNAwas used per construct. Where indicated, cells
were serum starved overnight in DMEM with supplements but without FBS.

2.5. Co-immunoprecipitations

Cells were washed twice in ice-cold PBS, lysed in lysis buffer (1% Triton X-
100, 50 mM Tris pH 7.5, 150 mM NaCl and protease inhibitors) and lysates
were centrifuged at 14000 rpm at 4 °C for 8 min. After centrifugation, samples



Table 1
Proteins identified as Arap3 binding partners in a yeast two-hybrid screen

Protein Interacts with Identified with Function

SHIP2⁎ SAM domain Arap3_1 and Arap3_4 Inositol 5′ phosphatase—down regulation of insulin signaling, regulation of
actin cytoskeleton

CIN85 SH3 domain (SH3B) Arap3_1 and _4 Adaptor protein—endocytosis
CMS SH3 domain (SH3B) Arap3_1 and _4 Adaptor protein—endocytosis
TNKS2⁎ Ankyrin repeats Arap3_1 and _4 ADP-ribose polymerase—regulation of telomere length
ANKS1⁎ SAM domain Arap3_1 and _4 Unknown
αPix/ARHGEF6 SH3 and part of RhoGEF

domain (DH)
Arap3_1 Guanine nucleotide exchange factor for Rac and Cdc42—regulation of actin

cytoskeleton
GGA3 Alpha-adaptin C2 domain Arap3_3 Adaptor protein—trafficking between the trans-Golgi network and the lysosome
AP3 μ subunit C-terminus Arap3_3 Member of the clathrin-associated adaptor complex, involved in vesicle

budding and protein sorting
Par-6 beta PDZ domain and C-terminus Arap3_1 Asymmetrical cell division and cell polarization
SAMHD1⁎ SAM and HD domain Arap3_1 Phosphodiesterase

Several binding partners of Arap3 identified in a yeast two-hybrid screen are listed. The interacting regions are indicated in the second column and previously reported
functions of the identified proteins are mentioned. Proteins indicated with an⁎ contain a SAM domain. Full names of all abbreviated proteins: SH2 domain containing
inositol phosphatase 2 (SHIP2); Cbl interacting protein of 85 kDa (CIN85) [13]; Cas ligand with multiple SH3 domains (CMS); Tankyrase 2 (TNKS2); ankyrin repeat
and SAM domain containing 1(ANKS1); Rac/Cdc42 guanine nucleotide exchange factor (GEF) 6 (ARHGEF6); Partitioning defective 6 homolog beta (Par-6 beta);
Golgi-associated, gamma adaptin ear containing ARF binding protein 3 (GGA3); SAM domain and HD domain 1 (SAMHD1).
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were taken to analyze total cell lysate, the rest was incubated with protein
agarose beads and either non-immune serum or the appropriate antibody for 2 h
at 4 °C. After incubation, precipitates were washed 3 times with lysis buffer
before dissolving bound proteins in Laemmli sample buffer. Protein samples
were separated by SDS–PAGE and transferred to polyvinylidene difluoride
membrane (PVDF, Immobilon). Western blot analysis was performed under
standard conditions using the indicated antibodies. Membranes were probed
with fluorophore-conjugated secondary antibodies and analyzed using the
Odyssey Infra-red imaging system and software according to the manufacturer
(LI-COR) or with horseradish peroxidase-coupled secondary antibodies and
standard enhanced chemiluminescence (Amersham).

2.6. GST pull down assays

Cells were lysed and centrifuged as described. Glutathione–agarose beads
were washed twice in lysis buffer and incubated with equal amounts of GST,
GST-SAM-Arap3 or GST-SAM-SHIP2 for 30 min at 4 °C. Beads were washed
three times with lysis buffer and incubated with lysate for 1 h at 4 °C. After
incubation, beads were washed three times with lysis buffer before dissolving
bound protein in Laemmli sample buffer. Bound proteins were analyzed as
described above.

2.7. Protein purification, gel filtration and ITC

The SAM domains of Arap3 and SHIP2 were expressed from pGEX-4T3
(Pharmacia) as GST-fusion proteins in BL21 cells. Bacteria were grown at 37 °C
and 170 rpm in Standard I medium (Merck). Protein expression was induced
after an OD600 of 0.8 was reached and the bacteria were cultured overnight at
room temperature, collected by centrifugation, re-suspended in 50 mM Tris–
HCl pH 7.5, 50 mM NaCl, 5% glycerol, 5 mMDTE and 5 mM EDTA and lysed
by sonication. Insoluble material was removed by centrifugation at 30,000×g
and the soluble fraction was loaded onto a 20-ml Glutathione-column
(Pharmacia). The column was washed with at least 5 volumes of 50 mM
Tris–HCl pH 7.5, 400 mM NaCl, 5% glycerol and 5 mM DTE and 2 volumes of
50 mM Tris–HCl pH 7.5, 50 mM NaCl, 10 mM CaCl2 5% glycerol and 5 mM
DTE (buffer T). The column was loaded with 200 Units Thrombin (Serva) in
buffer T, incubated overnight at 4 °C and eluted with buffer T. Protein containing
fractions were concentrated using a Millipore concentrator unit (cut off 5 kDa) to
a concentration of approximately 200 g/l.

Gel filtration experiments were carried out on a Sephacryl 100 (26/60)
column (Pharmacia) equilibrated with 50 mM Tris–HCl, pH 7.5, 50 mM NaCl,
2.5% glycerol and 5 mM DTE.

For ITC experiments, the buffer was exchanged to 100 mM K-phosphate,
50 mM NaCl and 5 mM DTE by gel filtration. Prior to loading onto the column,
the protein solution was diluted in an equal volume of phosphate buffer and
calcium phosphate was removed by centrifugation. ITC experiments were
carried out at 25 °C using a VP-ITC instrument (MicroCal, USA).

3. Results

3.1. Identification of a SAM domain-mediated interaction
between Arap3 and SHIP2

To identify putative regulators of Arap3, we performed a
yeast two-hybrid screen of a human placenta cDNA library
using four different truncation mutants of Arap3 as baits
(Fig. 1A). Table 1 shows a list of ten proteins that were iden-
tified with the various Arap3 constructs. Interestingly, several of
these proteins possess a SAM domain as is present in Arap3.
For two of these proteins, ANKS1 and SHIP2, the fragments
recovered from the yeast two-hybrid screen included the SAM
domain, suggesting that these interactions were mediated by the
dimerization of the SAM domains. As the inositol 5′-
phosphatase SHIP2 is a known regulator of the PI3K pathway,
we focused on the characterization of the interaction between
Arap3 and SHIP2 (Fig. 1B). To validate the result from the yeast
two-hybrid screen, we performed a co-immunoprecipitation
experiment with over-expressed Arap3 and SHIP2 in HEK293T
cells (Fig. 2A). Indeed, Arap3 is able to pull down full-length
SHIP2 in vivo.

To verify that the endogenous proteins are in the same com-
plex, we performed co-immunoprecipitations in HeLa cells with
either anti-Arap3 or anti-SHIP2 antibody (Fig. 2B and C, re-
spectively) and in 293Tcells with anti-SHIP2 antibody (Fig. 2D).
Although there is some unspecific binding of SHIP2 in the con-
trol samples where non-immune serum was used, the amount of
co-precipitated protein is far higher in the lanes where anti-
Arap3 antibody was used to precipitate the complex (Fig. 2B).
Interestingly, while the Arap3 antibody recognizes a double band
in both whole cell lysate and after immunoprecipitation with the
same antibody (Fig. 2B), only the slower migrating protein is
recovered with SHIP2 (Fig. 2C–D). Although a doublet has been



Fig. 2. Arap3 binds SHIP2 in vivo. (A) HEK293T cells were transiently transfected with the indicated constructs. Immunoprecipitations were performed with an anti-
Flag antibody. Immunoprecipitates (IP) were analyzed for the presence of both over-expressed His-SHIP2 and FlagHis-Arap3. Total cell lysates (TCL) show total
levels of transfected proteins. HeLa cell lysates were immunoprecipitated using a SHIP2 antibody or non-immune serum (n.i.) and probed for the presence of
endogenous Arap3 (B) or immunoprecipitated with an Arap3 antibody and probed for the presence of endogenous SHIP2 (C). Membranes were reprobed with anti-
Arap3 (B) or anti-SHIP2 (C), lower panels. (D) 293Tcell lysate was immunoprecipitated using a SHIP2 antibody or non-immune serum and probed for the presence of
endogenous Arap3. Blots shown are representatives of at least 3 identical experiments.
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observed in other cell lines expressing Arap3 (SK, personal com-
munication), the nature of these different bands is still unclear.

3.2. The SAM domains are both necessary and sufficient to
mediate heterodimerization of Arap3 and SHIP2

As the yeast two-hybrid screen identified interacting
fragments of Arap3 and SHIP2 both containing a SAM do-
main, we made deletion mutants of both proteins in this region
(Table 1 and Fig. 1). When comparing these mutants in co-
immunoprecipitation experiments, we observed that only the
full-length proteins were capable of binding, confirming that the
presence of both SAM domains is needed for the interaction
(Fig. 3A).

We next investigated whether the SAM domains are suf-
ficient to mediate the interaction. We made GST-fusion proteins
of both SAM domains and performed in vitro GST pull down
assays. As shown in Fig. 3B, the SAM domain of Arap3 indeed
pulls down full-length SHIP2, but not a mutant of SHIP2 that
lacks the proline-rich and SAM domain-containing C-terminus
(t-SHIP2 [20]). Similarly, the SAM domain of SHIP2 only
interacts with full-length Arap3, and not with the mutant lacking
the SAM domain (Fig. 3C). As it is known that SAM domains
can mediate the formation of both homo- and heterodimers, we
wanted to determine the specificity of the SAM domains of both
proteins for each other. As shown in Fig. 3B and C, neither
isolated SAM domain interacted with its full-length protein,
showing specificity of the SAM domains for heterodimerization.

3.3. SAM domains show specificity for a heterodimeric
interaction

To further test the specificity of the interaction, we performed
a GST pull down assay with the SAM domain of Arap3 in both
wild type and SHIP2 knock-out mouse embryonic fibroblasts
(MEFs) [24]. As shown in Fig. 3D, the SAM domain of Arap3 is
sufficient to pull endogenous SHIP2 from WT MEFs. From
these experiments, we conclude that the SAM domains are both
required and sufficient to mediate the formation of a heterodimer
between Arap3 and SHIP2.

To further analyze the properties of the heterodimeric inter-
action, we performed gel filtration experiments with the purified
SAM domains alone or both (Fig. 4A). On a Sephacryl 100
column, we observed that the Arap3 SAM domain had a slightly
longer retention time than the SAM domain of SHIP2, which
could be due to differences in protein charge since the theoretical
pI of the SAM domains is 7.1 and 4.3 for SHIP2 and Arap3,
respectively. However, when both domains were combined on the



Fig. 3. The SAM domains are both necessary and sufficient to mediate the interaction between Arap3 and SHIP2. (A) HEK293Tcells were transiently transfected with
the indicated constructs or empty vector (EV). Immunoprecipitations were performed with an anti-Flag antibody. Immunoprecipitates were analyzed for the presence
of both over-expressed His-SHIP2 and FlagHis-Arap3. HEK293T cells were transiently transfected with the indicated constructs. GST pull downs were performed
with either (B) GST or GST-SAM-Arap3 or (C) GST or GST-SAM-SHIP2. Membranes were probed for presence of His-SHIP2 or FlagHis-Arap3 and with anti-GST
antibody to show equal loading of GST proteins. (D) Lysates of either WT MEF cells or SHIP2−/−MEF cells were used in a GST pull down assay using GST-SAM-
Arap3 (first two lanes) or GA (glutathione agarose) beads alone (last two lanes). Binding of SHIP2 was detected using anti-SHIP2 antibody. Blots shown are
representatives of at least 3 identical experiments.
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Fig. 4. The SAM domains show specificity for a heterodimeric interaction.
(A) 20 mg of the SAM domain of SHIP2 (dashed line), 35 mg of the SAM
domain of Arap3 (dotted line) or a mixture of 20 mg of the SAM domain of
SHIP2 and 35 mg of that of Arap3 (continuous line) were subjected to gel
filtration. (B) Arap3 SAM domain (744 μM) was placed in the syringe of the
ITC apparatus and titrated into a solution of the SAM domain of SHIP2 (23 μM)
at a temperature of 25 °C. The release of heat was measured as changes in
heating power over time (upper panel.) The lower panel shows the released heat
per injection normalized to the amount of added protein plotted versus the ratio
of concentration of Arap3 SAM and SHIP2 SAM domain.
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column, the retention time was decreased further, indicating an
increase in size due to the formation of a dimer.

To determine the affinity of the interaction, isothermal titration
calorimetry (ITC) was used. Upon titration of the Arap3 SAM
domain into a solution of the SHIP2 SAM domain, the two SAM
domains dimerized with an enthalpy change (ΔH) of 54 kJ/mol
and an affinity (Kd) of 100 nM. Also, the ITC measurements
indicate that the interaction indeed occurs at a 1:1 stoichiometry
(Fig. 4B). ITC carried outwith titration of SHIP2 into a solution of
Arap3 SAM domain gave the same enthalpy change and affinity
data (not shown). We thus conclude that Arap3 and SHIP2
interact as a dimer with an affinity that is physiologically relevant.

3.4. Presence of the Arap3 SAM domain does not affect SHIP2
phosphatase activity

As both proteins are involved in the PI3K pathway, we next
investigated whether dimerization of its SAM domain would
modulate the catalytic activity of SHIP2. To this end, His-
SHIP2 was purified from COS-7 cells and PI(3,4,5)P3 5′-
phosphatase activity was measured in an in vitro phosphatase
assay in the presence or absence of an excess (5 μM) of purified
Arap3 or SHIP2 SAM domain [24]. The SHIP2 PI(3,4,5)P3 5′-
phosphatase activity was comparable in all conditions (data not
shown). We therefore conclude that binding of Arap3 to SHIP2
does not affect SHIP2 activity in vitro.

3.5. The interaction between Arap3 and SHIP2 is not regulated
by Rap1 or PI3K

Since Arap3 localization is regulated by both Rap1 and PI3K
[4], we investigated whether the interaction with SHIP2 is
modulated by either of these. We performed a co-immunopre-
cipitation with over-expressed proteins in either the presence or
absence of RapV12, a constitutively active mutant of Rap1 [31],
or of Rap1GAP, the GTPase activating protein specific for Rap, to
reduce the amount of GTP-bound Rap1 [30]. We found that
modulation of Rap1 activity did not affect the interaction between
Arap3 and SHIP2 (Fig. 5A). We next investigated whether active
PI3K is required for the interaction between endogenous proteins
in HeLa cells and 293Tcells. However, neither activation of PI3K
by growth factor stimulation nor inhibition of PI3K by LY294002
affected the interaction (Fig. 5B and C). We therefore conclude
that the interaction appears to be constitutive and is not modulated
by the activation of Arap3 by PI3K or Rap1.

3.6. Arap3 is part of a multimeric protein complex

Previously it was shown that Arap3 is present in a multimeric
protein complexwith the SH3 domain-containing protein CIN85
that binds Arap3 via a specific proline-arginine motif [13]. Our
screen also identified the CIN85-related protein, CMS. To
investigate whether Arap3, SHIP2 and CIN85 or CMS can form
a multimeric protein complex, we performed a co-immunopre-
cipitation experiment between CIN85 or CMS and SHIP2, either
in the presence or absence of Arap3. As shown in Fig. 5D, Arap3
is indeed co-immunoprecipitated with both CIN85 and CMS. In



Fig. 5. The interaction between Arap3 and SHIP2 does not depend on the presence or absence of active Rap1 or PI3K. (A) HEK293T cells were transiently transfected
with the indicated constructs. Immunoprecipitations were performed with an anti-Flag antibody. Immunoprecipitates were analyzed for the presence of both over-
expressed His-SHIP2 and FlagHis-Arap3. Total cell lysates were probed with an anti-HA antibody to detect HA-RapV12 and HA-RapGAP. HeLa cells (B) and 293T
cells (C) were grown to confluency and serum starved overnight. Starved cells were either left untreated (in duplo) or stimulated for 30 min with the PI3K inhibitor
LY294002 or for 10 min with EGF (in duplo) (B) or insulin and EGF (in duplo) (C) as indicated. The lysates were immunoprecipitated using an Arap3 antibody and
probed for the presence of endogenous SHIP2. Membranes were also reprobed with Arap3 antibody. Blots shown are representatives of at least 3 identical experiments.
(D) HEK293T cells were transiently transfected with the indicated constructs. Immunoprecipitations were performed with an anti-Flag antibody. Immunoprecipitates
were analyzed for the presence of both over-expressed His-SHIP2 and GFP-Arap3.
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addition, SHIP2 is also co-immunoprecipitated with Arap3 and
both CIN85 and CMS. In the absence of co-transfected Arap3,
SHIP2 is still co-immunoprecipitated with CIN85 and CMS,
albeit to a much reduced level. This residual co-immunoprecip-
itation is presumably due to the presence of endogenous Arap3.
From these results, we conclude that SHIP2, Arap3 and CIN85/
CMS form a multimeric protein complex.

4. Discussion

In this paper, we show a direct interaction between the PI3K
effector Arap3 and the inositol 5′-phosphatase SHIP2. We
identified SHIP2 as an Arap3 binding partner in a yeast two-
hybrid screen and confirmed the interaction by co-immunopre-
cipitation of the endogenous proteins. Furthermore, by
mutational analysis and ITC experiments, we demonstrate that
the interaction is mediated by heterodimerization of the SAM
domains present in both proteins. The interaction appears to be
constitutive as it is not affected by regulators of Arap3, i.e. Rap1
and PI3K. Furthermore, we show that Arap3 and SHIP2 to-
gether can form multimeric protein complexes with the SH3
domain-containing adaptor proteins CIN85 and CMS.

The relevance of this finding comes from our previous obser-
vation that Arap3 is regulated by PI3K signaling, whereas SHIP2
is a negative regulator of PI3K signaling. PI3K phosphorylates
PI(4,5)P2 to create PI(3,4,5,)P3 [33] and SHIP2 is a negative regu-
lator of the PI3K pathway [17] that dephosphorylates PI(3,4,5)P3
lipids to PI(3,4)P2 [15]. Importantly, as shown previously by us,
Arap3 binds PI(3,4,5,)P3 stronger than it binds PI(3,4)P2 [3].
Since binding of Arap3 to PI(3,4,5)P3 is required for efficient
membrane localization ofArap3, dephosphorylation of PI(3,4,5,)P3
by SHIP2 implies a reduced affinity of Arap3 for the plasma
membrane. We therefore conclude that Arap3 forms a complex
with a negative regulator of its signaling pathway.

Previously, we have shown that one of the biological effects
of Arap3 is to inhibit PDGF-induced lamellipodia formation [4].
We have investigated whether deletion of the SAM domain has
any affect on this process. However, both wild-type Arap3 and a
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mutant of Arap3 lacking the SAM domain have a similar
inhibitory effect on PDGF-induced lamellipodia formation (data
not shown). Furthermore, both wild-type SHIP2 and the mutant
of SHIP2 lacking the SAM domain have a similar inhibitory
effect on lamellipodia formation, presumably due to a general
inhibition of PI3K signaling (data not shown). We therefore
concluded that currently no biological systems are present to test
our model that SHIP2 negatively regulates Arap3. Alternatively,
since PI3K signaling has a strong spatial element, it may well be
that the presence of SHIP2 in the Arap3 complex is important to
restrict the distribution of PI(3,4,5)P3 to local environments.

SAM domains are conserved modular domains that are wide-
spread and common in nature. With a wide capacity to mediate
interactions in signaling pathways [9], they canmediate protein–
protein interactions and also regulate protein–lipid and protein–
RNA binding. SAM domains mediate many forms of protein–
protein interactions by homo-, hetero- or oligomerization with
target proteins [7]. Interestingly, some protein families have
differential conservation of the SAM domain, as is the case
for SHIP1 and SHIP2. As SHIP1, that does not contain a SAM
domain, is mainly expressed in hematopoietic cells and SHIP2 is
more ubiquitously expressed [34], this may indicate that SHIP2
has acquired additional functions in these cells and the presence
of the SAM domain is required to mediate these functions by
recruiting new interaction partners.

For instance, both Arap3 and SHIP2 have binding partners
involved in endocytosis. It was shown before that SHIP2 binds
the E3 ligase Cbl and Cbl-associated protein (CAP) and SHIP2 is
therefore suggested to have a role in endocytosis [29,35]. Fur-
thermore, it was reported that Arap3 binds the adaptor protein
CIN85 [13] and our screen identified the CIN85-related protein
CMS as an Arap3 binding partner as well (Table 1). These two
adaptor proteins both function in Cbl-mediated endocytosis
[14]. We have found that SHIP2, Arap3 and either CIN85 or
CMS are present in a complex, demonstrating that different
binding surfaces on Arap3 are used for these interactions. This
indicates that both Arap3 and SHIP2 (through its SAM and SH2
domain) can function as scaffold proteins, perhaps binding pro-
teins that depend on their enzymatic activities. For instance, one
of the other proteins identified in the yeast two-hybrid screen,
ARHGEF6, or alpha-pix, is regulated by PI3K as well and is a
GEF for Rac and Cdc42 [36]. As it is often seen that the GTP
levels of Rac and Cdc42 are inversely regulated with Rho, it is
quite interesting that Arap3 complexes with a Rac GEF.

It was also proposed before that SHIP2 is involved in the
regulation of the actin cytoskeleton and cell adhesion, like Arap3,
and that it interacts with multiple proteins in the cytoskeleton
network [5,6,24,25,28]. It will therefore be interesting to see
which of these proteins are found in the same complex together,
and what exactly is the role of all these different interactions in the
complex signaling pathways that eventually lead to cell adhesion.

Acknowledgments

We thank members of our laboratories for continuous discus-
sions. Access to an Isothermal Titration Calorimeter was kindly
provided byAlfredWittinghofer,MPI-Dortmund.We thank Joost
Das for help with protein purifications. J.H.R. was supported by a
grant from the Dutch Cancer Society (KWF Kankerbestrijding
2003–2956). H.R.was supported by the Chemical Sciences of the
Netherlands Organization for Scientific Research (NWO-CW).
Z.Z. was supported by a grant from the Netherlands Genomics
Initiative through the Cancer Genomics Centre. S.K. holds a
BBSRC David Phillips Fellowship.

References

[1] S.J. Leevers, B. Vanhaesebroeck, M.D. Waterfield, Curr. Opin. Cell Biol.
11 (2) (1999) 219.

[2] B. Vanhaesebroeck, S.J. Leevers, K. Ahmadi, J. Timms, R. Katso, P.C.
Driscoll, R. Woscholski, P.J. Parker, M.D. Waterfield, Ann. Rev. Biochem.
70 (2001) 535.

[3] S. Krugmann, K.E. Anderson, S.H. Ridley, N. Risso, A. McGregor, J.
Coadwell, K. Davidson, A. Eguinoa, C.D. Ellson, P. Lipp, M.Manifava, N.
Ktistakis, G. Painter, J.W. Thuring, M.A. Cooper, Z.Y. Lim, A.B. Holmes,
S.K. Dove, R.H. Michell, A. Grewal, A. Nazarian, H. Erdjument-Bromage,
P. Tempst, L.R. Stephens, P.T. Hawkins, Mol. Cell 9 (1) (2002) 95.

[4] S. Krugmann, R. Williams, L. Stephens, P.T. Hawkins, Curr. Biol. 14 (15)
(2004) 1380.

[5] S. Krugmann, S. Andrews, L. Stephens, PT. Hawkins, J. Cell Sci. 119 (Pt 3)
(2006) 425.

[6] T.T.I. Stacey, Z. Nie, A. Stewart, M. Najdovska, N.E. Hall, H. He, P.A.
Randazzo, P. Lock, J. Cell Sci. 117 (Pt 25) (2004) 6071.

[7] C.A. Kim, J.U. Bowie, Trends Biochem. Sci. 28 (12) (2003) 625.
[8] F.N. Barrera, J.A. Poveda, J.M. Gonzalez-Ros, J.L. Neira, J. Biol. Chem.

278 (47) (2003) 46878.
[9] F. Qiao, J.U. Bowie, Sci. STKE 2005 (286) (2005) re7.
[10] D. Stapleton, I. Balan, T. Pawson, F. Sicheri, Nat. Struct. Biol. 6 (1) (1999) 44.
[11] J.J. Kwan, N. Warner, J. Maini, K.W. Chan Tung, H. Zakaria, T. Pawson,

L.W. Donaldson, J. Mol. Biol. 356 (1) (2006) 142.
[12] C.D. Thanos, K.E. Goodwill, J.U. Bowie, Science 283 (5403) (1999) 833.
[13] K. Kowanetz, K. Husnjak, D. Holler, M. Kowanetz, P. Soubeyran, D.

Hirsch, M.H. Schmidt, K. Pavelic, P. De Camilli, P.A. Randazzo, I. Dikic,
Mol. Biol. Cell 15 (7) (2004) 3155.

[14] I. Dikic, FEBS Lett. 529 (1) (2002) 110.
[15] X. Pesesse, C. Moreau, A.L. Drayer, R. Woscholski, P. Parker, C. Erneux,

FEBS Lett. 437 (3) (1998) 301.
[16] X. Pesesse, S. Deleu, F. De Smedt, L. Drayer, C. Erneux, Biochem.

Biophys. Res. Commun. 239 (3) (1997) 697.
[17] K. Backers, D. Blero, N. Paternotte, J. Zhang, C. Erneux, Adv. Enzyme

Regul. 43 (2003) 15.
[18] S. Clement, U. Krause, F. Desmedt, J.F. Tanti, J. Behrends, X. Pesesse, T.

Sasaki, J. Penninger, M. Doherty, W. Malaisse, J.E. Dumont, Y. Le
Marchand-Brustel, C. Erneux, L. Hue, S. Schurmans, Nature 409 (6816)
(2001) 92.

[19] M.W. Sleeman, K.E. Wortley, K.M. Lai, L.C. Gowen, J. Kintner, W.O.
Kline, K. Garcia, T.N. Stitt, G.D. Yancopoulos, S.J. Wiegand, D.J. Glass,
Nat. Med. 11 (2) (2005) 199.

[20] X. Pesesse, V. Dewaste, F. De Smedt, M. Laffargue, S. Giuriato, C.
Moreau, B. Payrastre, C. Erneux, J. Biol. Chem. 276 (30) (2001) 28348.

[21] A. Koch, A. Mancini, O. El Bounkari, T. Tamura, Oncogene 24 (21)
(2005) 3436.

[22] I. Vandenbroere, N. Paternotte, J.E. Dumont, C. Erneux, I. Pirson,
Biochem. Biophys. Res. Commun. 300 (2) (2003) 494.

[23] Y.Wang, R.J. Keogh,M.G. Hunter, C.A.Mitchell, R.S. Frey, K. Javaid, A.B.
Malik, S. Schurmans, S. Tridandapani, C.B. Marsh, J. Immunol. 173 (11)
(2004) 6820.

[24] N. Paternotte, J. Zhang, I. Vandenbroere, K. Backers, D. Blero, N.
Kioka, J.M. Vanderwinden, I. Pirson, C. Erneux, Febs. J. 272 (23)
(2005) 6052.

[25] N. Prasad, R.S. Topping, S.J. Decker, Mol. Cell. Biol. 21 (4) (2001) 1416.
[26] T. Habib, J.A. Hejna, R.E. Moses, S.J. Decker, J. Biol. Chem. 273 (29)

(1998) 18605.



1257J.H. Raaijmakers et al. / Cellular Signalling 19 (2007) 1249–1257
[27] D. Wisniewski, A. Strife, S. Swendeman, H. Erdjument-Bromage, S.
Geromanos, W.M. Kavanaugh, P. Tempst, B. Clarkson, Blood 93 (8)
(1999) 2707.

[28] N. Prasad, R.S. Topping, S.J. Decker, J. Cell Sci. 115 (Pt 19) (2002) 3807.
[29] G. Zhuang, S. Hunter, Y. Hwang, J. Chen, J. Biol. Chem. (2006).
[30] K.A. Reedquist, E. Ross, E.A. Koop, R.M. Wolthuis, F.J. Zwartkruis, Y.

van Kooyk, M. Salmon, C.D. Buckley, J.L. Bos, J. Cell Biol. 148 (6)
(2000) 1151.

[31] F.J. Zwartkruis, R.M. Wolthuis, N.M. Nabben, B. Franke, J.L. Bos, Embo
J. 17 (20) (1998) 5905.
[32] F. Colland, X. Jacq, V. Trouplin, C. Mougin, C. Groizeleau, A. Hamburger,
A. Meil, J. Wojcik, P. Legrain, J.M. Gauthier, Genome Res. 14 (7) (2004)
1324.

[33] B. Vanhaesebroeck, S.J. Leevers, G. Panayotou, M.D. Waterfield, Trends
Biochem. Sci. 22 (7) (1997) 267.

[34] S. Schurmans, R. Carrio, J. Behrends, V. Pouillon, J. Merino, S. Clement,
Genomics 62 (2) (1999) 260.

[35] N.K. Prasad, S.J. Decker, J. Biol. Chem. 280 (13) (2005) 13129.
[36] D. Baird, Q. Feng, R.A. Cerione, Curr. Biol. 15 (1) (2005) 1.


	The PI3K effector Arap3 interacts with the PI(3,4,5)P3 phosphatase SHIP2 in a SAM domain-depend.....
	Introduction
	Materials and methods
	Antibodies and reagents
	Plasmids and constructs
	Yeast two-hybrid screen
	Cell culture and transfections
	Co-immunoprecipitations
	GST pull down assays
	Protein purification, gel filtration and ITC

	Results
	Identification of a SAM domain-mediated interaction between Arap3 and SHIP2
	The SAM domains are both necessary and sufficient to mediate heterodimerization of Arap3 and SH.....
	SAM domains show specificity for a heterodimeric interaction
	Presence of the Arap3 SAM domain does not affect SHIP2 phosphatase activity
	The interaction between Arap3 and SHIP2 is not regulated by Rap1 or PI3K
	Arap3 is part of a multimeric protein complex

	Discussion
	Acknowledgments
	References


