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Background:The RalGAP (GTPase-activating protein) complex (RGC) inhibits RalA activity and is negatively regulated by
PI3-kinase/Akt signaling.
Results: 14-3-3 interacts with the phosphorylated RGC and inhibits its GAP function.
Conclusion: 14-3-3 modulates RalA activity by regulating the RGC.
Significance: Identifies 14-3-3 as a component of the cellular machinery that modulates RalA activity.

RGC1 and RGC2 comprise a functional RalGAP complex
(RGC) that suppresses RalA activity. The PI3-kinase/Akt signal-
ing pathway activates RalA through phosphorylation-mediated
inhibition of the RGC. Here we identify a novel phosphoryla-
tion-dependent interaction between 14-3-3 and the RGC.
14-3-3 binds to the complex through an Akt-phosphorylated
residue, threonine 715, on RGC2. Interaction with 14-3-3 does
not alter in vitro activity of the GTPase-activating protein com-
plex. However, blocking the interaction between 14-3-3 and
RGC2 in cells increases suppression of RalA activity by theRGC,
suggesting that 14-3-3 inhibits the complex through a non-cat-
alytic mechanism. Together, these data show that 14-3-3 nega-
tively regulates the RGC downstream of the PI3-kinase/Akt sig-
naling pathway.

Members of the Ras superfamily of small GTPases translate
inputs from upstream signaling pathways into biological out-
puts. RalA and RalB are highly homologous small GTPases that
have been implicated in cell survival and proliferation (1, 2), cell
migration (3), cytoskeletal rearrangements (4, 5), protein traf-
ficking (6), glucose uptake (7), and TOR signaling (8, 9). Ral
GTPases mediate their biological effects by cycling between a
GDP-bound inactive conformation and GTP-bound active
conformation in which they engage downstream effector pro-
teins that regulate various cellular processes.
Ral GTPases are largely found in an inactive state in cells.

However, extracellular stimuli can signal for activation of these
proteins. Ral is directly activated by guanine nucleotide
exchange factors (GEFs)2 that bind to the inactive GTPase and
catalyze the release of GDP so that GTP, which is �10 times
more abundant in cells than GDP (10), can bind. Two families
of RalGEFs have been identified in mammalian cells. The Ral-
GDS family contains fourmembers (RalGDS, Rgl, Rlf/Rgl2, and

Rgl3) that share sequence homology and a similar domain
structure (11). These proteins are bona fide Ras effectors that
bind to active Ras GTPases through a C-terminal Ras binding
domain, thus recruiting RalGEFs tomembranes where they can
then activate Ral GTPases (12–14). RalA is also activated inde-
pendently of Ras through RalGEFs that lack a Ras binding
domain, including RalGPS1 and 2 (15), Rgr (16), and AND-34
(17). Although the physiological roles of these distinct RalGEFs
are poorly understood, they may allow cells to respond to dif-
ferent stimuli in unique ways and provide spatial and temporal
regulation of Ral GTPases (18).
The activity of Ral GTPases is also regulated by GTPase-

activating proteins (GAPs), which inactivate Ral by catalyzing
GTP hydrolysis. Although RalGAP activity was first reported
over 20 years ago (19), our group and others (20, 21) only
recently identified the proteins responsible for this activity. The
RalGAP complex (RGC) consists of two proteins: a catalytic
subunit (RGC2) that contains a C-terminal GAP domain with
specificity for RalA and RalB and a regulatory subunit (RGC1)
that stabilizes the GAP. A second RalGAP, GARNL1, shares
high sequence homology with RGC2 and can also form a cata-
lytically active complex with RGC1 (20, 21). These novel Ral-
GAPs are only beginning to be studied, and the functional dif-
ferences between RGC2 and GARNL1 are currently unknown.
However, these two proteins are expressed differentially in cell
and tissue types3, suggesting that they may serve specialized
roles.
We reported previously that the RGC is negatively regulated

by Akt-catalyzed phosphorylation of RGC2 onmultiple serine/
threonine residues (20). Inhibition of the RGC by phosphory-
lation allows for an insulin-stimulated increase in RalA activity
in adipocytes, where this small GTPase plays a critical role in
Glut4 exocytosis and glucose uptake (7, 20). Thus, in this sys-
tem, the RGC serves as an important regulatory point for mod-
ulation of RalA activity. Although GEFs are generally thought
to serve as the primary drivers of small GTPase activation, there
are multiple examples in which a GAP, either alone or in con-
junction with a GEF, plays a role in activation (22). Of note, this
seems to be the case for the small GTPase Rheb, which is acti-
vated by hormone signaling through inhibition of the tuberous
sclerosis complex (TSC), a GAP complex that has a striking
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similarity to the RGC (21, 23–26). Thus, at least in some cases,
relieving negative regulation by a GAP appears to be necessary
for the activation of the target small GTPase.
Phosphorylation-induced inhibition of GAPs can occur

through direct inactivation of catalytic activity or through indi-
rect mechanisms, such as altering the interactions of the GAP
with other proteins, stability, or localization (22, 27). Members
of the 14-3-3 family of proteins bind to some phosphorylated
GAPs and GEFs and modulate their function (28–30). 14-3-3s
take on many roles in signaling pathways by binding to hun-
dreds of phosphorylated proteins and regulating their function.
Mammalian cells ubiquitously express seven 14-3-3 isoforms
(�, �, �,�, �,�, and �) that recognize and dock to target proteins
through phosphoserine or phosphothreonine residues within
an RXXpS/TXP motif (mode 1 binding) or an RX(F/Y)XpSXP
motif (mode 2 binding) (31). Here we report that Akt-catalyzed
phosphorylation of RGC2 increases 14-3-3 binding to the RGC
and that this interaction inhibits RGC function in cells. These
data establish a role for 14-3-3 in hormone-stimulated activa-
tion of RalA.

EXPERIMENTAL PROCEDURES

DNA Constructs—The FLAG-RalA and HA-RGC1 con-
structs were described previously (7, 20). The RGC1 shRNA-
resistant construct (HA-RGC1res) was generated by site-directed
mutagenesis using the following primer: 5�-GGAGTGGCATG-
GCCCAACAGATCGCTTACGAAATTCACCTTGAGC-3�.
The human FLAG-RGC2 construct was obtained from Origene
Technologies, Inc. The RGC2 T715A point mutation was int-
roduced by site-directed mutagenesis using the following
primer: 5�-ATGCGATTTAGGAGTGCCGCCACGTCTGG-
AGCACCGGG-3�. The rat 14-3-3� cDNA and human 14-3-3�
cDNAwere provided byDr. Ken Inoki (University ofMichigan)
and subcloned into a pKH3 (7) vector. The human cDNAs for
all other 14-3-3 isoforms were purchased from Open Biosyst-
ems (14-3-3�, clone identification no. 3915246; 14-3-3�, clone
identification no. LIFESEQ2207186; 14-3-3�, clone identificat-
ion no. 6164592; 14-3-3�, clone identification no. 3445915; and
14-3-3�, clone identification no. 5563061) and subcloned into
the pKH3 and pGEX-4T-1 vectors. The 14-3-3� R56/60A
dominant-negative construct was generated by site-directed
mutagenesis using the following primer: 5�-GTGGTCGGGG-
GCCGCGCGTCCGCCTGGGCGGTCATCTCTAGCATC-
3�. DNA sequencing was performed at the University of Mich-
igan DNA Sequencing Core.
Antibodies—The rabbit IgG, mouse IgG, and anti-FLAG

mouse antibodies were purchased from Sigma-Aldrich. The
anti-digoxigenin (DIG) HRP-conjugated mouse antibody was
purchased from Roche. The anti-Akt rabbit, anti-phospho-Akt
Ser-473 rabbit, anti-phospho-14-3-3 binding site mouse, and
phospho-Akt substrate rabbit antibodies were purchased from
Cell Signaling Technology. The anti-HA mouse and anti-14-
3-3 rabbit and mouse antibodies were purchased from Santa
Cruz Biotechnology. The anti-RalA mouse antibody was pur-
chased from BD Biosciences. The anti-RGC1, anti-RGC2, anti-
RGC2 pS486, anti-RGC2 pS696, and anti-RGC2 pT715 rabbit
antibodies were described previously (20).

Cell Culture, Transfections, and Inhibitors—293T and 293A
cells were maintained as described previously (32). 3T3-L1
fibroblasts were maintained and differentiated as described
previously (32). 293T and 293A cells were transfected using
Lipofectamine 2000 reagent (Invitrogen) according to the pro-
tocol of themanufacturer and harvested 48 h after transfection.
3T3-L1 adipocytes were transfected by electroporation as
described previously (33). Cells were pretreated with 100 nM
wortmannin (Sigma-Aldrich) for 1 h or 1 �M Akti-1/2 (Calbi-
ochem) for 2 h before addition of insulin (Sigma-Aldrich).
Lentiviral constructs encoding a shRNA control sequence

(Open Biosystems) or a shRNA sequence that targets RGC1
(Open Biosystems, clone identification no. V2LHS_32227)
were obtained from the University of Michigan Vector Core
Facility. 293T cells were transfected with shRNA constructs as
described above. 48 h after transfection, cells stably expressing
the shRNAwere selected by culturing in DMEM supplemented
with 10% FBS and 2 �g/ml puromycin. The medium was
replaced every 3 days, and after 2 weeks the GFP-positive pop-
ulation of cells was collected by FACS (University of Michigan
Flow Cytometry Core). Stably transfected cells were main-
tained in DMEM supplemented with 10% FBS and 0.5 �g/ml
puromycin.
Protein Purification—GST proteins were induced and puri-

fied as described previously (34). Purified GST-14-3-3� was
eluted fromglutathione beads bywashing the beadswith 10mM

glutathione in PBS (pH 8.0). The elutionwasmonitored byA280
readings, and fractions containing proteinwere pooled and dia-
lyzed overnight against 4 liters of ice-cold PBS. The proteins
were then concentrated using an Amicon centrifugal filtration
unit (Millipore). Concentrated proteins were stored at �80 °C
in PBS containing 10% glycerol and 10 mM DTT.
Immunoprecipitations, Pull-downs, and Western Blotting—

Unless noted otherwise, the 14-3-3� isoform was used for all
experiments. For immunoprecipitations, cells were washed
twice with ice-cold PBS before lysis in 1 ml of 14-3-3 immuno-
precipitation buffer (IP buffer; 10 mM Tris-HCl (pH 7.5), 100
mM NaCl, 1% Nonidet P-40, 1% TX-100, 50 mM NaF, 2 mM

EDTA) supplemented with an EDTA-free protease inhibitor
tablet (Roche). Lysates were cleared by centrifuging at 13,000�
g for 10min and then incubated with 5 �g of antibody for 4 h at
4 °C. For the last 2 h, protein A/G beads (Santa Cruz) were
added to precipitate the antibody. Beads were washed three
times with IP buffer and then resuspended in 2� SDS sample
buffer.
For 14-3-3 pull-downs, cells were washed once with ice-cold

PBS and then lysed in 1 ml of 14-3-3 pull-down buffer (PD
buffer; 15 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% Nonidet
P-40, 1 mM DTT) supplemented with an EDTA-free protease
inhibitor tablet (Roche). Lysates were cleared by centrifuging at
13,000 � g for 10min and then incubated with 10 �g of GST or
GST-14-3-3� bound to glutathione beads (GE Healthcare) for
1.5 h at 4 °C. For samples treatedwith phosphatase, lysateswere
preincubated with 5000 units of 	-phosphatase (New England
Biolabs, Inc.) at 30 °C or 500 units of calf intestinal phosphatase
(New England Biolabs, Inc.) at 37 °C for 1 h before addingGST-
14-3-3 beads. Beads were washed three times with 1 ml of PD

14-3-3 Inhibits the RalGAP Complex

MARCH 29, 2013 • VOLUME 288 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 9273



buffer and then resuspended in 2� SDS sample buffer. RalA
activation assays were performed as described previously (7).
Samples were resolved by SDS-PAGE. SDS-PAGE gels were

transferred to nitrocellulose membranes. Membranes were
incubated with the indicated primary antibodies and horserad-
ish peroxidase secondary antibodies (Pierce) before reacting
with ECL Western blotting substrate (Pierce). Western blot
analyses were quantified by densitometry using ImageJ.
Preparation of DIG-labeled Proteins and Overlay Assay—

GSTorGST-14-3-3�was labeledwithDIG by incubating 25�g
of protein with 30�M digoxigenin-3-O-methylcarbonyl-�-ami-
nocaproic acid-N-hydroxysuccinimide ester (Roche) in 350 �l
of PBS for 15 min at room temperature. The labeling reaction
was stopped by adding 100 �l of 1 M Tris-HCl (pH 7.5). Labeled
protein was dialyzed against 1 liter of 25 mM Tris-HCl (pH 7.5)
for 1 h at room temperature, then against 4 liters of PBS (pH 7.4)
for 4 h at 4 °C, and finally against 4 liters of fresh PBS (pH 7.4) for
16 h at 4 °C. Labeled protein was then diluted in 25ml of TBS (50
mM Tris-HCl (pH 7.5), 150 mMNaCl) containing 2 mg/ml BSA
(Sigma-Aldrich) and 0.01% sodium azide (Sigma-Aldrich).
DIG-labeled proteins were stored at 4 °C.
For overlay assays, the RGC was immunoprecipitated from

293T cells or 3T3-L1 adipocytes and resolved by SDS-PAGE.
Proteins were transferred to a nitrocellulose membrane. The
membrane was blocked at room temperature overnight in
blocking buffer (5% skim milk in TBS-Tween). The membrane
was incubated with DIG-labeled proteins for at least 4 h at 4 °C
and then washed three times with TBS-T. The membrane was
incubated with blocking buffer containing anti-DIG HRP anti-
body (1:10,000, Roche) for 2 h at room temperature andwashed
three times with TBS-T. Overlays were visualized by reacting
with ECLWestern blotting substrate (Pierce).

	-Phosphatase Protection Assay—293T cells were lysed in 1
ml of PD buffer supplemented with 50 mM NaF, and overex-
pressed RGC was immunoprecipitated from cleared lysates
using an anti-FLAG antibody conjugated to agarose beads.
Beads were washed three times with 1 ml of PD buffer contain-
ingNaF and two times with 1ml of PD buffer without NaF. The
beadswere incubatedwith orwithout 10�g ofGST-14-3-3� for
1 h at 4 °C and then washed five times with 1 ml of PD buffer
without NaF. The beads were then resuspended in 250 �l of PD
buffer without NaF supplemented with 1 mM MnCl2. Beads
were equilibrated to 30 °C, and then 800 units of 	-phosphatase
was added to each sample. To stop the reaction, 50 �l of the
reaction was removed at the indicated time points and placed
into a chilled Eppendorf tube containing 5� SDS sample buffer.
GAP Assay and Kinase Assay—The protocols used for GAP

assays and kinase assays were described previously (20). For the
GAP assay containing GST-14-3-3, RGC1/2 was prebound to
14-3-3 as described above.

RESULTS

Identification of 14-3-3 as a RalGAP Complex-interacting
Protein—The 14-3-3 recognition motifs (RXXpS/TXP and
RX(F/Y)XpSXP) coincide with sequences that are phosphory-
lated by AGC kinase members, and there are numerous exam-
ples that demonstrate roles for 14-3-3 proteins in modulating
signaling downstreamof AGCkinases (29, 35–39). On the basis

of our recent finding that the RGC is negatively regulated by
Akt-catalyzed phosphorylation of RGC2 (20), we hypothesized
that 14-3-3 may interact with the RGC.
We investigated whether the RGC was a putative 14-3-3

binding partner by immunoprecipitating the endogenous com-
plex from 3T3-L1 adipocytes treated with or without insulin
and immunoblotting with an antibody that detects phosphory-
lated residues that lie within a 14-3-3 binding site motif (p14-
3-3 binding site antibody, Fig. 1A). As shown previously (20),
both the RGC1 and RGC2 subunits of the complex were immu-
noprecipitated using an anti-RGC2 antibody, whereas the com-
plexwas absent from a control immunoprecipitation using rab-
bit IgG antibody. The p14-3-3 binding site antibody weakly
detected a band corresponding to the molecular weight of
RGC2 in the RGC2 immunoprecipitation (Fig. 1A, arrow).
Detection of RGC2 by this phospho-antibody was enhanced
when the complex was immunoprecipitated from lysates
treated with insulin. RGC2 phosphorylation that was detected
by the p14-3-3 binding site antibodywasmaximal by 2min after
insulin stimulation and was sustained for up to 90 min after
stimulation (Fig. 1B). Phosphorylation was increased by insulin
in a dose-dependent manner that correlated with activation of
Akt, which we previously showed catalyzes RGC2 phosphory-
lation on multiple residues (20) (Fig. 1C). To test whether the
phospho-14-3-3 binding site antibody detects Akt-catalyzed
phosphorylation, we immunoprecipitated the RGC from
3T3-L1 adipocyte lysates that were pretreated with the PI3-
kinase inhibitor wortmannin or the Akt inhibitor Akti-1/2
before stimulation with insulin. Both inhibitors blocked RGC2
detection by the phospho-14-3-3 binding site antibody (Fig.
1D). Together, these data raised the possibility that 14-3-3 may
recognize a residue or residues on RGC2 that are phosphory-
lated by Akt in response to insulin.
Next, we tested whether 14-3-3 binds to the RGC.We found

that although endogenous 14-3-3was not detected in an immu-
noprecipitation using control mouse IgG, 14-3-3 coimmuno-
precipitated with overexpressed RGC in 293T cells (Fig. 2A, left
panel). The reciprocal immunoprecipitation confirmed that
14-3-3 interacts with the RGC (Fig. 2A, right panel). We also
detected endogenous 14-3-3 in an immunoprecipitation of
endogenous RGC2 from 3T3-L1 adipocytes (Fig. 2B). More
14-3-3 was detected in complex with RGC2 when cells were
treated with insulin, demonstrating that this interaction is sub-
ject to hormonal regulation.
Seven highly homologous isoforms of 14-3-3 are ubiqui-

tously expressed in mammalian cells. To determine whether
there was isoform-specific binding between 14-3-3s and the
RGC, we transfected 3T3-L1 adipocytes with HA-tagged
14-3-3 proteins and probed their interaction with the endoge-
nous RGC. Immunoprecipitation of HA-14-3-3 �, �, �, and �
coimmunoprecipitated the RGC, with 14-3-3� showing the
most interaction, whereasHA-14-3-3 �,�, and � displayed little
to no interaction (Fig. 2C). Furthermore, stimulationwith insu-
lin once again significantly increased binding between 14-3-3
and the RGC (Fig. 2C, compare sixth and ninth lanes).
We investigated whether this interaction requires RGC1,

RGC2, or both subunits of the complex. To test the binding
between 14-3-3 and the individual subunits of the complex, we
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created a cell line that is depleted of the endogenous complex
and then reintroduced the subunits of the complex individ-
ually or in conjunction with one another. Because 293T cells
express undetectable levels of endogenous RGC23, RGC1
was knocked down by stably transfecting cells with anti-
RGC1 shRNA. Expression of RGC1 was reduced by 71%
using this method (Fig. 2D). Wild-type HA-RGC1 was also
knocked down in these cells. However, expression was
recovered when shRNA-resistant HA-RGC1 (HA-RGC1res)
was transfected into cells (Fig. 2D). Thus, using this cell line,

we were able to dissect the interaction between 14-3-3 and
overexpressed RGC1 and RGC2 with minimal expression of
endogenous RGC proteins.
The interaction between 14-3-3 and subunits of the RGCwas

explored through overlay and pull-down assays. In an overlay
assay, 14-3-3 bound to FLAG-RGC2 (Fig. 2E, arrow, third and
fourth lanes) but not to HA-RGC1 (Fig. 2E, arrowheads, second
and fourth lanes), demonstrating that 14-3-3 binds directly to
the RGC throughRGC2 in an in vitro setting. Next, a pull-down
assaywas used to interrogate the interaction in cells. In contrast

FIGURE 1. The RalGAP complex contains a 14-3-3 recognition motif. A, serum-starved 3T3-L1 adipocytes were mock-treated or stimulated with 100 nM

insulin for 15 min before lysis. Lysates were immunoprecipitated (IP) with control rabbit IgG or anti-RGC2 antibody. The immune complexes and cell lysates
were resolved by SDS-PAGE before Western blotting with the indicated antibodies. The arrowhead and arrow indicate the relative positions of RGC1 and RGC2,
respectively. Left panel, Western blot analysis. Right panel, phospho-RGC2 and total RGC2 signals in the RGC2 immunoprecipitations were quantified and
normalized to the basal signal. The normalized phospho-RGC2/total RGC2 ratio is presented as the mean � S.E. of three independent experiments. *, p � 0.02,
Student’s t test. B, serum-starved 3T3-L1 adipocytes were mock-treated or stimulated with 100 nM insulin for the indicated times before lysis. The RGC was
immunoprecipitated from lysates using the anti-RGC2 antibody. The immune complexes and cell lysates were resolved by SDS-PAGE followed by Western
blotting with the indicated antibodies. Left panel, Western blot analysis. Right panel, quantification was performed as described in A. Error bars represent
mean � S.E. of three independent experiments. *, p � 0.02, Student’s t test. C, serum-starved 3T3-L1 adipocytes were mock-treated or stimulated with the
indicated doses of insulin for 15 min before lysis. The RGC was immunoprecipitated from lysates using the anti-RGC2 antibody. The immune complexes and cell
lysates were resolved by SDS-PAGE and subjected to Western blot analysis with the indicated antibodies. Left panel, Western Blot analysis. Right panel,
quantification was performed as described in A. Error bars represent mean � S.E. of three independent experiments. *, p � 0.02, Student’s t test. D, serum-
starved 3T3-L1 adipocytes were treated with 100 nM wortmannin for 1 h or 1 �M Akti-1/2 for 2 h before mock treatment or stimulation with insulin for 15 min.
The RGC was immunoprecipitated from cell lysates using the anti-RGC2 antibody. Immune complexes and cell lysates were resolved by SDS-PAGE followed by
Western blot analysis with the indicated antibodies. Left panel, Western blot analysis. Right panel, quantification was performed as described in A. Error bars
represent mean � S.E. of three independent experiments. *, p � 0.02; **, p � 0.05, Student’s t test.
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to the in vitro data, 14-3-3 minimally bound to HA-RGC1 or
FLAG-RGC2when expressed alone in cells (Fig. 2F, second and
third lanes, respectively). However, when the subunits were
coexpressed, the amount of the complex that was pulled down
by 14-3-3 was increased significantly (Fig. 2F, fourth lane). The
apparent inconsistency in these findings was somewhat sur-
prising. However, there are several possible reasons why RGC1

may be required for efficient recognition of the RGC by 14-3-3
in cells, although the binding appears to occur through RGC2.
We showed previously that RGC1 acts as a regulatory subunit
by stabilizing RGC2 (20), raising the possibility that RGC2 is
mislocalized or takes on a conformation that occludes 14-3-3
binding in the absence of RGC1. Together, these data show that
although binding between 14-3-3 and the RGC occurs through

FIGURE 2. 14-3-3 interacts with the RalGAP complex. A, 293T cells were transfected with empty vector or HA-RGC1 and FLAG-RGC2 as indicated. Two days
after transfection, cell lysates were subjected to immunoprecipitation (IP) using anti-FLAG antibody (left panel) or anti-14-3-3 antibody (right panel). Immune
complexes and lysates were resolved by SDS-PAGE and analyzed by Western blotting with the indicated antibodies. B, serum-starved 3T3-L1 adipocytes were
mock-treated or stimulated with 10 nM insulin for 15 min before lysis. Lysates were subjected to immunoprecipitation using an anti-RGC2 antibody. The
immune complexes and cell lysates were resolved by SDS-PAGE and visualized by Western Blot analysis using the indicated antibodies. Left panel, Western blot
analysis. Right panel, 14-3-3 and RGC2 signals in the RGC2 immunoprecipitation were quantified and normalized to the basal signal. The normalized 14-3-3/
RGC2 ratio is presented as the mean � S.E. of three independent experiments. *, p � 0.03, Student’s t test. A.U., arbitrary unit. C, 3T3-L1 adipocytes were
transfected with empty vector or the indicated HA-tagged 14-3-3 isoforms. One day after transfection, cells were serum-starved for 4 h before mock treatment
or stimulation with 100 nM insulin for 15 min. Lysates were subjected to immunoprecipitation using an anti-HA antibody. Immune complexes and lysates were
resolved by SDS-PAGE and analyzed by Western blot analysis with the indicated antibodies. Left panel, Western blot analysis. Right panel, RGC1, RGC2, and
HA-14-3-3 signals in the HA immunoprecipitation were quantified and normalized to the basal signal. The normalized RGC1/HA-14-3-3 and RGC2/HA-14-3-3
ratios are presented as the mean � S.E. from three independent experiments. * and † p � 0.05, Student’s t test. D, 293T cells were stably transfected with control
shRNA or shRNA targeting RGC1. Control and RGC1 knockdown cells were then transiently transfected with either wild-type or shRNA-resistant HA-RGC1
(HA-RGC1res). Cell lysates were harvested 2 days after transfection. Knockdown of endogenous RGC1 protein and recovery with the HA-RGC1 constructs were
assessed by Western blot analysis with the indicated antibodies. Percent knockdown was determined from the ratio of the RGC1 signal in knockdown and
control cells (knockdown/control signal � 100). Values represent the mean from three independent experiments. E, RGC1 knockdown cells were transfected
with empty vector, HA-RGC1 alone, FLAG-RGC2 alone, or both HA-RGC1 and FLAG-RGC2. Two days after transfection, overexpressed proteins were immuno-
precipitated from cell lysates using anti-HA antibody or anti-FLAG antibody. The immunoprecipitated proteins were separated by SDS-PAGE, and immuno-
precipitation efficiency was assessed by Western blot analysis with the indicated antibodies. In vitro binding between 14-3-3 and RGC1 (arrowhead) or RGC2
(arrow) was assessed by overlay using either DIG-labeled GST or GST-14-3-3 followed by incubation with anti-DIG HRP antibody. Top panel, Western blot
analysis. Bottom panel, the GST-14-3-3 overlay signal and FLAG-RGC2 signal were quantified and normalized to the signal in the third lane. The normalized
14-3-3 overlay/total RGC2 ratio is represented as mean � S.E. of two independent experiments. F, RGC1 knockdown cells were transfected as in E. Cell lysates
were incubated with GST-14-3-3 conjugated to glutathione beads for 90 min. Pull-down samples were resolved by SDS-PAGE and analyzed by Western blot
analysis with the indicated antibodies. Top panel, Western blot analysis. Bottom panel, RGC1 and RGC2 signals in the pull-downs and lysates were quantified and
normalized to the second lane for RGC1 and the third lane for RGC2. The normalized pull-down/lysate ratio is represented in arbitrary units. Error bars represent
mean � S.E. of three independent experiments.
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a direct interaction with RGC2, both subunits are required for
recognition of the complex by 14-3-3 in cells.
14-3-3 Binding Requires RGC2 Phosphorylation—To deter-

mine whether RGC phosphorylation is required for its recogni-
tion by 14-3-3, we analyzed the interaction between these pro-
teins in 3T3-L1 adipocytes treated with insulin. Stimulation
with insulin increased the amount of the RGC that interacted
with GST-14-3-3 in a pull-down assay by �6.5-fold (Fig. 3,
A–D). This increase in binding was evident by 2 min and was
sustained up to 90 min after insulin treatment (Fig. 3A), con-
sistent with the increase in recognition of RGC2 by the p14-3-3
binding site antibody (Fig. 1B). Likewise, the association
betweenGST-14-3-3 and the RGC increased in an insulin dose-
dependent manner (Fig. 3B), consistent with the dose-depen-

dent increase in recognition of RGC2 by the p14-3-3 binding
site antibody (Fig. 1C). To investigate whether this association
is dependent on Akt, we pretreated 3T3-L1 adipocytes with
wortmannin or Akti-1/2 before stimulation with insulin. Pre-
treatment with either inhibitor decreased recognition of the
RGC by 14-3-3 (Fig. 3C). Furthermore, as wortmannin inhib-
ited Akt activation to a greater extent than Akti-1/2 (Fig. 3C,
Lysate), it also resulted in a larger block in 14-3-3 binding (Pull-
down), providing further evidence that Akt activation is
required for this interaction.
To directly test whether Akt-catalyzed phosphorylation is

required for 14-3-3 binding, we first treated 3T3-L1 lysates
with 	-phosphatase to decrease total phosphorylation levels.
	-Phosphatase greatly decreased basal and insulin-stimulated

FIGURE 3. 14-3-3 binding to the RalGAP complex requires Akt-catalyzed phosphorylation. A, serum-starved 3T3-L1 adipocytes were mock-treated or
stimulated with 100 nM insulin for the indicated times before lysis. Lysates were incubated with GST-14-3-3 bound to glutathione beads for 90 min. Pull-downs
and lysates were resolved by SDS-PAGE and analyzed by Western blotting with the indicated antibodies. Left panel, Western blot analysis. Right panel, RGC1 and
RGC2 signals in the pull-down and lysates were quantified and normalized to the basal signal. The normalized pull-down/lysate ratio is presented as the
mean � S.E. of four independent experiments. * and †, p � 0.02, Student’s t test. B, serum-starved 3T3-L1 adipocytes were mock-treated or stimulated with the
indicated doses of insulin for 15 min before lysis. Pull-downs were performed and analyzed as described in A. Left panel, Western blot analysis. Right panel,
quantification was performed as described in A. Error bars represent mean � S.E. from three independent experiments. *, p � 0.04; †, p � 0.02, Student’s t test.
C, 3T3-L1 adipocytes were serum-starved before the addition of 1 �M Akti-1/2 for 2 h or 100 nM wortmannin for 1 h. After treatment with the inhibitors, the cells
were mock-treated or stimulated with 100 nM insulin for 15 min and then lysed. Pull-downs were performed and analyzed as described in A. Left panel, Western
blot analysis. Right panel, quantification was performed as described in A. Error bars represent mean � S.E. from three independent experiments. *, p � 0.04; †,
p � 0.02, Student’s t test. D, serum-starved 3T3-L1 adipocytes were mock-treated or stimulated with 100 nM insulin for 15 min before lysis. Lysates were treated
with or without 	-phosphatase for 1 h and then subjected to pull-down. Pull-downs were performed and analyzed as described in A. The relative positions of
RGC1 (arrowhead) and RGC2 (arrow) are indicated in the pAS Western blot analysis. Left panel, Western blot analysis. Right panel, quantification was performed
as described in A. Error bars represent mean � S.E. from three independent experiments. * and †, p � 0.01, Student’s t test. E, 293A cells were transfected with
empty vector or HA-RGC1 and FLAG-RGC2 as indicated. Two days after transfection, cell lysates were subjected to immunoprecipitation (IP) using anti-FLAG
antibody. The immunoprecipitated proteins were then phosphorylated in vitro by incubating with ATP and recombinant His-Akt2. The kinase was then
removed by washing, and the immunoprecipitated proteins were incubated with or without calf intestinal phosphatase for 1 h. Immunoprecipitated proteins
and lysates were resolved by SDS-PAGE, and total protein amounts and phosphorylation of the RGC was determined by Western blot analysis with the
indicated antibodies. 14-3-3 binding to RGC1 (arrowhead) or RGC2 (arrow) was assessed by overlay using DIG-labeled GST or GST-14-3-3 followed by incubation
with anti-DIG HRP antibody. Top panel, Western blot analysis. Bottom panel, the GST-14-3-3 overlay, pAS, and FLAG-RGC2 signals in the FLAG immunoprecipi-
tation were quantified, and the normalized ratios of 14-3-3 overlay/total RGC2 and pAS/total RGC2 were calculated. Error bars represent mean � S.E. of two
independent experiments. CIP, calf intestinal phosphatase; A.U., arbitrary unit.
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Akt phosphorylation and phosphorylation of protein targets
downstream of Akt, including RGC2, as measured using the
phospho-Akt substrate (pAS) antibody (Fig. 3D, arrow).
	-Phosphatase treatment also abolished phosphorylation of a
protein running at the approximate molecular weight of RGC1
(Fig. 3D, arrowhead). However, because RGC1 is roughly the
same size as the Akt target AS160, we cannot distinguish phos-
phorylation of these two proteins in cell lysates blotted with the
pAS antibody.
When lysates from insulin-treated cells were subjected to

pull-down using immobilized GST-14-3-3, lysates that were
not preincubated with 	-phosphatase showed an insulin-de-
pendent increase in the interaction between the RGC and
14-3-3 (Fig. 3D, Pull-down, fifth and sixth lanes). Treatment
with 	-phosphatase completely abolished recognition of the
RGC by 14-3-3 in the absence or presence of insulin, demon-
strating that phosphorylation of RGC2 is indeed required for
14-3-3 binding (Fig. 3D, Pull-down, seventh and eighth lanes).

Although these data strongly support a role forAkt-catalyzed
phosphorylation in recognition of the complex by 14-3-3, they
do not rule out a role for other protein kinases that may phos-
phorylate the complex downstream of PI3-kinase. Thus, we
explored whether phosphorylation by Akt is sufficient for
14-3-3 binding to the RGC by immunoprecipitating the com-
plex from 293A cells. In these cells, the complex exists in a
largely unphosphorylated state, as determined by blotting the
RGC immunoprecipitationwith the pAS antibody (Fig. 3E, pAS
blot). Immunoprecipitated RGCwas phosphorylated in vitro by
incubating with recombinant His-Akt2 and binding to 14-3-3
was then assessed by overlay assay. 14-3-3 did not bind to either
subunit of the RGC in the absence of His-Akt2 (Fig. 3E, fourth
lane). 14-3-3 bound to RGC2 after incubation with His-Akt2,
although the kinase phosphorylated both RGC1 and RGC2 in
an in vitro setting (Fig. 3E, fifth lane). These data are consistent
with our previous data showing that 14-3-3 binding to the com-
plex requires RGC2 (Fig. 2, E and F). Finally, decreasing phos-
phorylation of the complex by treating the immunoprecipitated
proteins with calf intestinal phosphatase (CIP) after incubation
with His-Akt2 reduced the binding between 14-3-3 and RGC2
(Fig. 3E, sixth lane). Together, these data show that Akt-cata-
lyzed phosphorylation of RGC2 is necessary and sufficient for
recognition of the complex by 14-3-3.
Akt phosphorylates RGC2 on at least three serine/threonine

residues (20, 40). Previous studies demonstrated that 14-3-3
binding can block phosphorylated residues from dephosphor-
ylation by phosphatases (41). Thus, we designed a phosphatase
protection assay that exploits this property to identify potential
14-3-3 recognition sites on RGC2 (Fig. 4A). The RGCwas over-
expressed and then immunoprecipitated from 293T cells,
which contain high levels of active Akt. As is evident in Fig. 4B,
RGC2 is highly phosphorylated in these cells. The isolated com-
plex was bound to recombinant GST-14-3-3 in vitro and then
treated with 	-phosphatase for increasing amounts of time.
The ability of 	-phosphatase to dephosphorylate RGC2 resi-
dues was assessed by Western blotting with the pAS antibody
and site-specific RGC2 phospho-antibodies (Fig. 4B). When
immunoprecipitated RGC was treated with 	-phosphatase but
not preincubated with GST-14-3-3, the phosphatase com-

pletely dephosphorylated serines 486 and 696 and greatly
reduced phosphorylation of threonine 715 by as soon as 2 min
after treatment (Fig. 4B). However, when the immunoprecipi-
tated proteinswere bound toGST-14-3-3 before the addition of
	-phosphatase, dephosphorylation of threonine 715 was signif-
icantly blocked up to 30 min after addition of the enzyme. In
contrast, serines 486 and 696were still completely dephosphor-
ylated after 2 min of 	-phosphatase treatment. These data sug-
gest that 14-3-3 may bind to the RGC through phospho-threo-
nine 715 on RGC2. However, this assay alone did not rule out
other possibilities, such as a decreased accessibility of this site
to 	-phosphatase in the presence of 14-3-3, perhaps because
of a change in the conformation of the protein or because
14-3-3 physically blocks access to this site without directly
binding to it.
To directly test whether threonine 715 is necessary for rec-

ognition of the complex by 14-3-3, wemutated this residue to a
non-phosphorylatable alanine residue. Wild-type RGC1/2 and
RGC1/2T715Awere expressed at comparable levels in 293T cells
and analyzed for their ability to directly interact with GST-14-
3-3 in an in vitro setting using an overlay assay (Fig. 4C). GST-
14-3-3 bound to wild-type RGC2 in this assay but failed to
interact with RGC2T715A, demonstrating that this residue is
indeed required for recognition of RGC2 by 14-3-3. Interaction
between 14-3-3 and the complex in cells was assessed by pull-
down assay (Fig. 4D). GST-14-3-3 pulled down wild-type
RGC1/2, consistent with our previous results (Figs. 2F and 3,
A–D). The amount of RGC1/2T715A that interacted with GST-
14-3-3 was � 10% of that of the wild type, again demonstrating
that threonine 715 is required for 14-3-3 to bind to the complex.
Residual binding may be due to nonspecific interactions
between the RGC and 14-3-3, or it could indicate that there are
other siteswithin the complex that canweakly coordinate bind-
ing. Together, these data demonstrate that 14-3-3 recognizes
and binds to the RGC through phosphorylated threonine 715
on RGC2.
14-3-3 Binding Inhibits the RalGAP Complex GAP Function—

We showed previously that Akt-catalyzed phosphorylation
inhibits the RalGAP complex through an unknownmechanism
(20). There are many examples of 14-3-3 acting in signaling
pathways by binding to and modulating the function of its tar-
get proteins (42). Thus, we hypothesized that Akt inhibits the
RGC by increasing its recognition by 14-3-3 proteins. To assess
whether 14-3-3 binding is involved in RGC inhibition, we first
tested the effect of this protein on the catalytic activity of the
complex by performing in vitro GAP assays. RGC expressed in
293A cells was immunoprecipitated, mock-treated, or phos-
phorylated in vitrowith recombinantHis-Akt2 and then bound
to recombinant GST-14-3-3. Consistent with previous studies,
immunoprecipitated RGC enhanced GTP hydrolysis on
recombinant RalA, and Akt-catalyzed phosphorylation of the
complex had no effect on its in vitro activity (20, 21) (Fig. 5A).
Incubation of the unphosphorylated complex or the phosphor-
ylated complex with GST-14-3-3 did not affect its in vitroGAP
activity, suggesting that 14-3-3 does not directly inhibit the cat-
alytic activity of the RGC.We also tested the effect of 14-3-3 on
the complex by comparing the in vitro GAP activity of immu-
noprecipitated wild-type RGC1/2 and RGC1/2T715A expressed
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in 293T cells. Both the wild-type and mutant complexes accel-
erated GTP hydrolysis on RalA to the same extent, providing
further evidence that 14-3-3 does not affect catalytic activity
(Fig. 5B).
To test whether 14-3-3 binding altered the function of the

complex in cells, we first explored the effect of dominant-neg-
ative 14-3-3 (14-3-3 DN), a mutant form of the protein that
dimerizes with endogenous 14-3-3 and blocks binding to
target phosphorylated proteins, on RalA activity. 14-3-3 DN
decreased binding between 14-3-3 and the RGC in a dose-de-
pendent manner without affecting phosphorylation of threo-
nine 715 (Fig. 6, A and B). Thus, expression of this construct

allowedus to examine the role of 14-3-3 binding independent of
the phosphorylation state of the complex. Overexpression of
14-3-3 DN in 293T cells, in which endogenous RGC2 expres-
sion is undetectable, had no effect onRal activity, as determined
by a pull-down assay using the Ral binding domain of the Ral
effector protein RalBP1 (Fig. 6B, compare first and second
lanes). As expected, overexpression of the wild-type RGC
decreased RalA activation by 54% (Fig. 6B, third lane). Intro-
duction of both wild-type RGC and 14-3-3 DN further
decreased levels of active RalA (Fig. 6B, fourth lane), suggesting
that 14-3-3 binding does, indeed, inhibit the complex in cells.
Furthermore, because this effect of 14-3-3 DN was only

FIGURE 4. RGC2T715 phosphorylation is required for 14-3-3 binding. A, schematic of 	-phosphatase protection assay. IP, immunoprecipitation. B, 	-phos-
phatase protection assay. 293T cells were transfected with empty vector or HA-RGC1 and FLAG-RGC2. Two days after transfection, cells were lysed, and the RGC
was immunoprecipitated from lysates using an anti-FLAG antibody. The immune complexes were then incubated with or without GST-14-3-3 for 1 h. After
removal of unbound GST-14-3-3, the immunoprecipitated proteins were incubated with 	-phosphatase for the indicated periods of time. Immune complexes
were separated by SDS-PAGE. Total RGC2 levels, 14-3-3 binding, and RGC2 phosphorylation were assessed by Western blot analysis with the indicated
antibodies. Top panel, Western blot analysis. Bottom panel, phospho-RGC2 and total FLAG-RGC2 signals were quantified and normalized to signals in the
absence of 	-phosphatase. Normalized phospho-RGC2/total RGC2 ratios are presented as the mean � S.E. from three independent experiments. *, p � 0.02,
Student’s t test. A.U., arbitrary unit. C, 293T cells were transfected with HA-RGC1 and wild-type FLAG-RGC2 or FLAG-RGC2T715A as indicated. Two days after
transfection, the RGC was immunoprecipitated from cell lysates using an anti-FLAG antibody. Increasing amounts of immune complexes were resolved by
SDS-PAGE followed by Western blot analysis with the indicated antibodies. 14-3-3 binding to wild-type RGC2 or RGC2T715A was assessed by overlay using
DIG-labeled GST or GST-14-3-3 followed by incubation with anti-DIG HRP antibody. The relative positions of HA-RGC1 and FLAG-RGC2 are indicated by an
arrowhead and arrow, respectively. Top panel, Western blot analysis. Bottom panel, the GST-14-3-3 overlay, p715, and FLAG-RGC2 signals were quantified, and
the ratio of 14-3-3 overlay/total RGC2 and p715/total RGC2 ratios were calculated. Error bars represent mean � S.E. of two independent experiments. D, 293T
cells were transfected with HA-RGC1 and wild-type FLAG-RGC2 or FLAG-RGC2T715A as indicated. Two days after transfection, cleared cell lysates were incubated
with immobilized GST or GST-14-3-3. Lysates and increasing amounts of the pull-down were resolved by SDS-PAGE. The amount of wild-type RGC1/2 and
RGC1/2T715A bound to 14-3-3 was assessed by Western blot analysis with the indicated antibodies. Top panel, Western blot analysis. Bottom panel, RGC1 and RGC2
signals in the pull-downs and lysates were quantified and normalized to the signal in the third lane. The normalized pull-down/lysate ratio is presented at mean � S.E.
of two independent experiments.
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observed upon expression of the RGC, these data suggest that
14-3-3 acts primarily through the RGC rather than other Ral
regulatory proteins to modulate RalA activity. Because 14-3-3
recognizes the complex through phosphorylated threonine 715
(Fig. 4, A–D), the effect of 14-3-3 DN on phosphorylation-de-
ficient RGC1/2T715A was also tested. In this case, overexpres-
sion of 14-3-3 DN had no further effect on RalA activity (Fig.
6C).
Finally, we directly compared the RalGAP activity of wild-

type RGC1/2 and RGC1/2T715A. At low and high doses, RGC1/
2T715A displayed a higher activity in cells than the wild-type
complex, as evidenced by a greater inhibition of RalA (Fig. 6D).
Together, these data establish a novel role for 14-3-3 as a com-
ponent of the regulatory machinery that modulates RalA activ-
ity in cells by decreasing the RalGAP function of the RGC upon
Akt-catalyzed phosphorylation.

DISCUSSION

Signaling pathways regulatemany cellular processes bymod-
ulating small GTPase activity. Although signaling proteins can
in some cases exert direct effects on small GTPases through
phosphorylation (43–46), they often indirectly regulate this
family of proteins by acting onGEFs andGAPs. Thus, GEFs and
GAPs translate upstream signals into biological outputs
through the control of small GTPase activity. One example of
this is PI3-kinase signaling, which activates RalA by regulating
Ral GEFs and GAPs (20, 47). We showed previously that in
adipocytes, the RGC acts as an important regulatory module
that suppresses RalA activity in the absence of insulin. Stimu-
lation with the hormone results in Akt-catalyzed inhibitory
phosphorylation of theRGCand, in turn, elevatedRalA activity,
Glut4 exocytosis, and glucose uptake (7, 20). Although the role

FIGURE 5. 14-3-3 binding does not affect RalGAP complex in vitro catalytic activity. A, 293A cells were transfected with empty vector or HA-RGC1 and
FLAG-RGC2 as indicated. Two days after transfection, cell lysates were subjected to immunoprecipitation (IP) using a control antibody or anti-FLAG antibody.
Immune complexes were then incubated with ATP and His-Akt2 as indicated. After removal of the kinase, immune complexes were incubated with GST-14-3-3
for 1 h. In vitro GAP activity was then determined by incubating the immune complexes with recombinant GST-RalA loaded with [�32]GTP. Free �32 phosphate
was measured at the indicated times as a reflection of GTP hydrolysis. Right panel, immune complexes were resolved by SDS-PAGE and analyzed by Western
blotting with the indicated antibodies. B, 293T cells were transfected with HA-RGC1 and wild-type FLAG-RGC2 or FLAG-RGC2T715A as indicated. Two days after
transfection, the RGC was immunoprecipitated from lysates using an anti-FLAG antibody. GAP activity was analyzed by in vitro GAP assay as described in A.
Right panel, RGC1/2 complexes present in the assay were determined by Western blot analysis with the indicated antibodies.
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of the RGC in other cellular contexts has not yet been explored,
the ubiquitous expression of this protein complex suggests that
it likely plays a larger function as a regulator of RalA.
Although phosphorylation of the RGC is known to inhibit its

activity, the mechanism for inhibition is currently unclear.
Phosphorylation can regulateGEF andGAP function in various
ways, including by altering catalytic activity, localization, pro-
tein conformation, and binding partners (48). In some
instances, phosphorylation modulates the function of GAPs
and GEFs by increasing their interaction with 14-3-3 proteins.
Additionally, 14-3-3s recognize a vast network of proteins in
response to insulin to coordinate changes in energy uptake and
use (49). Among these 14-3-3 targets are the RabGAP AS160,
which plays a role in glucose uptake (50), and the RhebGAP
TSC2, which controls protein synthesis through the TORC1

complex (24, 25). For both AS160 and TSC2, Akt-catalyzed
phosphorylation of the GAP increases its association with and
inhibition by 14-3-3 (29, 36). These examples suggest that insu-
lin may initiate an anabolic program in part by activating mul-
tiple small GTPases through a common mechanism involving
14-3-3-mediated inhibition of GAPs.
In this study, we showed that, similar to TSC2 and AS160,

14-3-3 binds to the phosphorylated RGC. 14-3-3 recognizes the
catalytic subunit of the complex, RGC2, through threonine 715,
a site that we previously showed is phosphorylated by Akt (20).
Indeed, 14-3-3�RGC complex formation is dependent on thre-
onine 715 phosphorylation, as mutation of this residue to a
non-phosphorylatable alanine residue blocked the interaction
between RGC2 and 14-3-3. Furthermore, 14-3-3 docking to
RGC2 appears to inhibit GAP function in cells, as blocking the

FIGURE 6. 14-3-3 binding inhibits the RalGAP complex in cells. A, 293T cells were transfected with a constant amount of HA-RGC1/FLAG-RGC2 and
increasing amounts of dominant-negative HA-14-3-3 (HA-14-3-3 DN). Two days after transfection, the RGC was immunoprecipitated from cell lysates using an
anti-FLAG antibody. Cell lysates and immune complexes were resolved by SDS-PAGE. Levels of overexpressed proteins and binding between the RGC and
endogenous 14-3-3 were determined by Western blotting with the indicated antibodies. Left panel, Western blot analysis. Right panel, 14-3-3 and HA-RGC2
signals in the FLAG immunoprecipitations were quantified and normalized to signals in the absence of 14-3-3 DN. The normalized 14-3-3/RGC2 ratio is
presented as the mean � S.E. of three independent experiments. *, p � 0.03, Student’s t test. A.U., arbitrary unit. B, 293T cells were transfected with FLAG-RalA,
HA-RGC1, wild-type FLAG-RGC2, and HA-14-3-3 DN as indicated. Two days after transfection, active RalA was detected by incubating cell lysates with GST-
RalBP1 Ral binding domain bound to glutathione beads. Lysates and pull-downs were resolved by SDS-PAGE and Western blot analysis with the indicated
antibodies. Left panel, Western blot analysis. Right panel, the RalA signal in the pull-down and lysates was quantified and normalized to the first lane. Normalized
RalA activity (pull-down/total RalA) is presented as the mean � S.E. of three independent experiments. Statistical significance was determined by Student’s t
test. n.s., not significant. C, 293T cells were transfected with FLAG-RalA, HA-RGC1, FLAG-RGC2T715A, and HA-14-3-3 DN as indicated. Active RalA levels were
determined as in B. Left panel, Western blot analysis. Right panel, RalA activity was quantified as described in B. Error bars represent mean � S.E. Statistical
significance was determined by Student’s t test. D, 293T cells were transfected with FLAG-RalA, HA-RGC1, wild-type FLAG-RGC2, or FLAG-RGC2T715A as
indicated. Active RalA levels were determined as in B. Left panel, Western blot analysis. Right panel, RalA activity was quantified as described in B. Error bars
represent mean � S.E. Statistical significance was determined by Student’s t test.
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association between 14-3-3 and RGC2 either by overexpression
of dominant-negative 14-3-3 or by T715Amutation resulted in
enhanced suppression of active RalA levels. Our data suggest
that 14-3-3 primarily acts through the RGC to regulate RalA
GTP loading. However, we cannot completely rule out the role
of other Ral regulators that may interact with 14-3-3.
Although these studies provide further insight into the

mechanisms governing RalA regulation by the RGC in cells,
several outstanding questions remain. In particular, how does
14-3-3 inhibit RGC function? In agreement with our previous
studies suggesting that phosphorylation does not directly alter
catalytic activity (20), 14-3-3 binding to the complex does not
affect in vitro GAP activity. For both AS160 and TSC2, it was
originally hypothesized that 14-3-3 alters their cellular localiza-
tion and, in doing so, decreases their interaction with target G
proteins. However, although multiple groups have reported
that AS160 dissociates from Glut4-containing vesicles upon
phosphorylation, this dissociation does not appear to be neces-
sary for inhibition of the GAP function by 14-3-3, suggesting
that 14-3-3 may affect this GAP in other ways (51, 52). There is
some experimental evidence to support a role for 14-3-3 in
partitioning TSC2 away from membranes that contain Rheb
rather than affecting catalytic activity (35). In the case of the
RGC, Akt-catalyzed phosphorylation decreases its interaction
with RalA (20). However, we have not been able to detect a
change in the subcellular localization of the RGC because of
either phosphorylation or 14-3-3 binding by either subcellular
fractionation or immunofluorescence3. Future studies are
needed to further elucidate the precise role of 14-3-3s in mod-
ulating the activity and association of these GAPs with their
target small GTPases. Nevertheless, these findings establish
14-3-3 as a component of the regulatory machinery controlling
RalA activity in cells and further support a common mecha-
nism for regulation of GAPs downstream of PI3-kinase/Akt
signaling.
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