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The small GTPases RalA and RalB are multifunctional pro-
teins regulating a variety of cellular processes. Like other
GTPases, the activity of Ral is regulated by the opposing effects
of guanine nucleotide exchange factors (GEFs) and GTPase-ac-
tivating proteins (GAPs). Although several RalGEFs have been
identified and characterized, the molecular identity of RalGAP
remains unknown. Here, we report the first molecular identifi-
cation of RalGAPs, which we have named RalGAP1 and Ral-
GAP2. They are large heterodimeric complexes, each consisting
of a catalytic a1 or a2 subunit and a common f3 subunit. These
RalGAP complexes share structural and catalytic similarities
with the tuberous sclerosis tumor suppressor complex, which
acts as a GAP for Rheb. In vitro GTPase assays revealed that
recombinant RalGAP1 accelerates the GTP hydrolysis rate of
RalA by 280,000-fold. Heterodimerization was required for this
GAP activity. In PC12 cells, knockdown of the 8 subunit led to
sustained Ral activation upon epidermal growth factor stimula-
tion, indicating that the RalGAPs identified here are critical for
efficient termination of Ral activation induced by extracellular
stimuli. Our identification of RalGAPs will enable further
understanding of Ral signaling in many biological and patholog-
ical processes.

Members of the Ras superfamily of small GTPases act as
molecular switches by cycling between an inactive GDP-bound
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conformation and an active GTP-bound conformation. In their
GTP-bound form, small GTPases interact with their effector
proteins to induce downstream signaling events. The GDP/
GTP cycling is strictly regulated by two classes of regulatory
proteins termed guanine nucleotide exchange factors (GEFs)”
and GTPase-activating proteins (GAPs) (1). GEFs activate
GTPases by inducing the release of bound GDP for subsequent
GTP binding. GAPs inactivate GTPases by accelerating the
slow intrinsic rate of GTP hydrolysis.

The Ras-like small GTPases, RalA and RalB, regulate a large
variety of cellular processes including transcription, transla-
tion, cytoskeletal organization, membrane trafficking, cytoki-
nesis, cell migration, cell proliferation, and cell survival (for
review, see Ref. 2—4). RalA and RalB are highly similar to each
other (81% amino acid identity) and share the same effectors,
such as the exocyst complex (5-7) and RalBP1/RLIP76 (8, 9).
Despite this similarity, functional differences between the two
isoforms have been described; RalA is indispensable for the
anchorage-independent proliferation of tumor cells (10-13),
whereas RalB counters apoptotic signaling to support survival
of tumor cells (10, 14). To date, six RalGEF proteins have been
identified and characterized. They are structurally classified
into two major groups. Members of the RalGDS family, which
includes RalGDS (15), Rgl (16), RIf (17), and Rgl3 (18), possess a
Ras binding domain and are directly activated by binding to
Ras-GTP (19, 20). Another class of RalGEFs consists of Ral-
GPS1/RalGEF2 (21, 22) and RalGPS2 (21, 23). This novel type
of RalGEF lacks the Ras binding domain but, instead, has a
pleckstrin homology domain.

The finding that Ras can activate most RalGEFs in addi-
tion to Raf and phosphoinositide 3-kinases suggested that
Ral GTPases mediate some functions of oncogenic Ras.
Recent studies using human cells have revealed an essential
contribution of this Ras-RalGEFs-Ral signaling pathway to
Ras-induced tumorigenic transformation (24, 25). Although
these studies highlight the importance of appropriate regu-
lation of Ral activity in normal cells, the negative regulators
for Ral GTPases, namely RalGAPs, have not yet been identi-
fied. A report by Feig and co-workers (26) demonstrated the

7 The abbreviations used are: GEF, guanine nucleotide exchange factor; GAP,
GTPase-activating protein; GST, glutathione S-transferase; GppNHp,
guanosine 5’-(B,y-imido)triphosphate; EGF, epidermal growth factor; ERK,
extracellular signal-regulated kinase; siRNA, short interfering RNA.
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existence of Ral-specific GAP activity in the cytosolic frac-
tion of brain and testis. However, the molecule(s) responsi-
ble for this GAP activity still remains elusive.

In this study we report the molecular identification of Ral-
GAPs, which we have named RalGAP1 and RalGAP2. They are
large heterodimeric complexes, each composed of a catalytic a1
or a2 subunit and a common S subunit. Interestingly, the Ral-
GAP complexes have structural and catalytic similarities to the
tuberous sclerosis tumor suppressor complex.

EXPERIMENTAL PROCEDURES

Purification of the p240-p170 Complex from Porcine Brain
Cytosol—All purification procedures were performed at 4 °C
unless otherwise noted. Eight porcine brains were homoge-
nized in 1.6 liters of buffer A (50 mm HEPES/KOH, pH 7.4, 78
mM KCl, 4 mm MgCl,, 2 mm EGTA, 0.2 mm CaCl,, 1 mm dithi-
othreitol) containing protease inhibitors (protease inhibitor
mixture for mammalian cells; Sigma) using a Waring blender
followed by a glass-Teflon homogenizer. The homogenate was
centrifuged at 2800 X g for 30 min to remove coarse particu-
lates. The supernatant was dialyzed overnight against 5 liters of
buffer A. The dialyzed material was further centrifuged at
120,000 X g for 1 h to obtain clarified cytosol (~5 mg of protein
ml ™7, 1.2 liters). The cytosol was supplemented with the non-
hydrolyzable GTP analogue guanosine 5'-(8,y-imido)triphos-
phate (GppNHp) (10 um; Sigma) and used for RalA Q"™ affinity
chromatography as described below.

For preparation of the affinity column, glutathione S-trans-
ferase (GST)-RalAY"?" (residues 9 —183, 160 mg) was immobi-
lized on 8 ml of glutathione beads (Glutathione-Sepharose 4B;
GE Healthcare). RalA?”*"-bound nucleotides were exchanged
for GppNHDp by incubating the beads in buffer A containing 10
mMm EDTA and 1 mm GppNHp at room temperature for 90 min.
The GppNHp-bound form of RalAQ"?*" was stabilized by add-
ing MgCl, to a final concentration of 14 mm. These affinity
beads were packed into the PolyPrep columns (Bio-Rad), and
porcine brain cytosol prepared as above was loaded onto these
columns. After washing the columns with 20 column volumes
of buffer A, bound proteins were eluted with 2 column volumes
of buffer B (50 mm HEPES, KOH, pH 7.4, 78 mm KCl, 10 mm
EDTA, 1 mm dithiothreitol, 5 mm GDP). The eluate (16 ml) was
passed through a glutathione beads column (0.4 ml) to remove
GST-RalA?"?" that leaked from the affinity column during the
elution step and then concentrated to ~0.6-ml using a Cen-
triprep YM-100 (Millipore). The concentrated sample was
applied to a Superose 6 10/300 GL gel filtration column (GE
Healthcare) equilibrated with buffer A, and fractions of 0.6 ml
were collected. Fractions were analyzed by SDS-PAGE and
Coomassie Blue staining. Protein bands of p240 and p170 were
excised from the gel and subjected to mass spectrometry anal-
yses as described previously (27, 28).

Purification of the p220-p170 Complex from Rat Lung Cytosol—
We performed essentially the same purification scheme used
for the p240-p170 complex purification except that purification
was performed on a 1/10 scale with freshly isolated lungs of
thirty male Wister rats. The affinity column eluate was fraction-
ated on a Superose 6 PC3.2/30 column (SMART chromatogra-
phy system; GE Healthcare), and fractions containing p170
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(fractions 17—22) were pooled and used for GTPase assays. As a
comparison, we treated rat brains in the same fashion.

Plasmid Constructs and Recombinant Proteins—We ampli-
fied full-length p240 cDNA by PCR from human brain Mara-
thon-Ready cDNA (BD Biosciences) and cloned it into the Xhol
site of pBluescript II SK(+) (Stratagene). We sequenced six
independent clones and found that all of them contained a
141-bp insertion after bp 2266 of the deposited cDNA sequence
for Homo sapiens GTPase-activating Rap/Ran GAP domain-
like 1 (NM_014990). This insertion encodes a 47-amino acid
sequence without changing the reading frame. The N1950K
mutation was introduced by PCR-based site-directed mutagen-
esis. The p170 cDNA (KIAA1219) was obtained from Kazusa
DNA Research Institute (Chiba, Japan). These cDNAs were
subcloned into pFastBac HT to generate recombinant baculo-
viruses (Bac-to-Bac Baculovirus Expression System; Invitro-
gen). The cDNAs for RalA, RalB, H-Ras, Rap1A, Rheb, RhoA
(27), Rab27A, Ran, Sec5 Ral binding domain (residues 1-120)
(28), and Rafl Ras binding domain (residues 51-131) were
amplified by PCR from human brain or bone marrow Mara-
thon-Ready cDNA and cloned into pGEX-2T (GE Healthcare).
The truncated version of RalA (residues 9-183) (29) with a
Q72L mutation was generated by PCR and subcloned into
pGEX-2T. All constructs were verified by DNA sequencing.

His,-tagged p240 and p170 were expressed in Sf9 insect cells
and affinity-purified on nickel beads (nickel-nitrilotriacetic
acid-agarose; Qiagen). Purified proteins were concentrated and
further purified on a Superose 6 PC3.2/30 gel filtration column
equilibrated with buffer A. The peak fractions were stored at
4°C and used for GTPase assays within 3 days. GST fusion
proteins were expressed in Escherichia coli strain BL21 (DE3)
transformed with the corresponding pGEX plasmids and
affinity-purified on glutathione beads. Purified proteins were
dialyzed against buffer A, snap-frozen in liquid nitrogen, and
stored at —80 °C until use. Protein concentrations were deter-
mined by the Bradford assay (Bio-Rad) or by densitometry of
Coomassie Blue-stained gels using bovine serum albumin as a
standard in both cases.

GTPase Assays—We assessed GAP activity using a nitrocel-
lulose filter binding assay or thin layer chromatography. For the
filter binding assay, GST fusion GTPases were loaded with
[y-**P]GTP in buffer A containing 10 mm EDTA and 10 um
[y->*P]GTP (~3000 cpm pmol~'; PerkinElmer Life Sciences)
at 30 °C for 15 min. Loading reactions were stopped by chilling
on ice and adding MgCl, to a final concentration of 14 mm.
GTPase assays were performed at 30 °C in 20-ul mixtures con-
taining 20 pmol of labeled GTPases and test materials. Reac-
tions were stopped by diluting the 20-ul mixtures into 0.8 ml of
ice-cold buffer A and filtering on 0.45-um nitrocellulose filters
(Whatman). Filters were washed twice with 4 ml of ice-cold
buffer A, dried, and counted in a liquid scintillation counter.
For the thin layer chromatography analysis, GTPase assays
were performed with GST fusion GTPases preloaded with
[@-**P]GTP (~6000 cpm pmol *; PerkinElmer). Nucleotides
trapped on the filters were eluted at 85 °C for 3 min with buffer
A containing 0.1% SDS, 10 mm EDTA, 1 mm GTP, and 1 mm
GDP. Released nucleotides were spotted on polyethyleneimine
cellulose plates (Merck) and chromatographed with 1 m LiCl
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and 1 M formic acid. Plates were dried and processed for
autoradiography.

Antibodies—Rabbit anti-p240 polyclonal antibodies were
raised against a recombinant fragment of p240 (residues 803—
1080) and the following synthetic peptides: MFSKKPHGD-
VKKSTQKVLD (residues 1-19) and SMSDQEKPEEPPTSNEC
(residues 1630-1646). We used the anti-recombinant p240
antibody for Western blot analysis and the anti-peptide anti-
bodies for immunoprecipitation assays. Rabbit anti-p170
antibody was raised against the peptide KRLESDSYSPPH-
VRRKQKI (residues 1442-1460). Rabbit anti-p220 antibody
was raised against the peptidle AQEDADKLGLSETDSKE
(residues 451—467). Other antibodies used were anti-RalA,
-Ras, -Sec6, -Sec8, (BD Biosciences), anti-tubulin « (Sigma),
anti-phospho-extracellular signal-regulated kinase (ERK)
1/2 (Santa Cruz Biotechnology), anti-Sec5 (28), and horse-
radish peroxidase-labeled anti-rabbit or -mouse IgG (GE
Healthcare).

Immunoprecipitation and Immunodepletion Assays—For
immunoprecipitation assays, porcine brain cytosol (Fig. 1E), rat
testis cytosol (Fig. 3B), or rat lung cytosol (Fig. 3E) were incu-
bated at 4 °C for 3 h with the indicated antibodies prebound to
protein A beads (Protein A-agarose; Roche Applied Science).
Where indicated, immunoprecipitates were prepared in the
presence of 50 ug of antigen peptides. Beads were washed 4
times with buffer A containing 0.1% (w/v) Triton X-100, and
proteins bound to the beads were analyzed by Western blotting.
In Fig. 3E, washed beads were directly incubated with radiola-
beled GTPases. For immunodepletion assays, 10 ul of packed
protein A beads were incubated at 4 °C for 1 h with the indi-
cated antisera (20 ul each) and then washed 5 times with buffer
A. Aliquots of fraction 18 (Fig. 1F) or the pooled lung fraction
(Fig. 3C) were incubated with the IgG-coated beads at 4 °C for
3 h. Beads were removed by brief centrifugation, and the super-
natants were used for GTPase assays.

Tissue Distribution Analysis—Various organs from male
Wister rats were homogenized in buffer A containing protease
inhibitors. The homogenates were centrifuged at 2,000 X g for
10 min, and the supernatants were further centrifuged at
200,000 X g for 10 min. Aliquots of the resulting supernatants
(100 ug total protein) were analyzed by Western blotting with
the indicated antibodies.

Knockdown and Pulldown Assays—We used two distinct
short interfering RNAs (siRNAs) targeting rat/mouse p170
(Stealth™ RNAi; Invitrogen): 5'-GAAACCUGGGAAGUCU-
UACUGUUGU-3’ (p170 siRNA#1) and 5'-GAUUGAUGUU-
GUGGUUCCUUACUUU-3" (p170 siRNA#2). Their scram-
bled sequences were used as controls. PC12 cells were
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maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum and 10% horse serum in
6-cm culture dishes. Cells at ~40% confluency were transfected
with the individual siRNAs (50 nm) with RNAIMAX transfec-
tion regent (Invitrogen). Seventy-two hours after transfection
cells were rinsed once with phosphate-buffered saline and lysed
in 0.8 ml of ice-cold buffer C (50 mm HEPES/KOH, pH 7.4, 100
mM NaCl, 4 mm MgCl,, 2 mm EGTA, 1 mum dithiothreitol, 1%
(w/v) Triton X-100, 10 mm -glycerophosphate, 10 mm NaF, 1
mM NazVO,) containing protease inhibitors. Lysates were
rotated at 4 °C for 5 min and then centrifuged at 200,000 X g for
5 min. The supernatants were incubated at 4 °C for 30 min with
glutathione beads precoated with 20 ug of GST-Sec5 Ral bind-
ing domain. After washing the beads three times with buffer C,
bead-associated RalA was analyzed by Western blotting. Part
of the supernatants was taken before the incubation and used
for Western blot analysis to assess knockdown efficiencies.
NIH3T3 cells were lysed at 48 h after siRNA transfection and
processed as described above. For epidermal growth factor
(EGF) stimulation assays, we used the pl170 siRNA#1 and
siRNA#2 in combination at 25 nm each. PC12 cells treated with
the siRNAs were serum-starved for 8 h and then stimulated
with EGF (20 ng ml™"; R&D Systems). After stimulation, cells
were harvested in buffer C at the indicated time points, and the
GTP-bound forms of RalA and Ras were pulled down using
glutathione beads precoated with both GST-Sec5 Ral binding
domain and GST-Rafl Ras binding domain (20 g each).

RESULTS AND DISCUSSION

Affinity Purification of RalGAP Complex from Porcine Brain
Cytosol—To purify RalGAP, we applied an affinity chromatog-
raphy approach using RalA?”?" as bait. In general, Ras family
GTPases with a glutamine to leucine substitution in the switch
II region (Q61L in Ras) are resistant to GAP-stimulated GTP
hydrolysis, whereas these mutants can still bind to their cognate
GAPs (1). Ras?°'", although unable to hydrolyze GTP effi-
ciently, has higher affinities than wild type for RasGAPs,
p12094?, and NF1/neurofibromin (22, 23). Therefore, we rea-
soned that the analogous mutant RalA?”*" would be ideal bait
for RalGAP. We prepared an affinity column immobilized with
GST-RalA?"*" preloaded with GppNHp, a non-hydrolyzable
GTP analogue, and searched for binding proteins in porcine
brain cytosol.

We observed 14 proteins eluting from the column with
EDTA and GDP (Fig. 1A). Among them, we identified compo-
nents of the exocyst complex, a known effector of Ral GTPases
(5-7), thus confirming the specificity of the affinity purifica-
tion. We then separated the mixture of RalA?"*"-binding pro-

FIGURE 1. The p240-p170 complex purified from porcine brain has RalGAP activity. A, RalA®”2" affinity column eluate was analyzed by SDS-PAGE and
Coomassie Blue staining. Components of the exocyst complex (Sec8, Sec5, and Sec6) and GST-RalA%7%- that had leaked from the column are indicated, as
identified by Western blotting (not shown). B, upper panel, the mixture of RalA?”?"-binding proteins was separated on a Superose 6 gel filtration column, and
the resulting fractions were analyzed by SDS-PAGE and Coomassie blue staining. Lower panel, each fraction was tested for RalGAP activity by a filter binding
assay using [y->?P]GTP-loaded RalA as described under “Experimental Procedures.” C, various Ras family GTPases preloaded with [y-*?P]GTP were incubated at
30 °C for the indicated periods with (open circles) or without (closed circles) fraction 18, and the [y->2PIGTP remaining bound to GTPases was measured by the
filter binding assay (mean =+ S.E.,n = 2). D, Ras subfamily GTPases preloaded with [a-*?P]GTP were incubated at 30 °C for 10 min with (+) or without (—) fraction
18, and bound nucleotides were analyzed by thin layer chromatography and autoradiography. E, co-immunoprecipitation of p240 and p170 from porcine
brain cytosol. IP,immunoprecipitation. F,immunodepletion of p240 from fraction 18 results in a concomitant depletion of p170 (left panel) and abolishes the
GAP activity for RalA (right graph) (mean =+ S.E., n = 3). /D, immunodepletion. G, schematic comparison of the domain structure of the p240-p170 complex, the
TSC2-TSC1 complex, and Rap1GAP. aa, amino acids.
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incubated at 30 °Cfor 10 min with (+) or without (=) the recombinant complex (5 nm). C, kinetic analysis of the
recombinant p240-p170 complex. Initial rates of GTP hydrolysis on RalA were determined at 30 °Catincreasing
concentrations of GTP-bound RalA by the filter binding assay. The recombinant p240-p170 complex was used
at 1 nm ([E,)). GTPase reaction rates were fitted to the Michaelis-Menten equation to give K, (12.1 um) and k,,
(46.8 s~ ) values of the reaction. D, p240 requires p170 for GAP activity. [y->**P]GTP-loaded RalA or RalB were
incubated at 30 °Cfor 10 min with the recombinant complex, p240 alone, p170 alone, or a mixture of separately
purified p240 and p170 at the indicated concentrations (mean = S.E., n = 3).E, the N1950K mutation abrogates
p240 GAP activity. [y->>P]GTP-loaded RalA or RalB were incubated at 30 °C for the indicated periods with the
wild-type complex (WT; 2 nm or 10 nm) or the mutant complex (N7950K; 10 nm) (mean = S.E, n = 3).

detected a marked activity in frac-
tions with an apparent molecular
mass of >1000 kDa (Fig. 1B, frac-
tions 18 —20). Interestingly, proteins
of 240 kDa (p240) and 170 kDa
(p170) both co-fractionated with
this activity (Fig. 1B, upper panel).
As clearly seen in Fig. 1C, the activ-
ity in fraction 18 was highly specific
for RalA and RalB among the Ras
family GTPases tested. Moreover,
the activity was indeed due to accel-
eration of GTP hydrolysis, but not
to GTP dissociation, because
[@-3?P]GTP bound to RalA or RalB
was specifically hydrolyzed to GDP
after incubation with fraction 18, as
analyzed by thin layer chromatogra-
phy (Fig. 1D). These results indi-
cated that fraction 18, which con-
tained only p240 and p170, had GAP
activity toward Ral GTPases.

Molecular Identification of p240
and pl70—Mass spectrometry
analysis revealed p240 to be the por-
cine orthologue of human GTPase-
activating Rap/RanGAP domain-
like 1 (GARNLI, also known as
tuberin-like protein 1 or KIAA0884),
the gene for which was identified as a
candidate for 14q13-linked neurolog-
ical disorders (32). p170 was identi-
fied to be the porcine orthologue of
human KIAA1219, an evolutionarily
conserved protein of unknown func-
tion. We generated polyclonal anti-
bodies against the two proteins and
confirmed these results (data not
shown).

Because p240 and pl70 co-mi-
grated in the gel filtration (Fig. 1B),
we tested whether the two proteins
formed a complex. As shown in Fig.
1E, p240 and p170 were co-immu-
noprecipitated from porcine brain
crude cytosol with either the
anti-p240 or anti-p170 antibodies.
Immunodepletion of p240 from
fraction 18 with anti-p240 IgG-
coated beads resulted in a concom-
itant depletion of p170 (Fig. 1F, left)
and abolished the activity in the
fraction (Fig. 1F, right). Thus, p240
and pl70 form a stoichiometric

teins by gel filtration chromatography and tested the fractions complex that acts as RalGAP.

for RalGAP activity. Activity was monitored by incubating each The C-terminal ~200-amino acid region of p240 shows a
fraction with [y-**P]GTP-loaded RalA and measuring the high degree of sequence identity to the catalytic domain of
decrease in radioactivity that remained bound to RalA. We TSC2/tuberin (31% amino acid identity) and to a lesser extent
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We next tested whether dimerization with p170 is required
for p240 GAP activity. As shown in Fig. 2D, p240 alone had no
detectable GAP activity. However, the addition of equimolar
p170 to the reaction dramatically enhanced the activity to an
extent comparable with that achieved by the complex (Fig. 2D).
Because p170 alone had no effect on the GTPase activity even at
the high concentration (200 nuv; Fig. 2D), this result indicates
that p240 requires p170 for its GAP activity.

Most GAPs, including RasGAPs and RhoGAPs, supply an
arginine residue, called the “arginine finger,” into the active site
of the GTPase to directly catalyze GTP hydrolysis (1). RapGAPs
and TSC2 differ from these GAPs in that they do not possess a
catalytic arginine but instead use an asparagine residue, termed
the “asparagine thumb,” for catalysis (39 —41). Sequence com-
parison suggested that p240 also employs the asparagine thumb
machinery (supplemental Fig. 1A). To test this we mutated the
corresponding asparagine of p240 to lysine, which mimics a
disease-causing mutation in TSC2 (42), and asked whether this
mutant p240N'9°°X retained RalGAP activity. Although the
mutation did not affect the ability of p240 to interact with p170
(data not shown), the p240™**>°%_p170 complex showed no
appreciable activity for RalA or RalB (Fig. 2E). Thus, RalGAP
shares the same catalytic mechanism as other asparagine
thumb-type GAPs.

Identification of a Second RalGAP Complex from Rat Lung—
Tissue distribution analysis revealed that, whereas p170 was
abundantly expressed in all rat tissues examined, expression
levels of p240 were highly variable between tissues and did not
correlate with the p170 expression profile. Specifically, we
detected a considerably low level of p240 in the lung (see
below). This observation led us to search this tissue for another
p170 binding partner that would functionally substitute for
p240. To this end, we performed RalA<"?" affinity chromatog-
raphy with rat lung and brain cytosol. The affinity column elu-
ates were fractionated by gel filtration using the SMART micro-
purification system, and fractions containing p170 were pooled
and analyzed (Fig. 34). We detected similar amounts of p170
and the components of the exocyst complex in both brain and
lung fractions (Fig. 3A). However, the band intensity of p240
was much weaker in the lung fraction compared with that in the
brain fraction (Fig. 34). Instead, a protein of 220 kDa (p220) was
detected (Fig. 3A). Mass spectrometry analysis identified p220
as the rat orthologue of human C200rf74 (also known as AS250
(43) or KIAA1272). The overall structure of p220 is very similar
to p240 (54% amino acid identity); in particular, the C-terminal
~200-amino acid region of p220 shows striking homology to

the catalytic region of p240 (85% identity; supplemental Fig.
2A). This structural similarity and the fact that p220 was puri-
fied as a RalAQ”*"-binding protein strongly suggested that p220
also acts as RalGAP, likely as a complex with p170. Using an
anti-p220 antibody, we confirmed that p220 immunoprecipi-
tated with p170 from rat testis cytosol (Fig. 3B). Importantly,
p220 was not co-purified with p240 by either the anti-p220 or
p240 antibodies (Fig. 3B). This result indicates that the p220-
pl70 complex is physically distinct from the p240-p170
complex.

To determine whether the p220-p170 complex possesses
RalGAP activity, we immunodepleted p240 (and p170 com-
plexed to p240) from the pooled lung fraction with the antibody
specific to p240 and then examined the activity remaining in
this immunodepleted fraction. The p240-depleted fraction,
which contained only the p220-p170 complex and the exocyst
complex (Fig. 3C, left), still exhibited substantial GAP activity,
albeit less efficiently than mock-depleted or untreated fractions
(Fig. 3C, right). This residual activity was highly specific for
RalA and RalB (Fig. 3D). Because the exocyst complex had no
effect on Ral GTPase activity (Fig. 1B), these results suggest that
the p220-p170 complex also has RalGAP activity. To more
directly examine the activity of the p220-p170 complex, we
tested the activity of the complex immunoprecipitated with the
p220-specific peptide antibody. The p220 immunoprecipitates
prepared from rat lung cytosol, which also contained p170 but
were devoid of p240 (Fig. 3E, right), exhibited Ral-specific GAP
activity (Fig. 3E, left). When immunoprecipitates were pre-
pared in the presence of excess p220 antigen peptide, the activ-
ity of the immunoprecipitates disappeared completely (Fig. 3E).
This result indicates that the p220-p170 complex actually has
specific GAP activity for Ral GTPases. Consistent with its role
as a second RalGAP catalytic subunit, p220 is abundantly
expressed in tissues where p240 expression levels are relatively
low, such as the lung and liver (Fig. 3F). Thus, there exist the
two structurally similar catalytic subunits, p240 and p220, with
complementary tissue expression patterns.

p170 Knockdown Leads to Sustained Activation of RalA in
EGF-stimulated PC12 Cells—Finally, we performed RNA inter-
ference experiments to test whether the two complexes func-
tion as RalGAPs in intact cells. Two distinct siRNAs targeting
p170, but not scrambled controls, suppressed the levels of p170
expression in PC12 cells (Fig. 4A4). Suppression of p170 expres-
sion also led to the reduction in p240 and p220 levels (Fig. 4A4),
suggesting that p170 contributes to stability of its binding part-
ners. In p170 knockdown cells, RalA existed in a relatively acti-

FIGURE 3. The p220-p170 complex; a second RalGAP identified from rat lung. A, comparison of RalA%”?-binding proteins from rat brain and lung cytosol.
RalA?72- affinity column eluates were fractionated by gel filtration, and fractions containing p170 (fractions 17-22) were pooled and analyzed by SDS-PAGE and
Coomassie Blue staining. p240, p220, p170, and the components of the exocyst complex are indicated, as identified by Western blotting and mass spectrom-
etry. B, co-immunoprecipitation of p220 and p170 from rat testis cytosol. Note that p220 is not co-purified with p240. /P, immunoprecipitation. C, the pooled
lung fraction depleted of p240 retains RalGAP activity. Left panel, the pooled lung fraction was treated with anti-p240 IgG- or preimmune IgG-coated beads, and
the resulting supernatants were analyzed for the specified proteins. Asterisks denote degradation products of p170. Right graphs, RalGAP activity of the
immunodepleted fractions was measured by the filter-binding assay (mean = S.E., n = 2). ID, immunodepletion. D, autoradiograph showing that the p240-
depleted lung fraction has Ral-specific GAP activity. Ras subfamily GTPases preloaded with [a->2P]GTP were incubated at 30 °C for 10 min with (+) or without
(—) the p240-depleted lung fraction. E, immunoprecipitates prepared from rat lung cytosol with preimmune IgG (IP beads 1), anti-p220 IgG (IP beads 2), or
anti-p220 IgG absorbed with p220 antigen peptide (IP beads 3) or p240 antigen peptide (IP beads 4) were used in GTPase assays with the indicated GTPases
preloaded with [a-32P]GTP. After 10 min of incubation at 30 °C, bound radiolabeled nucleotides were analyzed by thin layer chromatography and autoradiog-
raphy. The right panel shows Western blot analysis of the immunoprecipitates with the indicated antibodies. F, Western blot analysis of p240, p220, and p170
in rat tissues.
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FIGURE 4. p170 knockdown leads to sustained activation of RalA. A, PC12
or NIH3T3 cells transfected with the indicated siRNAs were lysed, and the
levels of the GTP-bound form of RalA (RalA-GTP) were determined by a pull-
down assay using Sec5 Ral binding domain as described under “Experimental
Procedures.” Lysates were also analyzed for the levels of the specified pro-
teins. B, PC12 cells transfected with the indicated siRNAs were serum-
starved and then stimulated with EGF (20 ng ml™"). At the indicated time
points, cells were lysed, and the amounts of RalA-GTP and Ras-GTP in the
same lysate were determined. Lysates were also probed for phosphoryla-
ted ERK1/2. The lower graphs show quantification of Ras-GTP and RalA-
GTP levels (means = S.E., n = 3).

vated state with an ~3-fold increase in the GTP-bound form
(Fig. 4A). We obtained similar results with NIH3T3 cells, which
predominantly expressed p220 (Fig. 4A). These results indicate
that the complexes play a substantial role in maintaining RalA
in an inactive state.

We then examined the effects of reducing p170 on the acti-
vation/inactivation kinetics of RalA after stimulation with EGF.
Many growth factors, including EGF, have been shown to acti-
vate RalA through the Ras-RalGEF pathway (44). In control
PC12 cells, we observed a transient activation of both Ras and
RalA with peak activation at 5 min (Fig. 4B). By contrast, in p170
knockdown cells the level of GTP-bound RalA further
increased from baseline and remained elevated over 15 min
followed by a gradual decline, whereas Ras was rapidly inacti-
vated as in control cells (Fig. 4B). Phosphorylation of ERKs, an
indicator of the Ras-Raf pathway, was not affected in p170
knockdown cells (Fig. 4B). These results demonstrate that p170
knockdown specifically impairs RalGAP activity in the cells and
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RalGAP1

GAP
RalGAPa1 (p240) =
RalGAPB (p170)

RalGAP2
RalGAP2 (p220) —Gép
RalGAPp (p170) =——

FIGURE 5. The RalGAP complexes. Schematic representation of RalGAP1 and
RalGAP2.RalGAP1 is composed of the catalytic subunit RalGAP«1 (p240) and
the common subunit RalGAP (p170). RalGAP2 is composed of the catalytic
subunit RalGAPa2 (p220) and the common subunit RalGAPS (p170).

that the complexes are critical for efficient termination of Ral
signaling after growth factor stimulation.

On the basis of these findings, we define the RalGAP com-
plexes as RalGAP1, composed of the catalytic subunit Ral-
GAPal (p240) and the common subunit RalGAPB (p170), and
RalGAP2, composed of RalGAP«a2 (p220) and RalGAPS (p170)
(Fig. 5). RalGAPal and -a2 along with their relatives TSC2 and
RapGAPs define a distinct family of GAPs that use a catalytic
asparagine (supplemental Fig. 1B). Both catalytic and common
subunits are highly conserved from fly to mammals, which sug-
gests that the heterodimeric structure of RalGAP is strictly con-
served across species (supplemental Fig. 2). Heterodimer disso-
ciation may be involved in the regulation of GAP activity, as
shown for the TSC2-TSC1 complex (45—47).

Increasing evidence indicates that Ral GTPases play crucial
roles in tumor cell growth (10 -13), survival (10, 14), and metas-
tasis (12, 48). A recent in vivo study showing that mice deficient
for RalGDS, the founding member of the Ras-regulated Ral-
GEFs, are resistant to Ras-mediated skin carcinogenesis (49)
further supports the role for Ral activation in Ras-induced
tumorigenesis. Our identification of RalGAPs now allows
investigation into the biological roles of negative regulation of
Ral signaling. Considering the aberrant activation of Ral
GTPases in many human cancer tissues (12, 50), it is possible
that RalGAP function is impaired in human cancers.
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