
MOLECULAR AND CELLULAR BIOLOGY, Nov. 1994, p. 7483-7491
0270-7306/94/$04.00+0
Copyright © 1994, American Society for Microbiology

ralGDS Family Members Interact with the Effector Loop of ras p21
AKIRA KIKUCHI, SUSAN D. DEMO, ZHI-HAI YE, YEN-WEN CHEN, AND LEWIS T. WILLLAMS*

Cardiovascular Research Institute, University of California San Francisco,
San Francisco, California 94143-0130

Received 26 May 1994/Returned for modification 19 July 1994/Accepted 9 August 1994

Using a yeast two-hybrid system, we identified a novel protein which interacts with ras p21. This protein
shares 69%6 amino acid homology with ral guanine nucleotide dissociation stimulator (ralGDS), a GDP/GTP
exchange protein for ral p24. We designated this protein RGL, for ralGDS-like. Using the yeast two-hybrid
system, we found that an effector loop mutant ofras p21 was defective in interacting with the ras p21-interacting
domain ofRGL, suggesting that this domain binds to ras p21 through the effector loop ofras p21. Since ralGDS
contained a region highly homologous with the ras p21-interacting domain of RGL, we examined whether
ralGDS could interact with ras p21. In the yeast two-hybrid system, ralGDS failed to interact with an effector
loop mutant of ras p21. In insect cells, ralGDS made a complex with v-ras p21 but not with a dominant negative
mutant of ras p21. ralGDS interacted with the GTP-bound form of ras p31 but not with the GDP-bound form
in vitro. ralGDS inhibited both the GTPase-activating activity of the neurofibromatosis gene product (NF1) for
ras p21 and the interaction of Raf with ras p21 in vitro. These results demonstrate that raIGDS specifically
interacts with the active form of ras p21 and that ralGDS can compete with NF1 and Raf for binding to the
effector loop of ras p21. Therefore, ralGDS family members may be effector proteins of ras p21 or may inhibit
interactions between ras p21 and its effectors.

ras p21 is a member of the small GTP-binding protein
(G-protein) superfamily and plays an important role in cell
growth and differentiation. The molecular mechanisms by
which ras p21 regulates cell growth and differentiation are not
understood (2, 17, 24, 32). ras p21 has GDP/GTP-binding and
GTPase activities and cycles between the GDP-bound inactive
and GTP-bound active forms. The GDP-bound inactive form
can be activated by guanine nucleotide exchange proteins (24,
32) which promote the exchange of GDP for GTP, thereby
converting ras p21 to the GTP-bound active form. Presumably
the GTP-bound active form of ras p21 interacts with effector
proteins that can mediate ras p21-dependent processes such as
growth factor-stimulated cell proliferation.

Identification of effector proteins of the active form of ras
p21 has been difficult. One candidate effector protein of ras
p21 is Raf, a cytoplasmic serine/threonine protein kinase that
has been previously shown to act downstream of ras p21 (8, 15,
21). It has been recently demonstrated that Raf interacts with
the GTP-bound but not with the GDP-bound form of ras p21
(18, 20, 29, 33-35, 41), that Raf binds to the effector loop of ras
p21 (20, 33-35, 41), and that Raf inhibits the GTPase-activat-
ing activity of GTPase-activating protein (GAP), which is
known to interact with the effector loop of ras p21 (35, 41).
These results have indicated that Raf is an effector protein of
ras p21, consistent with previous observations that Raf acts
downstream of ras p21 in signaling pathways that mediate both
the differentiation and mitogenic responses to receptor ty-
rosine kinases (8, 15, 17, 21, 24, 30, 36). However, it is possible
that ras p21 has effector proteins other than Raf, since ras p21
has multiple functions (2, 17, 24).
We used a yeast two-hybrid system, originally developed by

Fields and Song (12), to identify other possible effector pro-
teins of ras p21. This system has been very useful in detecting
the physical interaction between two fusion proteins expressed
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in Saccharomyces cerevisiae. With the yeast two-hybrid system,
it has been found that SIP1 is a substrate of S. cerevisiae SNF1
(40), that Raf interacts with ras p21 (33, 34, 41), and that Bcl-2
binds to R-ras p23 (11). We report here the identification of a
novel protein that interacts with ras p21 in the yeast two-hybrid
system. Thi' p"rotpin, termed RGL (ralGDS-like), is highly
homologous with rat' guanine nucleotide dissociation stimula-
tor (ralGDS), a GDP/GTP exchange protein for ral p24, a
member of small G-protein superfamily (1). Our results indi-
cate that the ras p21-binding domain of RGL binds to ras p21
through the effector loop of ras p21 and that this domain is
highly conserved in ralGDS. These results prompted us to
examine whether this new family of proteins (RGL and
ralGDS) could be effector proteins of ras p21. Since ralGDS
has been well characterized (1), we used ralGDS to examine
this possibility. We tested three characteristics that could be
considered to be criteria for identification of an effector
protein of ras p21: (i) the protein must interact with the
GTP-bound active form of ras p21 but not with the GDP-
bound inactive form, (ii) it must interact with ras p21 through
the effector loop of ras p21, and (iii) ideally the protein should
inhibit the interaction of ras p21 with other effector proteins
such as Raf. By both in vitro and in vivo studies, we demon-
strate that ralGDS fulfills these three characteristics.

MATERIALS AND METHODS

Materials and chemicals. PC62 and the PC51/mouse embry-
onic cDNA library were provided by P. M. Chevray and D.
Nathans (Johns Hopkins University, Baltimore, Md.) (6).
PC62 contains anADH promoter expressing the GAL4 DNA-
binding domain (amino acids 1 to 147), and PC51 contains the
ADH promoter expressing the GAL4 transactivation domain
(amino acids 768 to 881). The ralGDSb and ralB p24 cDNAs
and the anti-ralGDS antibody were provided by B. W. Gid-
dings, C. F. Albright, and R. A. Weinberg (Whitehead Institute
for Biomedical Research, Cambridge, Mass.) (1). The c-H-ras
p21 cDNA, dominant negative ras p21 cDNA (ras p21S17N [a
form of ras p21 in which Ser-17 is changed to Asn]), and the
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hybridoma cells producing anti-ras p21 antibody (Y13-259)
were provided by J. Downward (Imperial Cancer Research
Institute, London, England). pGBT9, pGBT/ras p21, and
pGBT/rapl p21 were provided by L. Van Aelst and M. Wigler
(Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y.)
(33). pGBT9 contains anADH promoter expressing the GAL4
DNA-binding domain (amino acids 1 to 147). S. cerevisiae
YPB2 and pGAD were provided by G. Hannon and D. Beach
(Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y.).
pGAD contains the ADH promoter expressing the GAL4
transactivation domain (amino acids 768 to 881). S. cerevisiae
Y153 was provided by S. Field (University of California,
Berkeley) (9). racl p2lGl2V (a form of racl p21 in which
Gly-12 is changed to Val) was provided by Alan Hall (Institute
of Cancer Research, London, England). The neurofibromato-
sis 1 (NFl) cDNA was provided by G. Xu (University of Utah,
Salt Lake City) (39). Spodoptera frugiperda (Sf9) cells,
pVL1393, and BaculoGold linearized baculovirus DNA were
purchased from Pharmingen (San Diego, Calif.). High-five
cells were from Invitrogen (San Diego, Calif.). The anti-ras p21
antibodies (Y13-238 for immunoprecipitation assay and F235
for immunoblot analysis} were from Oncogene Science Inc.
(New York, N.Y.). [y-3 P]GTP and [a-32P]GTP were from
DuPont NEN Research Product (Boston, Mass.). All proce-
dures of passage, infection, and transfection of Sf9 cells and
the isolation of recombinant baculoviruses were carried out as
described previously (31). c-ras p21 and ralGDS were purified
from the cytosolic fraction of Sf9 cells and High-five cells,
respectively, as described previously (1, 27). Glutathione S-
transferase (GST) fused to the N-terminal region of Raf
(amino acids 1 to 322) (GST-N-Raf) and GST fused to the
NF1 catalytic domain (GST-NF1) were purified from Sf9 cells
expressing GST-N-Raf and Escherichia coli expressing GST-
NF1, respectively, as described previously (18, 39).

Plasmid constructions. To construct PC62 encoding c-H-ras
p21, the 0.6-kb fragment containing c-H-ras p21 with the Sall
site upstream from the initiator methionine codon and the
BamHI site downstream from the termination codon was
synthesized by PCR. This fragment was digested with Sall and
BamHI and inserted into Sall- and BamHI-cut PC62 to
generate PC62/ras p21. To make pGAD encoding the ras
p21-interacting domain (RID) of RGL (amino acids 605 to
768), a 0.5-kb fragment containing RID with BamHI and Sall
sites was synthesized by PCR. This fragment was digested with
BamHI and Sall and inserted into BamHI- and Sall-cut pGAD
to generate pGAD/RID. To construct pGAD containing ral-
GDS, pBluescript KS/ralGDS was digested with NcoI. The
1.8-kb fragment which represents the N-terminal two-thirds of
ralGDS (N-ralGDS) was blunted with Klenow enzyme and
inserted into pGAD which was digested with SmaI to generate
pGADIN-ralGDS. Then pEV551ralGDS was digested with
AvrII and EcoRI, and the 1.1-kb fragment, which represents
the C terminus of ralGDS, was inserted into AvrII- and
EcoRI-cut pGADIN-ralGDS to generate pGAD/ralGDS. ras
p2lCl86S (a form of ras p21 in which Cys-186 is changed to Ser)
and ras p21T35A (a form of ras p21 in which Thr-35 is changed
to Ala) were made by PCR. To construct pGBT9 encoding ras
p2lCl86s and ras p21T35A, the 0.6-kb fragments containing ras
p21Cl86s and ras p21T35A with SmaI and BamHI sites were
synthesized by PCR. These fragments were digested with SmaaI
and BamHI and inserted into SmaI- and BamHI-cut pGBT9 to
generate pGBT/ras p21C186s and pGBTfras p21T35A. To con-
struct pGBT9 encoding ralB p24 and racl p21G12V, the 0.6-kb
fragments containing ralB p24 and racl p21Gl2V with BamHI
and Sall sites were synthesized by PCR. These fragments were
digested with BamHI and Sall and inserted into BamHI- and

Sall-cut pGBT9 to generate pGBT/ralB p24 and pGBT/racl
p21G12V. To construct pVL1393 encoding c-ras p21 and ras
p21Sl7N, the 0.6-kb fragments containing c-ras p21 and ras
p21Sl7N with BamHI and PstI sites were synthesized by PCR.
These fragments were digested with BamHI and PstI and
inserted into BamHI- and PstI-cut pVL1393. Constructions of
v-ras p21 (a form of ras p21 in which Gly-12 is changed to Val)
and the N-terminal region of Raf in pVL1393 and pV-IKS
were carried out as described previously (18).

Two-hybrid screening. The yeast reporter strain YPB2 was
cotransformed with PC62/ras p21 and the PC51/mouse embry-
onic cDNA library and plated at a density of 2.5 x 104 colonies
per plate on synthetic minimal media lacking histidine, leucine,
and tryptophan and supplemented with 30 mM 3-aminotria-
zole. The plates were incubated for 4 days at 30°C. Of the 0.5
million colonies that were plated, approximately 200 grew in
the absence of histidine. These colonies were patched to
selective plates and assayed for ,3-galactosidase activity by a
filter assay (4). Eight colonies were positive. Of these, five were
specific for PC62/ras p21 when tested with PC62/SH3 domain
of mouse p85 (amino acids number 1 to 100). Library inserts
from these five colonies were sequenced by using a Promega
Sequenase kit (Promega Corp., Madison, Wis.) after subclon-
ing the inserts as SalI-NotI fragments into pBluescript KS.
cDNAs from five colonies had the same orientation, and both
strands of these cDNAs were determined. To identify the
full-length cDNA of RGL, a probe was made by using the
SalI-NotI fragment with a Quick Prime kit (Pharmacia Bio-
technology, Piscataway, N.J.) and used to screen a BALB/c3T3
fibroblast cDNA library as described previously (19).

Interaction assay of RID or ralGDS with ras p21 and other
small G proteins in the yeast two-hybrid system. The yeast
reporter strain Y153 (9) was cotransformed with pGAD/RID
or pGADIralGDS and the indicated plasmids and plated on
synthetic minimal medium lacking leucine and tryptophan.
Plates were incubated for 3 days at 30°C and assayed for
,B-galatosidase activity by filter assay (4).

Interaction assay ofralGDS and ras p21 in vivo. Monolayers
of Sf9 cells (2 x 107 cells) were infected singly or doubly with
high-titer recombinant baculoviruses (108 PFU/ml) at a multi-
plicity of infection of 5 per cell. At 72 h postinfection, the cells
were washed with cold phosphate-buffered saline and lysed in
1 ml of lysis buffer (20 mM Tris-HCl [pH 7.5], 1% Nonidet
P-40, 137 mM NaCl, 10% glycerol, 1 mM phenylmethylsulfonyl
fluoride, 20 ,ug of aprotinin per ml, 10 ,ug of leupeptin per ml)
at 4°C for 1 h. Insoluble material was removed by centrifuga-
tion at 4°C for 30 min at 13,000 x g, and 0.2 ml of lysate (0.24
mg of protein) was used for each assay. The lysates expressing
ralGDS and v-ras p21 or ras p21S17N were prepared, and the
proteins of the lysates were immunoprecipitated with the
anti-ras p21 antibody. Y13-238 was used in the immunopre-
cipitation experiments except that Y13-259 was used for Fig.
2D. The immunoprecipitates were washed once with lysis
buffer, twice with 100 mM Tris-HCl (pH 7.5) and 0.5 M LiCl,
and once with 10mM Tris-HCl (pH 7.5). The precipitates were
subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) (12% polyacrylamide gel) (23),
transferred to nitrocellulose filters, and probed with the anti-
ralGDS or anti-ras p21 antibody.

Interaction assay of ralGDS and ras p21 in vitro. To make
the guanosine 5'-(3-O-thio)triphosphate (GTP-yS)- or GDP-
bound form of ras p21, c-ras p21 (20 pmol) was incubated for
10 min at 30°C with 25 ,uM GTP-yS or GDP in 40 jil of reaction
mixture (20 mM Tris-HCl [pH 7.5], 10 mM EDTA, 5 mM
MgCl2, 1 mM dithiothreitol [DTT]). After the incubation, 600
mM MgCl2 was added at a final concentration of 15 mM. The
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GTPyS- or GDP-bound form of ras p21 was incubated for 30
min at 4°C with ralGDS (20 pmol) in 80 [lI of reaction mixture
(20 mM Tris-HCl [pH 7.5], 5 mM EDTA, 10 mM MgCl2, 0.5
mM DTT, 25 ,uM GTPyS or GDP). Then, the anti-ras p21
antibody (Y13-238) was added to this mixture, and the mixture
was subjected to immunoprecipitation. The precipitate was
subjected to SDS-PAGE, transferred to nitrocellulose filters,
and probed with the anti-ralGDS antibody.
GAP assay of NFl. The GAP assay for c-ras p21 was

performed as described previously (14). Briefly, c-H-ras p21
(2.5 pmol) was preincubated for 5 min at 30°C in 5 ,ul of
preincubation mixture (100 mM sodium phosphate [pH 6.8],
0.5 mM EDTA, 0.5 mg of bovine serum albumin per ml, 0.5
mM DTT, 0.5 ,uM [-y-32P]GTP [20,000 to 30,000 cpm/pmol]).
To this preincubation mixture, 45 ptl of reaction mixture (500
p.M GTP, 22.2 mM sodium N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid [HEPES; pH 7.5], 1.1 mM MgCl2, 1.1 mg
of bovine serum albumin per ml, 0.11 mM DTT, 2.2 mM
Tris-HCl [pH 7.5]) containing 10 nM GST-NF1 and the
indicated amounts of ralGDS or GST-N-Raf was added, and a

second incubation was performed at 24°C. Assays were quan-
tified by rapid filtration on nitrocellulose filters. GAP activity
was calculated from the decrease of the radioactivity of
[_y-32P]GTP compared with a reaction performed in the ab-
sence of GST-NF1, and GAP inhibition activity was expressed
as percent decrease of GAP activity of GST-NF1.

Interaction assay of Raf and ras p21. To make the
[a-32P]GTP-bound form of ras p21, c-H-ras p21 (2.5 pmol) was
preincubated for 15 min at 30°C in 5 pI of the preincubation
mixture described above except that [ot-32P]GTP was used
instead of [y-32P]GTP. To the preincubation mixture, 45 pI of
the reaction mixture described above containing 20 nM GST-
N-Raf and the indicated amounts of ralGDS was added, and a
second incubation was performed for 30 min at 4°C. GST-N-
Raf was precipitated with glutathione-Sepharose 4B, the pre-
cipitates were washed, and the remaining radioactivity was

counted.
Other assays. Protein concentrations were determined with

bovine serum albumin as a standard (3).
Nucleotide sequence accession number. The GenBank ac-

cession number for the mouse RGL cDNA sequence is
U14103.

RESULTS

Isolation of a protein which interacts with ras p21 in the
yeast two-hybrid system. To identify proteins that physically
interact with H-ras p21, a fusion protein of ras p21 and the
GAL4 DNA-binding domain was cotransformed with a mouse
embryonic cDNA library expressed as a fusion with the GALA
transactivation domain into a yeast reporter strain carrying the
GALA binding sites upstream of both the S. cerevisiae HIS3
gene and the E. coli lacZ gene. Of the 0.5 million yeast
transformants, five grew in the absence of histidine and
expressed 0-galactosidase activity in a ras p21-dependent man-

ner. The cDNA inserts from these five all encoded a single
sequence containing an open reading frame of 164 amino acids
and the consensus sequence for a stop codon and polyadenyl-
ation. We designated this ras p21-interacting domain RID.
To characterize RID, we examined the association of RID

with ras p21 mutants and other small G proteins in the yeast
two-hybrid system (Table 1). As assessed by filter assays of
3-galactosidase, RID interacted with ras p21. To examine the

effect of posttranslational modification of ras p21 on its
interaction with RID, ras p2lCl86S was used. It is known that
this mutant is not posttranslationally modified (16). Coexpres-

TABLE 1. Interaction of RID with ras p21 in the yeast
two-hybrid systema

GAL4 DNA-binding GAL4 transactivation ,B-Galactosidase
domain fusion domain fusion activity

Vector RID
ras p21 Vector
ras p21 RID +
ras p21Cl86S RID +
ras p21T35A RID
rapl p21 RID +
ralB p24 RID
racl p2jGl2V RID

a Y153 was cotransformed with RID and ras p21 mutants or other small G
proteins and assayed for ,B-galactosidase activity. A blue signal, representing
,B-galatosidase activity, is indicated by a +, and a white signal, indicating a lack
of ,-galactosidase activity, is shown as a -. In each case, ,-galactosidase
expression was not detected when cells were transformed with the DNA-binding
domain (amino acids 1 to 147) or the transactivation domain (amino acids 768 to
881) fusion alone.

sion of RID with ras p21Cl86s reconstituted ,-galactosidase
activity. However, RID did not interact with the effector loop
mutant of ras p21, ras p21T35A. These findings indicate that the
posttranslational modification of ras p21 is not necessary for its
binding to RID and that the effector loop of ras p21 is
required. We also examined the specificity of small G proteins
which interact with RID. RID interacted with rap] p21 as well
as with ras p21 but not with ralB p24 or with racl p2lG12V. rapl
p21 is known to have the same effector loop as ras p21 and to
associate with the same effector-loop binding protein as ras
p21, but how rapl interacts with actual signaling effectors is not
yet clear (24, 32).

Molecular cloning of RGL. Using RID to probe a BALB/
c3T3 fibroblast cDNA library, we identified a 2.7-kb cDNA
containing an open reading frame of 768 amino acids (Fig.
1A). The predicted protein sequence had 69% amino acid
homology with ralGDS, which is a GDP/GTP exchange protein
for ral p24, a member of small G-protein superfamily (Fig. 1B)
(1). We designated this protein RGL. In the RGL cDNA, the
5' noncoding region was long and had a high percentage of
G * C base pairs, which is typical in the 5' noncoding region.
The neighboring sequence of the first ATG was consistent with
the translation initiation start proposed by Kozak (22).
The sequence of 290 amino acids (amino acids 210 to 499) of

RGL was similar to a comparable region of CDC25, which is a
GDP/GTP exchange protein for ras p21 (24, 25) (Fig. 1C). It is
known that this region of CDC25 is important for GDS activity
(1, 24, 25). RGL and ralGDS had an additional extensive
region C terminal to the CDC25-like domain (1). RID was
located in this region of RGL. There was a region exhibiting
66% amino acid homology with RID in the C terminus of
ralGDS. This strong homology in the overall sequence suggests
that ralGDS and RGL constitute a family. Furthermore, this
structural analysis suggests that ralGDS and RGL may interact
with the effector loop of ras p21. Since ralGDS has been well
characterized (1), we used ralGDS in an attempt to examine
whether ralGDS could be an effector protein of ras p21.

Interaction of ralGDS with ras p21 in the yeast two-hybrid
system. We examined whether ralGDS interacts with ras p21 in
the yeast two-hybrid system (Table 2). As assessed by filter
assays of ,B-galactosidase, ralGDS interacted with ras p21.
Consistent with the data shown in Table 1, ralGDS interacted
with ras p21C186s but not with ras p21T3lA. Furthermore,
ralGDS interacted with rapl p21 as well as with ras p21 but not
with ralB p24 or with racl p2jG12V.
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A
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AATCGGCACGAtGGCGGTCGCGCGCGGGGCGGCGGCGGCAGTCGGGCAGAAGGGCGCGTGGGAAGCCGACGGUGtAAGC :GAXGCCTGAAGC
130 140 1S0 160 170 180 190 200 210 220 230 240

GCACCATGCAGCGTCCT TGCCGGCAGTAAA =C TACCATCACTGAC1TTC
M K L L W Q A K M S S I Q D W G E E V E E G A V Y H V

250 260 270 280 290 300 310 320 330 340 350 360
ACCCTCAAAGGTCCAGATTCAACAbG;GCCAAGOATGGCAIACCGAGACCTGCAAGAlTCAGG
T L K R V Q I Q Q A A N K G A R W L G V E G D Q L P P G H TV S Q Y E T C K I R

370 380 390 400 410 420 430 440 450 460 470 480
ACCAT AGCTGGTACGLSTVGAGAAGCTNGT GACTA=ATACAGAGTTCTCGCT
T I K A G T L E K L V E N L L T A F G D N D F T Y I S I F L S T Y R G F A S T K

490 500 510 520 530 540 550 560 570 580 590 600
GAAGGCGGGCTGCTGCTGGACAGG;TATGGAAACCTGACAGGCCCAAACTGTGAAGACGATCGA^AGCCAAAGTrCACCCGAGTCCAAGGCCG;TGATCCGGAATGCCATTClCCATC
E V L E L L L D R Y G N L T G P N C E D D G S Q S S P E S K A V I R N A I A S I

610 620 630 640 650 660 670 680 690 700 710 720
CTGAZIGGG1GG.kCCAGTG rGCGGAAGPi CTTCCGGGAGCCCCCTCACTTCCCTTGCClTTCAGA:GCTGGGAGTACCTCAAACAGATGATGCCTGGCTCTGACCCAGAGAMG
L R A W L D Q C A E D F R E P P H F P C L QK L L E Y L K Q M M P G S D P E R R

730 740 750 760 770 780 790 800 810 820 830 840
GCACAGAACC TCTGAACAGTTTAAAGAGGACG;TGGATTCC:GACAATGGACTCCAACACCAGCTCC C5TCAGCCTGGAAA GA AGAGG AACTGAACGGGGCAGCAGAA
A Q N L L E Q F Q K Q0D V D S D N G L L N T S S F S L E E E E E L E S G G S A E

850 860 870 880 890 900 910 920 930 940 950 960
TTCACGAACTTCCAG^AmTClGTGGCAGAACAGCTGACCTACATGGACGCAlAACTATTCAGAAGGTAGTGCCTCACCATT'GCCrGCTGTATTTmGGTCTCAGCGG;GATAAAAA
F T N F S E D L V A E Q L T Y M D A Q L F K K V V P H H C L G C I W S Q R D K K

970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
GAAAACmAAGCTTCG CTACGATCCGTGCCACCATCTCTCAG ATACGCTCACCAAGTGTGTTGTCAGCAGCGA= C=WGCA=CAGA
E N K H L A P T I R A T I S Q F N T L T K C V V S T V L G S K E L K T Q Q R A R

1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
GTCATCGAGAAGTGGATCAACAWTTGCTCACGAATGTAGAAT,CCTGAAGAATTTTCCTCCTT'GAGCCATCTTCCGCACTG-CAGTCTA TTCCATCTATCGTAAGCTTGG
V I E K W I N I A H E C R I L K N F S S L R A I V S A L Q S N S I Y R L K K A W

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
GCTG;CTGTCCCGAAGGIkCAGAAT TGCTGATGT TTGA AGAACTT CAGATATCTTC TCTGATCACA ATAACCATCTAMCCAGTCGGGA GCTACTAATAA GAAGGAATTAAA7GCA
A A V P K D R M L M F E E L S D I F S D H N N H L T S R E L L M K E G T S K F A

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
AACI-=GGAC=AGCGGTGAiAAGAAACAGAAGCGGACCAAGGCGCCTGCAACTGrAGAAGGGGTA;T GCAGGGTACCGTGCCTTACCTGGGCACCTTCCTGACTGACCTG
N L D S S V K E N Q K R T QR R L Q L Q K D M G V M Q G T V P Y L G T F L T D L

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
ACCATGCTGGCACGCCCTGCACCGACTACATT _TAATCTGCCCAGATAAAGTCACAGTCTGCTTGCAACAGC
T M L D T A L Q D Y I E G G L I N F E K R R R E F E V I A Q I K L L Q S A C N S

1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680
TACTGCT,CCAGGGCCCAGAA=ACAGTGGTCCGGAGCAGTTCTTAA GGAGGAAATGCTCACGCCCT--wT C CCAACACCAC
Y C M G P D Q K F I Q W F Q R Q Q L L S E E E S Y A L S C E I E A A A D A N T T

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
TCCCCTAL=GAAAGOC AMAI= =AGAGGCGAGCCTATTTCTGGGGTCTG;ACATCATCCCCGGGAGCACTCCCACCAAAGAGCAGCCCAAGTCCGCAGCCAGTGGA;GCTCT
S P K P R K S M V K R L S L L F L G S D I I P G S T P T K E Q P K S A A S G S S

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920
GGGAGATTGACT=CAGTGTiCArTGTTCCTS;TS;AATCAAACCACTCCGAkGGCTGAGGAGGGCCCCGTCACACATGCACACAGGAGCCCCAAGAAGCTCTCTGMATCC
G E S M D S V S V S S C E S N H S E A E E G P V T P M D T P D E P Q K K L S E S

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
TCCTCrTT;L;TGTTCiCTCCATCCATTCCATGGACACGAATTCCTCAGGGATGTCGrCCCTAATCAACCCCCTGTCCTCCCCTCCAACGTG;CAACAACAATCCTAAAATCCACAAGCGCTCC
S S S C S S I H S M D T N S S G M S S L I N P L S S P P T C N N N P K I H K R S

2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160
GTCrCCGTG;ACATCCATTACCTCCACAGTACTGCCTCCi TTmACAATCACGAACGAGACTGTCATCCGCATCAG rGrAGAAGACAACAATG;GCCACATGTACAAGAG;CATC
V S V T S I T S T V L P P V Y N Q Q N E D T C I I R I S V E D N N G H M Y K S I

2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280
ATGCTGACAAG;CCAGGATAAGACCCCCGCTG;TGATCCAGAGAGCGATIGTGAAGCACAACCTC;GAGTCGGAOCCCTCGGGGTATGAGCK;=CGGrATCTCGGGAGGACAAAGAA
M L T S Q D K T P A V I Q R A M S K H N L E S D P A E E Y E L V Q V I S E D K E

2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400
CTAG TGATCCCGGACTCTGCAAAGTGkIl=.CAGATGCATACTTATCT7ACGCCAAAGCTGTGGGATrAGIAA7GGCAGMGACGC
L V I P D S A N V F Y A M N S Q V N F D F I L R K K N S V E E Q V K L R S R T S

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520
CTGACTTTCCCAGGACGCAA^GC G=lTAACAGGCACAGCAGATCACCCTCTGAAA GGGACAGTACACTCCTACTOCCAGAATAGrACAAACCAT
L T L P R T A K R G C W S N R H S K I T L *

2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640
GGCGACGCCAACCACCACC CAGGCAGCTTGMGA GATGCAGAGAGACTGTGCAGGGAGGTGGATATTACAuTTTAAAG

2650 2660 2670
GAAAGTCAAAAAAAAA
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RGL 1 MKLLWQ IDWVEEXVY I DQLP
ralGDS 1 MMVDCQ EI_INEVIYSIS S

RGL 54 PGHTVSQ_I-I LTED4FT SII S I
ralGDS 49 ... . QGSELSVWA
RGL 104 A
ralGDS 96 T

RGL 148
ralGDS 146

53
48

103
95

.I.I .. .I EDDGUQSSPESPAESKA 147

.CDAujASSRYtiILPYUSEDGGPQDQLKSu 145

EQI4LU_QNFQ. 196
D _ UVQ LI_ _I 195

RGL 197 ..QDVDSDNt .
ralGDS 196 LEPSEAESEALSPAPVLS LEPASQLE:PALESQVVTSTPVREPAAAPV
RGL ..................................................
ralGDS 246 PVLASSPVVAPAPELEPVPEPPQEPEPSLALAPELEPAVSQSLELESAPV

RGL 210 ... E.LESGGSAEFTO4S S
ralGDS 296 PTPALEPW IANGLTEKPHLLIEPP____

254 ISL KE rQ
346 Y _S QS kP

304
396 S H

344 F V1 K S__ I ..s P

RGL 404 LQT I
ralGDS 492 ...I&

454 PDQI4IQQRQQ I 503
539 IAPEEHIGTERAME A PSE 588

504 ..AuTSPEPRKS 14ILLIFGIIPGUTPTK .... E|PKSAASGSI 547
589 SASELRSEKSTAI RQAPETELSTUSSAHSKSCD§LRCSPYLGU 638

IE V EAGPVTE.TiS
DIALJx ;S VU-INMSFwVPES GQE1- 2S 'ES

597
689

MD S&MILINPIJSPPECNNNP I
GIUSA SS ...SSSASTUPVSTTR S

647 E3lIiVEr
735 G_1YV

697 V SVEEQVBLRSRT
785 _ _ . RTFTKCAfvKHGA

747l _ AKVSNRHSKITL
834 IAKGIF

CDC25 olo RID homology

d_~ 646
.WA_ 734

E:SIPAW 696
DE&IVP 784

FIG. 1. Homology between RGL and ralGDS. (A) Nucleotide and
predicted amino acid sequences of RGL. The single-letter amino acid
code is shown below the DNA sequence. (B) Alignment of the amino
acid sequences of RGL and ralGDS. Sequences were aligned by using
the Best Fit program. Amino acid identity is denoted by a black
background. Dots indicate gaps. ralGDS refers to mouse ralGDSa. (C)
Schematic representation of RGL and ralGDS.

Interaction of ralGDS with ras p21 in intact cells. To
examine whether ralGDS interacts with ras p21 in intact cells,
we coexpressed ralGDS with v-ras p21 in insect cells. The
expression level of transfected ralGDS in Sf9 cells expressing
ralGDS alone was similar to that in the cells coexpressing
ralGDS with v-ras p21, as assessed by immunoblotting (Fig.
2A, lanes 1 to 3). The lower band which is seen under ralGDS
might be a degradation product of ralGDS. When the lysates
coexpressing ralGDS with v-ras p21 were immunoprecipitated
with the anti-ras p21 antibody, both ralGDS and ras p21 were
detected in the ras p21 immune complex (Fig. 2B, lane 1).
When the lysates expressing ralGDS alone or v-ras p21 alone
were immunoprecipitated with the anti-ras p21 antibody, ral-
GDS was not detected (Fig. 2B, lane 2; Fig. 2D, lane 1).
Neither ralGDS nor ras p21 was immunoprecipitated with

209
245

295

TABLE 2. Interaction of ralGDS with ras p21 in the yeast
two-hybrid systema

GAL4 DNA-binding GAL4 transactivation ,-Galactosidase
domain fusion domain fusion activity

Vector ralGDS
ras p21 Vector
ras p21 ralGDS +
ras p2lCl86S ralGDS +
ras p2lT35A ralGDS
rapl p21 ralGDS +
ralB p24 ralGDS
racl p2jGl2V ralGDS

253 a Y153 was cotransformed with ralGDS and ras p21 mutants or other small G
345 proteins and assayed for ,B-galactosidase activity. A blue signal, representing

P-galactosidase activity, is indicated by a +, and a white signal, indicating a lack
303 of 3-galactosidase activity, is shown as a -. In each case, P-galactosidase
395 expression was not detected when cells were transformed with the DNA-binding
353 domain (amino acids 1 to 147) or the transactivation domain (amino acids 768 to
445 881) fusion alone.

403
491

nonimmune immunoglobulin in lysates expressing both pro-
teins (Fig. 2B, lane 3).
To characterize the interaction of ralGDS and ras p21

further, we examined the ability of ralGDS to interact with a
ras p21 mutant, ras p2Sl7N. ras p21Sl7N is well known as a
dominant negative mutant that has higher affinity for GDP
than GTP and strongly interacts with upstream molecules but
not with downstream molecules (2, 10, 24). The expression
level of ras p2lSl7N was similar to that of v-ras p21 (Fig. 2A,
lanes 3 and 4). When the lysates coexpressing ralGDS with ras
p2lS17N were immunoprecipitated with the anti-ras p21 anti-
body, ralGDS was not coprecipitated with ras p21l17N under
the same conditions in which ralGDS was coprecipitated with
v-ras p21 (Fig. 2C, lanes 1 and 2). These results indicate that
ralGDS makes a complex with v-ras p21 but not with ras
p21Sl7N in intact cells.
We used Y13-238 as the anti-ras p21 antibody to immuno-

precipitate ras p21 for these experiments. Another antibody,
Y13-259, were tested for its ability to immunoprecipitate a ras
p21-ralGDS complex. Y13-259 is known to be a neutralizing
antibody (28). In contrast to Y13-238, Y13-259 could not
immunoprecipitate the ras p21-ralGDS complex from the
lysate coexpressing ralGDS with v-ras p21 under the same
conditions (Fig. 2D, lanes 3 and 4). Y13-259 and Y13-238
immunoprecipitated similar amounts of ras p21 from the
lysates expressing v-ras p21 alone (Fig. 2D, lanes 1 and 2).

Interaction of ralGDS with ras p21 in vitro. To examine
whether the interaction of ralGDS with ras p21 is direct, we
purified ralGDS and ras p21 from the cytosolic fraction of
insect cells. The purity of both proteins was more than 95% by
Coomassie brilliant blue staining (Fig. 3A). The GTP-yS- or
GDP-bound form of ras p21 was incubated with ralGDS, and
this mixture was immunoprecipitated with the anti-ras p21
antibody. ralGDS was coprecipitated with the GTP-yS-bound
form of ras p21 in a dose-dependent manner but not with the
GDP-bound form (Fig. 3B).

Effect of ralGDS on the GAP activity of NF1 for ras p21. It
has been reported that ralGDS does not affect the dissociation
of GDP and GTP from ras p21 (1). We examined the effect of
ralGDS on the GTPase activity of ras p21. ralGDS did not alter
the intrinsic GTPase activity of ras p21 (Fig. 4A). In contrast,
ralGDS inhibited the GAP activity of GST-NF1 for ras p21 at
a 50% inhibitory dose (IC50) of about 300 nM (Fig. 4).
GST-N-Raf also inhibited the GAP activity of GST-NF1 at an
IC50 of about 50 nM under the same conditions (Fig. 4B). The

B
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FIG. 2. Interaction of ralGDS with ras p21 in intact cells. (A) Coexpression of ralGDS with ras p21 in Sf9 cells. Aliquots (5 ,u1 each) of lysates
expressing no protein (lane 1), ralGDS alone (lane 2), both ralGDS and v-ras p21 (lane 3), or both ralGDS and ras p2lsl7N (lane 4) were probed
with the anti-ralGDS and ras p21 antibodies. (B) Interaction of ralGDS with ras p21 in Sf9 cells. Sf9 cells expressing both ralGDS and v-ras p21
(lanes 1 and 3) and ralGDS alone (lane 2) were lysed, and the proteins of the lysates were immunoprecipitated (IP) with the anti-ras p21 antibody
(Ab; lanes 1 and 2) or nonimmune rat immunoglobulin (Ig; lane 3). The precipitates were probed with the anti-ralGDS and ras p21 antibodies.
(C) Inability of ralGDS to interact with ras p21Sl7N. Sf9 cells coexpressing ralGDS with v-ras p21 (lane 1) or ralGDS with ras p21Sir' (lane 2) were
lysed, and the proteins of the lysates were immunoprecipitated with the anti-ras p21 antibody. The precipitates were probed with the anti-ralGDS
and ras p21 antibodies. (D) Inability of Y13-259 to immunoprecipitate a ras p21-ralGDS complex. Sf9 cells expressing v-ras p21 alone (lanes 1 and
2) or both ralGDS and v-ras p21 (lanes 3 and 4) were lysed, and the proteins of the lysates were immunoprecipitated with Y13-238 (lanes 1 and
3) or Y13-259 (lanes 2 and 4). The precipitates were probed with the anti-ralGDS and ras p21 antibodies. An arrowhead and an arrow indicate
the positions of ralGDS and ras p2i, respectively. The results shown are representative of three independent experiments.

IC50 value of GST-N-Raf to inhibit the GAP activity of
GST-NF1 was similar to previous observations (35). ralGDS
did not interact with GST-NF1 (data not shown).

Effect of ralGDS on the interaction of Raf with ras p21.
Since Raf is an effector protein of ras p21, we examined
whether ralGDS inhibits the interaction of Raf with ras p21.
GST-N-Raf interacted with ras p21 as described previously
(18, 34, 35, 41). ralGDS inhibited this interaction in a dose-
dependent manner (Fig. 5). The IC50 value of ralGDS to
inhibit the interaction of Raf-1 with ras p21 was about 250 nM.

DISCUSSION

In this study, using the yeast two-hybrid system, we have
identified a clone encoding a 164-amino-acid domain (RID)
which interacts with H-ras p21. However, RID has no primary
homology sequence with Raf and GAP, which interact with ras

p21. Using this clone as a probe, we have isolated cDNA of
RGL and sequenced it. We have found that RGL shares 69%
amino acid homology with ralGDS. We have also found that
the RIDs of RGL and ralGDS are located on the C-terminal
side of the CDC25-like domains of these molecules. The high
degree of homology between the RIDs of RGL and ralGDS
suggests that these domains are functionally important. We are
not aware of other proteins that have similar RIDs. Our results
suggest that ralGDS and RGL are in a family of proteins that
contain a domain that binds to ras p21.
ralGDS was originally isolated by PCR using regions con-

served between CDC25 and Ste6 proteins, two guanine nucle-
otide exchange proteins known to regulate ras p21 in S.
cerevisiae and Schizosaccharomyces pombe, respectively (1).
ralGDS is a 115-kDa protein that has high homology with the
region of CDC25 which is important for stimulating the
GDP/GTP exchange of ras p21. However, ralGDS does not
affect the GDP/GTP exchange of ras p21. Among 13 different
small G proteins, ralGDS stimulates GDP/GTP exchange only

of ralA p24 and ralB p24. From these observations, ralGDS has
been implicated in the regulation of the GTP state of ral p24
(1). However, it is not known whether ralGDS has additional
activities. The function of ral p24 is not yet understood (13).
The ral p24 cDNA was originally isolated by probing with an
oligonucleotide corresponding to one of the GTP-binding
domains of ras p21 (5). There have been few published studies

A B
(I-ITPyS-bound form GDP-bound form

ras r I F
ralGDS ras (nM) 0 12.5 25 50 100 12.5 25 50 100

106K-
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5(1K-

A; 33K-
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18K-

1 2 1 2 3 4 5 6 7 8 9

FIG. 3. Interaction of ralGDS with ras p21 in vitro. (A) Protein
staining of ralGDS and c-ras p21. The purified ralGDS and c-ras p21
(0.5 jig of protein each) were subjected to SDS-PAGE (12% poly-
acrylamide gel) and stained with Coomassie brilliant blue. (B) Inter-
action of ralGDS with the GTP-bound form of ras p21. ralGDS (20
pmol) was incubated without (lane 1) or with the indicated amounts of
the GTPyS-bound form (lanes 2 to 5) or GDP-bound form (lanes 6 to
9) of ras p21, and the mixtures were immunoprecipitated with the
anti-ras p21 antibody. The precipitates were probed with the anti-
ralGDS antibody. An arrowhead and an arrow indicate the positions of
ralGDS and ras p21, respectively. The results shown are representative
of three independent experiments.
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FIG. 4. Inhibition of GAP activity of NF1 by ralGDS. (A) Time
course for the GAP inhibition activity of ralGDS. The [-y- 2P]GTP-
bound form of ras p21 was incubated for the indicated periods of time
with or without 300 nM ralGDS in the presence or absence of 10 nM
GST-NF1. The mixtures were then collected on filters, washed, and
counted. A, without ralGDS or GST-NF1; A, with ralGDS; 0, with
GST-NF1, 0, with ralGDS and GST-NF1. (B) Dose-dependent effect
of ralGDS and Raf on GAP inhibition activity. The [-y-32P]GTP-bound
form of ras p21 was incubated for 6 min with the indicated amounts of
ralGDS or GST-N-Raf in the presence or absence of 10 nM GST-NF1.
0, with ralGDS; 0, with GST-N-Raf. The results shown are repre-
sentative of three independent experiments.

of the role of ral p24 in signal transduction. We speculate that
ralGDS provides a potential link between ras p21 and ral p24.
We have shown that ralGDS interacts with v-ras p21 but not

with ras p2lS17N in insect cells. It has been known that v-ras

p21 is mainly in the GTP-bound form and that ras p2lSl7N is
mainly in the GDP-bound form in intact cells (2, 10, 24). Our
in vitro results have indicated that the purified ralGDS inter-
acts with the GTP-bound form of purified ras p21 but not with
the GDP-bound form. These results indicate that ralGDS
prefers the GTP-bound form to the GDP-bound form and that
the interaction of ralGDS with ras p21 is direct.
We have demonstrated that ralGDS does not interact with

an effector loop mutant of ras p21, ras p21T35A, and that
ralGDS interacts with rapl p21 but not with other small G
proteins in the yeast two-hybrid system. It has been shown that
mutations in the effector loop of ras p21 impair the ability of
ras p21 to transform cells and that the mutants do not interact
with Raf or GAP (2, 17, 20, 24, 32, 33, 41). rapl p21 is known
to have the same effector loop as ras p21 and to associate with
the same effector-loop-binding proteins as ras p21 (24, 32). We
have also shown that one ras p21 antibody, Y13-238, immuno-
precipitates the ras p21-ralGDS complex from the lysates
expressing both ralGDS and v-ras p21, but that another
antibody, Y13-259, does not. Y13-259 has been shown to be a
neutralizing antibody for ras p21 and to recognize the region
behind the effector loop of ras p21 (28). Y13-238 recognizes a
region apart from the effector loop of ras p21 and does not
inhibit ras p21 function (37). Therefore, it has been suggested
that Y13-259 cannot recognize ras p21 after ras p21 interacts
with an effector protein. In fact, Y13-238 immunoprecipitates
a ras p21-Raf complex, but Y13-259 does not (20, 35). These
results indicate that the effector loop of ras p21 is required for
the interaction with ralGDS.
Although it has not yet been determined whether NF1 is an

upstream molecule or a downstream molecule of ras p21, it has

6-4

F-4i2(
'-4

0 ~~~200 400 600
ralGDS (nM)

FIG. 5. Inhibition of the interaction of Raf-1 with ras p21 by
ralGDS. The [U-32P]GTP-bound form of ras p21 was incubated for 30
min with 20 nM GST-N-Raf in the presence of the indicated amounts
of ralGDS. GST-N-Raf was precipitated by using glutathione-Sepha-
rose 4B, the precipitates were washed, and the remaining radioactivity
was counted. The results shown are representative of three indepen-
dent experiments.

been shown that NF1 interacts with the effector loop of ras p21
and stimulates the GTPase activity of ras p21 (24, 32, 39). Raf
also binds to the effector loop of ras p21 and is biologically,
genetically, and biochemically an effector protein (8, 15, 18, 20,
21, 29, 33-35, 41). Raf inhibits the GAP activity of NF1
presumably by competing with NF1 for binding to ras p21 (35,
41). We have shown that ralGDS inhibits the GAP activity of
NF1 for ras p21. Further, another experiment has demon-
strated that ralGDS can compete with Raf for binding to ras
p21. Our results indicate that ralGDS can compete with NF1
and Raf for binding to the ras p21 effector loop. Taken
together, these results strongly suggest that ralGDS may be an
effector protein of ras p21. The proof that ralGDS is the
effector protein of ras p21 awaits demonstration that ras p21
regulates the ralGDS function or that ralGDS mediates ras
p21-dependent processes.
We have measured the affinity of ralGDS for ras p21 and

found that ralGDS inhibits the GAP activity of GST-NF1 for
ras p21 with an IC50 of about 300 nM. Under the same
conditions, GST-N-Raf inhibits the GAP activity of GST-NF1
for ras p21 with an IC50 of about 50 nM. ralGDS inhibits the
association of GST-N-Raf with ras p21 with an IC50 of about
250 nM. It has been reported that the affinity of Raf for ras p21
is about 50 nM (35). Therefore, we roughly estimate the affinity
of ralGDS for ras p21 to be five- to sixfold lower than the
affinity of Raf for ras p21. A previous report has shown that the
affinities of NF1 and GAP for ras p21 are about 250 nM and
about 5 ,uM, respectively (26). How does ras p21 interact with
ralGDS in the presence of Raf? It has been reported that cyclic
AMP-dependent protein kinase (A-kinase) phosphorylates
Raf and that the phosphorylated Raf does not interact with ras
p21 (7, 38). It is intriguing to speculate that A-kinase regulates
the interaction of ras p21 with Raf-1 or ralGDS.
We have also shown that ralGDS interacts with ras p21Cl86S

in the yeast two-hybrid system and that ralGDS interacts with
ras p21 purified from the cytosol fraction of insect cells in vitro.
Since these ras p2is are not posttranslationally modified (16,
27), these results suggest that the posttranslational modifica-
tion of ras p21 is not essential for the interaction of ralGDS
with ras p21. It is known that the posttranslational modification
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of ras p21 is not essential for the interaction of ras p21 with Raf
(18, 20, 29, 33-35, 41). However, we have found that the
posttranslational modification of ras p21 is necessary for Raf
activation in intact cells (18). Furthermore, it has been dem-
onstrated that the posttranslational modification of ras p21
is important for its ability to induce transformation (2, 24,
32). Therefore, it is possible that the posttranslational modifi-
cation of ras p21 is important for ras p21-dependent ralGDS
action.
Taken together, these results suggest that members of the

ralGDS family may be effector proteins of ras p21. It is possible
that ralGDS mediates some ras p21-dependent processes.
Alternatively, the primary function of ralGDS family members
might be to modulate ras p21/Raf-mediated responses. In any
case, a deeper understanding of the roles of ralGDS family
members in ras p21-dependent processes is needed.
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