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The small GTPase Ras family regulates a variety of
cell functions including proliferation and differentia-
tion. Here we have identified novel Ras members, hu-
man Di-Rasl and Di-Ras2, belonging to a distinct branch
of the GTPase family. Di-Rasl and Di-Ras2 specifically
expressed in heart and brain share 30-40% overall iden-
tity with other members of Ras family, however, they
have the following characteristic substitutions at highly
conserved regions among the Ras family. 1) Thr-63 and
Ser-65 in Di-Ras are substituted for Ala-59 and Gln-61
positions in Ha-Ras, respectively, that are known to be
critical for GTP hydrolysis. 2) Within the effector do-
mains, Di-Ras has Ile at a position corresponding to
Asp-33 in Ha-Ras, which is important for its interaction
with the downstream effector Raf. As predicted by these
substitutions, Di-Ras has only a quite low level of
GTPase activity and exists predominantly as a GTP-
bound form upon its expression in living cells. More-
over, Di-Ras fails to interact with the Ras-binding do-
main of Raf, resulting in no stimulation of mitogen-
activated protein kinase. Interestingly, introduction of
Di-Ras into HEK293T cells induces large cellular vacuo-
lation. These findings raise the possibility that Di-Ras
might regulate cell morphogenesis in a manner distinct
from other members of Ras family.

The small GTPase Ras family acts as a molecular switch that
regulates a wide range of cell functions including proliferation
and differentiation (1-3). Ras is activated in response to a
variety of extracellular signals, resulting in stimulation of ty-
rosine kinases either directly or indirectly. The small GTPase,
which cycles between active GTP-bound and inactive GDP-
bound states, is activated by guanine nucleotide exchange fac-
tors that enhance the exchange of bound GDP for GTP and is
deactivated by GTPase-activating proteins that increase the
intrinsic rate of hydrolysis of bound GTP. The GTP-bound form
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of Ras associates with several effector molecules, most notably
members of the Raf family, the RalGDS family and phospho-
inositide 3-kinase. Amino acid residues 32—-40 of Ras are im-
portant for its interaction with effector molecules and desig-
nated as the “effector domain” (4). The biological consequences
of their interactions depend greatly on the cell type and on the
context of other signaling events.

The members of Ras family, at least 13 at present, are
characterized by extensive similarities in their effector do-
mains (5). Besides three Ras proteins (Ha-Ras, Ki-Ras, and
N-Ras), there are four Rap proteins (RaplA, Rapl1B, Rap2A,
and Rap2B), two Ral proteins (RalA and RalB), R-Ras, TC21,
R-Ras3/M-Ras, and Rheb in the Ras family. Although many
Ras members can interact with the same effector molecules as
the three Ras proteins, the physiological roles of most Ras-like
GTPases are not fully understood.

More recently, some members of the Ras family have begun
to be analyzed. For example, Rapl, the closest relative of Ras,
has attracted much attention because of the possibility that it
functions independently or coordinately with Ras-mediated sig-
naling (6). Rapl was originally discovered as a suppressor of
Ki-Ras-induced transformation, and it has been considered to
function as an antagonist of Ras signaling by trapping Ras
effectors, particularly the Ser/Thr kinase Raf (7). However,
recent studies show that Rapl is activated by extracellular
signals through several regulatory proteins, and raise the pos-
sibility that it may function in diverse biological processes,
ranging from modulation of cell growth and differentiation to
secretion, integrin-mediated cell adhesion, and morphogenesis.
It is thus expected that further studies on other members of
Ras-like GTPases would also reveal novel signaling pathways
involved in a variety of cell functions.

In the present study, we report two novel members, Di-Ras1
and Di-Ras2, belonging to a distinct branch of the Ras GTPase
family. Although clearly related in sequence, Di-Ras proteins
possess different biochemical and functional properties from
other members of the Ras family. It is expected that Di-Ras
may be involved in novel cellular functions distinct from other
Ras-related GTPases.

MATELIALS AND METHODS

Data Base Search and cDNA Cloning of Di-Ras—Data base searches
using Entrez (NCBIs search and retrieval system) were performed to
find novel Ras-related GTPases. Among the many candidate genes in
the retrieval results was a cosmid clone (accession number AC006538)
that contains a hypothetical Ras-related gene, which we designated
Di-Rasl. Sequence data from the open reading frame of the cosmid were
used to design specific primers to amplify the cDNA fragment of Di-
Rasl. Primers used were Di-RasIF, 5'-ATGCCGGAACAGAGTAAC-
GAT-3', and Di-RaslR, 5'-TCACATGAGGGTGCATTTGCC-3'. PCR
amplification was performed using human whole brain ¢cDNA (Clon-
tech) and KOD polymerase for 30 cycles (15 s at 98 °C, 2 s at 65 °C, 30 s
at 74 °C). The obtained PCR products were sequenced and used to
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screen a human brain A ZAPII cDNA library. Of 8.6 X 10° plaques
screened, eight positive clones were isolated and sequenced. Four of the
eight positive clones were identified as Di-RasI cDNA, and the residual
four positive clones were overlapping cDNA clones homologues to Di-
RasI ¢cDNA (thus designated Di-Ras2). The 5'-cDNA fragments of Di-
Rasl were amplified using human brain Marathon Ready ¢cDNA and
Advantage cDNA PCR Kits (Clontech) according to the manufacturers
instructions.

Sequence Analysis—DNA-sequencing reactions were performed us-
ing the DYEnamic ET Terminator Cycle Sequencing Premix Kit (Am-
ersham Biosciences). Samples were electrophoresed on an ABI 373
DNA Sequencer and analyzed by ABI Prism model version 2.1.1 soft-
ware (PE Applied Biosystems). Multiple alignment of Di-Ras proteins to
related protein sequences was carried out using CLUSTALW and
viewed in GeneDoc. An unrooted phylogenetic tree was prepared using
CLUSTALW and viewed in TREEVIEW.

Northern Blot Analysis—Expression patterns of Di-Rasl and Di-
Ras2 mRNAs were analyzed using human multiple tissue Northern blot
(Clontech). Hybridization was carried out in the ExpressHyb hybridiza-
tion solution (Clontech) in the presence of the [*?P]cDNA probe accord-
ing to the manufacturers instructions. Hybridized blots were washed
twice with 2X SSC (1X = 0.15 M NaCl and 0.015 M sodium citrate) and
0.1% SDS, twice with 0.5X SSC and 0.1% SDS, and once with 0.2X SSC
and 0.1% SDS at 68 °C. Filters were exposed to x-ray film (Fuji film) at
—80 °C for 2—3 days with an intensifying screen.

Expression and Purification of Di-Rasl Protein—Di-Rasl and Ha-
Ras ¢cDNAs corresponding to the 1-194 and 1-180 amino acids, respec-
tively, were cloned in pGEX-4T-1 vector to express GST fusion proteins.
Overnight culture of Escherichia coli BL21-CodonPlus DE3 (Strat-
agene) containing the expression vector was diluted 1:50 with a 2X YT
medium containing 50 ug/ml ampicillin and grown at 37 °C for ~2 h
(Agoo = ~0.5), followed by induction with 0.1 mMm isopropyl-1-thio-B-D-
galactopyranoside at 20 °C for 14 h. The cells (250 ml of culture) were
collected by centrifugation and suspended in 20 ml of buffer A consist-
ing of 50 mM Na-Hepes (pH 7.4), 100 mM NaCl, 5 mm MgCl,, 5 mMm
DTT," 2 pg/ml aprotinin, and 0.5 mm Pefabloc SC (Roche Molecular
Biochemicals). The suspension was sonicated 10 times for 2 s in ice-cold
water and mixed with 0.1 volumes of 10% (w/v) CHAPS. The suspension
was rotated at 4 °C for 30 min. After centrifugation (100,000 X g, 4 °C,
1 h), the clear supernatant was applied to a glutathione-Sepharose 4B
column (0.8-ml bed) that had been equilibrated with 5 ml of buffer B
consisting of 20 mM Na-Hepes (pH 7.4), 100 mm NaCl, 5 mm MgCl,, 1
mM DTT, and 0.7% (w/v) CHAPS. After washing the column with the
same buffer, proteins were eluted from the column with 5 ml of buffer
C consisting of 100 mM Na-Hepes (pH 7.4), 5 mm MgCl,, 10 mMm gluta-
thione, and 0.7% (w/v) CHAPS. The eluted proteins were then applied
to a gel filtration column (Sephadex G-25, 9.1-ml bed) that had been
equilibrated with 30 ml of buffer D consisting of 50 mMm Na-Hepes (pH
7.4), 20 mM NaCl, 5 mm MgCl,, 1 mm DTT, and 0.7% (w/v) CHAPS, and
the fractions containing GST fusion proteins were collected and stocked
at —80 °C until use.

Nucleotide Binding and GTPase Assays—I[**S]|GTP+S binding to the
purified proteins was performed as follows. Purified proteins (2 pg)
were incubated at 30 °C with different concentrations of the radiola-
beled nucleotides (~3,000 cpm/pmol) in a total volume of 40 ul of buffer
E consisting of 40 mM Na-Hepes (pH 7.4), 1 mm EDTA, 11 mm MgClL,, 1
mM DTT, and 0.3% (w/v) CHAPS. After incubation for various periods,
samples were diluted with 400 ul of an ice-cold wash buffer (20 mm
Tris-HCI, pH 7.5, 20 mMm MgCl,, and 100 mm NaCl) and filtered through
a nitrocellulose membrane (0.45-um pore size, Advantech). The mem-
brane was washed three times with 2 ml of the ice-cold wash buffer and
dried at 40 °C. Radioactivity retained on the membrane was determined
by a liquid scintillation counter. For nucleotide dissociation assays,
purified proteins were preloaded with the radiolabeled nucleotides in a
total volume of 280 ul as described above. A 10-fold excess of unlabeled
nucleotides was added, and aliquots (40 ul) of the reaction mixture were
withdrawn at the indicated times after the incubation at 30 °C. They
were immediately diluted with the wash buffer and subjected to the
membrane binding assay as described above.

The steady-state rate of GTP hydrolysis was performed as follows.

! The abbreviations used are: DTT, dithiothreitol; CHAPS, 3-[(3-chol-
amidopropyl)dimethylammonio]-1-propanesulfonic acid; EGFP, en-
hanced green fluorescent protein; ERK, extracellular signal-regulated
kinase; GTPyS, guanosine 5'-O-(thiotriphosphate); MAPK, mitogen-
activated protein kinase; RBD, Ras-binding domain; GST, glutathione
S-transferase; UTR, untranslated region.
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Purified proteins (4.5 ug) were incubated at 30 °C with 1 um [y-32P]GTP
(3,000 cpm/pmol) in a total volume of 350 wl of buffer B containing
various concentrations of EDTA and MgCl,. The free Mg?* concentra-
tion was calculated as described previously (8). After incubation of the
indicated times, aliquots (50 ul) of the reaction mixture were with-
drawn and mixed with 750 ul of ice-cold 5% (w/v) Norit SX-Plus in 50
mM NaH,PO,. The mixture was centrifuged at 15,000 rpm for 5 min at
4 °C, and the supernatant (300 ul) was analyzed for the amounts of *?P;
released during the incubation.

Cell Culture and Transfection—HeLa, HEK293, and HEK293T cells
were cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% (v/v) fetal bovine serum in a humidified atmosphere of 5% CO,
at 37 °C. The cells were transfected with 1 or 3 ug (for 35-mm or 60-mm
dish) of plasmid DNA using LipofectAMINE 2000. For ERK kinase
assay, the cells were cultured for 24 h after transfection and starved for
an additional 12-h incubation in Dulbecco’s modified Eagle’s medium
containing 0.1% fatty acid-free bovine serum albumin (Sigma).

In Vivo Phosphate Labeling and Immunoprecipitation—PCR cloning
was used to insert the Di-Ras and Ha-Ras coding sequences into a
modified pCMV5 vector (pMyc-CMV5) that places the Myc tag at its
amino terminus. Expression of the Myc-tagged proteins was confirmed
by transfection of HeLa or HEK293 cells followed by immunoblotting
with an anti-Myc monoclonal antibody. Guanine nucleotides bound to
the GTP-binding proteins were analyzed essentially as described pre-
viously (9). Briefly, the cells, which had been cultured in 60-mm dishes
for ~36 h after transfection, were labeled for 4 h with 2P, (1.85 MBq/
dish) in phosphate-free Dulbecco’s modified Eagle’s medium. The la-
beled cells (~3 X 10° cells) were lysed with 1 ml of an ice-cold solubi-
lizing buffer (40 mm Tris-HCI, pH 7.5, 100 mM NaCl, 20 mm MgC,, 1 mMm
Na,VO,, 1 mm DTT, 1% (w/v) Triton X-100, 2 pg/ml aprotinin, and 0.5
mM Pefabloc SC) and clarified, and the precleared lysates were incu-
bated with the anti-Myc monoclonal antibody (5 pg) and protein G-
Sepharose at 4 °C for 2 h. After extensive washing of the immunocom-
plexes, associated nucleotides were separated by thin-layer
chromatography and quantitated with a BAS-1800 image analyzer
(Fuji Film).

Yeast Two-hybrid Analysis—A yeast two-hybrid assay was per-
formed according to the method described previously (10). Di-Rasl,
Di-Ras2, and Ha-Ras ¢cDNAs corresponding to the 1-194, 1-195, and
1-180 amino acids, respectively, were cloned in pGBT9 vector. Ras-
binding domains (RBD) of Raf-1 and B-Raf corresponding to the 48-131
and 146-226 amino acids, respectively, were cloned in pGAD424 vector.
Yeast strain Y190 was double transformed with the pGBT9- and
pGAD424-derived vectors. Transformants were grown on a synthetic
medium lacking leucine and tryptophan. Colonies were picked 3 days
after plating and tested for B-galactosidase activity.

Assay of ERK Activity—For detection of phosphorylated ERK, the
cells were washed once with an ice-cold phosphate-buffered saline and
lysed in 200 ul of a gel-loading buffer (10% glycerol, 2% SDS, 0.02%
(w/v) bromphenol blue, 50 mm Tris-HCI, pH 6.8, and 5% 2-mercapto-
ethanol). Cell lysates were sonicated briefly and boiled for 5 min.
Samples were subjected to SDS-PAGE and transferred to a polyvinyli-
dene difluoride membrane. To determine the phosphorylation of endog-
enous ERK, immunoblot analysis was conducted using an antibody that
specifically recognizes Thr-202/Tyr-204-phosphorylated MAP kinase
(Cell Signaling Technology). The bands were visualized using Super-
Signal West Pico chemiluminescent for the development of immunob-
lots using a horseradish peroxidase-conjugated secondary antibody ac-
cording to the manufacturers instructions (Pierce).

Expression of Di-Ras Proteins Fused to EGFP and Fluorescence
Microscopy—cDNAs of Di-Rasl and Di-Ras2 were cloned into pEGFP
vector (Clontech) for expression of EGFP fusion proteins. HEK293T
cells were transfected with 1 pg (for 35-mm dish) of plasmid DNA using
LipofectAMINE 2000. After a 2-day culture, cell lysates were prepared
and subjected to immunoblot analysis using an anti-EGFP polyclonal
antibody (Clontech). For fluorescence microscopy, the cells were grown
on poly-L-lysine-coated glass coverslips mounted at the bottom of a
35-mm dish with a 12-mm hole (IWAKI) and transfected with 1 pg of
plasmid DNA as described above. After 40—48 h, the cells were viewed
with a Carl Zeiss LSM-510 confocal microscope.

RESULTS

Identification of Novel Members of the Ras GTPase Fami-
ly—We identified novel members of the Ras GTPase family,
termed Di-Ras1 and Di-Ras2. Di-Ras stands for a distinct sub-
group of the Ras family. Di-Ras1 was identified in searching
the genome data base for new Ras-related GTPases as follows.
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We found that a cosmid clone derived from the chromosome
19.q13.1 locus contains an open reading frame, which encodes
a putative Ras-related protein. To confirm the actual transcrip-
tion of the gene, PCR analysis was performed using human
brain ¢cDNA library. We obtained a PCR product with the
expected molecular weight, of which the nucleotide sequence
matched the coding region within the cosmid DNA. The result-
ing PCR product was then used to screen a human brain A
ZAPII cDNA library (Stratagene). Eight positive colonies were
isolated from 8.6 X 10° clones, and their inserts were se-
quenced. Comparison with genomic sequence revealed that
four of the eight colonies were derived from the Di-Rasl gene.
The combined nucleotide sequence of the four clones revealed a
5'-untranslated region (5’-UTR) of 68 bp, a coding sequence of
594 bp, and 3’-UTR of 1.1 kilobase pairs. 5’-Rapid amplification
of ¢cDNA ends experiments identified further a 5'-UTR se-
quence, which included a termination codon upstream of the
predicted ATG translation initiation site. The predicted protein
was designated as Di-Rasl. The remaining four of the eight
colonies were overlapping clones similar to Di-RasI cDNA. The
combined nucleotide sequence revealed a 5'-UTR region of 32
bp with a termination codon upstream of the predicted ATG
translation initiation site, a coding sequence of 597 bp, and
3'-UTR of 1.8 kilobase pairs. The predicted sequence encoded a
protein highly related to Di-Rasl (79% identity, 88% similari-
ty), thus we designated it as Di-Ras2. There are some unpub-
lished DNA sequences in the EMBL data base, of which coding
sequences are identical to Di-Rasl and Di-Ras2.

Di-Ras As a Distinct Subgroup of the Ras GTPase Family—
Fig. 1A shows amino acid alignment of human Di-Ras and
other members of the Ras family. Di-Ras1 (Di-Ras2) shares
40% (41%) amino acid identity with Rap2A, 36% (39%) with
RaplA, and 32% (32%) with Ha-Ras. Besides these Ras mem-
bers, Di-Ras proteins share 40% identities with ARHI, a re-
cently identified tumor suppressor gene product (11). An un-
rooted phylogenetic tree of Di-Ras and other members of the
Ras family indicates that Di-Ras1, Di-Ras2, and ARHI can be
classified into a distinct subgroup of the Ras family (Fig. 1B).
We found several overlapping clones of mouse- and rat-ex-
pressed sequence tags whose sequences are highly homologous
to human Di-Ras1 (data not shown). In addition, BLAST search
of the protein data base revealed that Di-Ras proteins share
significant homologies with two predicted gene products of
Caenorhabditis elegans C54A12.4 and Drosophila melano-
gaster CG8500 (Fig. 2). However, we could not find any homo-
logue of human Di-Ras in budding yeast, fission yeast, Arabi-
dopsis, and Dictyostelium.

Motif searches of the predicted Di-Ras sequences revealed
that they contain a highly conserved GTP-binding domain, a
putative effector domain (corresponding to the amino acid se-
quence 32—40 of Ha-Ras), and the membrane localizing CAAX
motif (where C is Cys, A is an aliphatic amino acid, and X is any
amino acid) at the carboxyl terminus. However, Thr-63 and
Ser-65 in Di-Ras are substituted for Ala-59 and Gln-61, posi-
tions that are known to be critical for GTP hydrolysis in the Ras
family. These positions in Ras, when substituted with a variety
of amino acids, confer oncogenicity by rendering Ras defective
for GTP hydrolysis and resistance to the stimulation by GT-
Pase-activation proteins, thereby causing Ras to be maintained
as an activated state (12, 13). Moreover, within the core effector
domain, Di-Ras differs from most Ras members in that Ile-37
(both Di-Rasl and Di-Ras2) and Val-40 (Di-Ras2) are substi-
tuted for Asp-33 and Ile-36 in Ha-Ras.

Expression of Di-Ras mRNAs in Human Tissues—Di-Ras
c¢DNAs could be detected in the oligo(dT)-primed ¢cDNA library,

Di-Ras, A Distinct Subgroup of Ras Family GTPases

indicating that Di-Ras mRNA can be essentially classified into
the poly(A)" class. To determine the expression pattern of
Di-Ras mRNAs, Northern blotting analysis was performed us-
ing a human multitissue Northern blot. Di-RasI mRNA (4.0
kb) was detected in brain and heart, whereas Di-Ras2 mRNA
(4.4 kb) was expressed specifically in brain (Fig. 3A). Other
tissues expressed quite low or undetectable levels of both tran-
scripts. Closer examination of the expressions in human brain
revealed that the Di-RasI mRNA was expressed at a high level
in the cerebral cortex, the occipital pole, and the frontal and
temporal lobes (Fig. 3B). The expression level was quite low in
both medulla and spinal cord. The expression pattern of Di-
Ras2 was similar to that of Di-RasI except that its expression
was high in the cerebellum.

Biochemical Properties of Di-Ras—To examine the biochem-
ical properties of Di-Ras1, we expressed it in bacteria as a GST
fusion protein and purified it using a glutathione-Sepharose
column. Fig. 4A shows the time course of GTPyS binding to the
purified GST-Di-Rasl in the presence of 10 mm Mg?*. More
than 15 pmol of GTPyS bound to 40 pmol of GST-Di-Rasl,
indicating that about 40% of the purified protein is properly
folded and binds the nucleotide. The nucleotide binding to
Di-Ras1 required millimolar order concentrations of Mg?*, be-
cause the maximum binding reached at 100 nm Mg?" was about
30% of that observed at 10 mm Mg?" (data not shown). The
binding properties of Di-Ras1 were also investigated under the
various concentrations of GTPyS (Fig. 4B). Scatchard analysis
indicated that the apparent dissociation constant (K,) for
GTPyS was ~1 uMm. Nucleotide specificity was next estimated
by competition of various nucleotides with [**S]JGTPyS binding
(Fig. 4C). GTP and GDP competed for GTPyS (1 um) binding
with half-maximal inhibition being observed at 0.5 and 2 um,
respectively, indicating that the affinity of Di-Ras1 for GTP is
higher than that for GDP. In contrast, ATP did not compete for
the binding even at a concentration as high as 100 um. Thus,
Di-Rasl appears to specifically bind guanine nucleotides.

Fig. 5A shows the dissociation of GTPyS from Di-Rasl in a
comparison with that from Ha-Ras. GST-Di-Ras1 and GST-Ha-
Ras were first loaded with [3®S]GTP+S, and dissociation of the
bound nucleotide was measured in the presence of 100 um
nonlabeled GTPyS. The radiolabeled GTPyS was rapidly re-
leased from GST-Di-Rasl, whereas it was tightly retained on
GST-Ha-Ras under the same conditions, indicating that Di-
Ras1 exchanges GTPyS extremely faster than Ha-Ras. We next
assayed the steady-state rates of GTP hydrolysis catalyzed by
GST-Di-Rasl and GST-Ha-Ras (Fig. 5B). GST-Ha-Ras cata-
lyzed GTP hydrolysis at a low concentration of Mg?*. In con-
trast, GTPase activity of GST-Di-Ras1 was quite low under the
conditions of both high and low Mg?*. A thrombin-cleaved form
of Di-Rasl that lacks the GST portion exhibited the same
biochemical properties as those of GST-fused Di-Ras1 (data not
shown).

Identification of Nucleotide Form Associated with Di-Ras in
Living Cells—We next examined the nucleotide form associ-
ated with Di-Ras1 and Di-Ras?2 in living cells. For the analysis,
epitope-tagged proteins were expressed in HeLLa and HEK293
cells, and the proteins were purified by means of immunopre-
cipitation. Expression of the transfected constructs was con-
firmed by immunoblotting (data not shown). The guanine nu-
cleotides associated with the immunocomplex were analyzed by
thin-layer chromatography. Fig. 6 shows that wild-type Ha-Ras
existed predominantly as a GDP-bound form, whereas about
80% of Ha-Ras/G12V was a GTP-bound form in HeLa cells. In
contrast, 78 and 54% of wild-type Di-Ras1 and Di-Ras2, respec-
tively, existed as GTP-bound forms in the cells. A high ratio of
the Di-Ras GTP-bound form was also observed in HEK293
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Fic. 1. Comparison of amino acid sequences of human Di-Ras and other members of Ras family. A, the amino acid sequences were

aligned using the CLUSTALW program. Amino acid residues conserved between all proteins are shaded in black, and those with 60-99% are in
light gray. PM1-3 and G1-3 show well conserved regions important for binding to phosphate/Mg?* and the guanine base, respectively. The region

considered as an effector domain is overlined. The COOH-terminal sequence for prenylation (CAAX box: A, aliphatic; X, any amino acid) is
underlined. The sequence data are available from GenBank™ under accession numbers AB076888 (Di-Ras1) and AB076889 (Di-Ras2). B, the
unrooted tree was constructed using the CLUSTALW with standard parameters and viewed using TREEVIEW.
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Fic. 2. Alignment of human, D. melanogaster and C. elegans Di-Ras proteins. Deduced amino acid sequences from the indicated genes
were aligned using CLUSTALW. Amino acid residues conserved among all proteins are shaded in black, and those with 50-99% are in light gray.
Accession numbers of D. melanogaster CG8500 and C. elegans C54A12.4 are AAF54453 and AAA68305, respectively, in the NCBI Entrez Protein

data base.

Fic. 3. Expression of Di-Rasl and
Di-Ras2 mRNAs in human tissues. A,
Northern blots of human poly(A)" RNAs
from various human tissues (Clontech,
7780-1) were hybridized with *?P-labeled
Di-Ras probes. B, Northern blots of hu-
man poly(A)™ RNAs from eight different
regions of the human brain (Clontech,
7755-1) were hybridized with 32P-labeled
Di-Ras probes. Hybridization and wash-
ing were performed as described under
“Experimental Procedures.”

cells. These results indicate that Di-Ras proteins are predom-
inantly GTP-bound forms in living cells.

Failure of Di-Ras to Stimulate Mitogen-activated Protein Ki-
nase (MAPK) Signaling Pathway—Growing evidence has sug-
gested that members of the Ras family exert their biological
effects through the activation of several divergent downstream
pathways (4, 14). One of the major pathways activated by Ras
is a Raf-dependent MAPK signaling cascade, which involves
the sequential phosphorylation of protein kinases. As an initial
attempt to unravel the biological function of Di-Ras, we exam-
ined the ability of Di-Ras to stimulate the MAPK pathway.
HEK293 cells transfected with Myc-tagged Ras or Di-Ras were
serum-starved, and the total cell lysates were collected. The
activation of ERK in these cells was determined by immuno-
blotting of the cell lysates using an antibody that specifically
recognizes Thr-202/Tyr-204-phosphorylated MAP kinase. As
shown in Fig. 7A, overexpression of oncogenic Ras/G12V-stim-
ulated MAP kinase activity in HEK293 cells, however, neither
wild-type Di-Ras1 nor its mutant (Di-Ras1/G16V) activated the
MAPK pathway. Overexpression of Di-Ras2 also had no effect
on the kinase activity.
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We thus addressed whether the observed inability of Di-Ras
to activate the MAPK pathway is correlated with its ineffi-
ciency to bind Raf. The interaction between Di-Rasl (or Di-
Ras2) and Raf was investigated using a yeast two-hybrid sys-
tem. We constructed a pGBT9 vector containing the cDNA
fragment of Di-Ras1 that lacks of COOH terminus CAAX motif
to optimize targeting to the yeast nuclear compartment. As a
positive control, a similar construct was generated with a Ha-
Ras/G12V ¢cDNA that has been shown to bind strongly to RBD
of the Raf family (21). RBDs of Raf-1 and B-Raf corresponding
to the 48-131 and 146-226 amino acids, respectively, were
cloned in pGAD424 vector. Fig. 7B shows that binding of Ha-
Ras/G12V to each Raf-RBD was clearly demonstrated by the
stimulation of transcriptional activity of the lacZ reporter gene.
In contrast, neither Di-Ras1 nor Di-Ras2 binds RBD of each
Raf. We conclude from these results that the inability of Di-Ras
to activate the MAPK pathway is because of its inefficiency to
bind Raf.

We also investigated whether Di-Ras activates other Ras-
effector molecules, such as phosphoinositide 3-kinase. How-
ever, expression of Di-Ras in HEK293 cells did not induce Akt
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Fic. 4. Nucleotide binding properties of Di-Ras1 protein. A, the
purified GST-Di-Ras1 (50 ug/ml) was incubated with 10 um [3°S]GTPyS
for the indicated times, and [**S]GTPyS binding was determined as
described under “Experimental Procedures.” The inset shows SDS-
PAGE analysis of the purified GST-Di-Ras1 (Coomassie Blue stain). B,
the purified GST-Di-Ras1 protein (50 ug/ml) was incubated for 30 min
with the indicated concentrations of GTPyS. The inset shows the Scat-
chard plot obtained with the [**S]GTP+S binding data. C, the purified
GST-Di-Rasl (50 pg/ml) was incubated for 30 min with 1 uMm
[®**S]GTPvS and the indicated concentrations of unlabeled GTPyS, GTP,
GDP, or ATP. The [**S]GTP+S binding data are expressed as percent-
ages of the bound GTPyS obtained with [**S]GTPyS alone.
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Fic. 5. Different properties of nucleotide exchange and GTP
hydrolysis reactions between Di-Rasl and Ha-Ras. A, the GST-
fused protein (50 ug/ml) of Di-Rasl (circles) or Ha-Ras (triangles) was
incubated with 10 um [**S]GTP+S for 30 min, and unlabeled GTPyS
(closed symbols, 100 um at the final concentration) or control buffer
(open symbols) were added to the reaction mixture. At the indicated
times, aliquots (40 ul) were withdrawn and analyzed for [**S]GTPvyS
binding as described under “Experimental Procedures.” B, the GST-
fused protein (13 ug/ml) of Di-Ras1 (circles) or Ha-Ras (triangles) was
incubated with 1 um [y-*?P]GTP in the presence of 0.1 uM (closed
symbols) or 10 mM (open symbols) Mg?*. At the indicated time, aliquots
(50 wl) of the reaction mixture were withdrawn and analyzed for the
amounts of %?P, released as described under “Experimental
Procedures.”
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Fic. 6. Analysis of the nucleotide form associated with Di-Ras1
and Di-Ras2. HeLa or HEK293 cells were transfected with expression
vectors encoding the proteins listed at the top and metabolically labeled
with 32P,. The expressed proteins were immunoprecipitated with an
anti-Myc monoclonal antibody. Guanine nucleotides associated with the
expressed proteins were separated by thin layer chromatography. The
radioactivity of GTP and GDP was quantitated, and the percentages of
GTP/[GTP + GDP] are shown at the bottom.

activation, which is a downstream target of the lipid kinase
(data not shown). It thus appears that Di-Ras does not interact
with the Ras-binding domain (RA domain) of phosphoinositide
3-kinase unlike Ha-Ras.

Large Vacuolar Formation Induced by Overexpression of Di-
Ras in HEK293T Cells—To examine the subcellular localiza-
tion of Di-Ras proteins and their functions in living cells,
HEK293T cells were transfected with pEGFP vectors contain-
ing various forms of Di-Ras at the COOH terminus of EGFP.
When lysates of the transfected cells were subjected to immu-
noblot analysis with an anti-EGFP polyclonal antibody, only a
single band of ~48 kDa was observed (Fig. 8), showing that the
EGFP signal detected in the transfected cells represented the
intact EGFP-Di-Ras fusion proteins. Interestingly, high level
expression of EGFP-Di-Rasl or EGFP-Di-Ras2 induced large
intracellular vacuolation, and the proteins were localized to the
vacuole membranes as well as the plasma membrane, whereas
the proteins were mainly associated with plasma membranes
in the cells where their expression levels were low (Fig. 9, D
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Fic. 7. Effects of Di-Ras and Ha-Ras on the MAPK signaling
pathway. A, HEK293 cells were transfected with pMyc-CMV5 expres-
sion vectors encoding various proteins. Lane 1, control; lane 2, Ha-Ras/
G12V; lane 3, Di-Ras1; lane 4, Di-Ras2; lane 5, Di-Ras1/G16V. The cells
were cultured for 24 h and starved for an additional 12 h as described
under “Experimental Procedures.” The cell lysates were separated by
SDS-PAGE and subjected to immunoblotting using anti-phospho-ERK
(upper panel), anti-ERK (middle panel), and anti-Myc (lower panel)
antibodies. B, Ha-Ras/G12V, Di-Rasl, Di-Ras2, and Di-Ras1/G16V in
pGBT9 vector were transformed in the yeast Y190 along with pGAD424
vector containing human Raf-1 RBD (left panel) or B-Raf RBD (right
panel) ¢cDNA corresponding to 48-131 and 146-226 amino acid se-
quences, respectively. Interactions were measured by assay of the B-ga-
lactosidase activity.

(kDa)

Fic. 8. Immunoblot analysis of the EGFP-Di-Ras fusion pro-
teins expressed in HEK293T cells. HEK293T cells were transfected
with pEGFP alone or pEGFP containing ¢cDNAs of Di-Rasl, Di-Ras2,
and Di-RasIAC4 that lacks the COOH terminus CAAX motif. After a
2-day culture, the cell lysates were separated by SDS-PAGE and sub-
jected to immunoblotting using anti-EGFP polyclonal antibody.

and F). The large vacuolar formation was also observed when
Myc-tagged Di-Ras proteins were expressed in HEK293T or
HEK293 cells (data not shown). In contrast, expression of a
control empty vector or the mutant EGFP-Di-Rasl, which
lacked the COOH-terminal membrane-anchoring signal se-
quence, CAAX, caused diffuse, widespread signals and did not
induce cellular vacuolation even at high expression levels (Fig.
9, B and H). As the presence of the CAAX motif is crucial for
normal plasma membrane localization and biological functions
of Ras family proteins, the importance of this motif is also
likely to be true of Di-Ras proteins. We compared the Di-Ras-
induced vacuolar formation with action of Ha-Ras, because

Di-Ras, A Distinct Subgroup of Ras Family GTPases

Di-Ras2 Di-Ras1 EGFP

Di-Ras1AC4

Fic. 9. Detection by confocal microscopy of the EGFP-Di-Ras
fusion proteins in HEK293T cells. HEK293T cells were grown on
poly-L-lysine-coated glass coverslips and transfected with pEGFP vec-
tors as described under “Experimental Procedures.” After 40—48 h, the
cells were viewed with a Carl Zeiss LSM-510 confocal microscope. B, D,
F, and H, confocal microscopic analysis of HEK293T cells expressing
EGFP (B), EGFP-Di-Rasl (D), EGFP-Di-Ras2 (F), and EGFP-Di-
Ras1AC4 (H). Note that high expression levels of Di-Ras1 and Di-Ras2
lead to the formation of large vacuolar structure. A, C, E, and G,
corresponding phase-contrast photographs. Bars indicate 10 um.

oncogenic Ha-Ras/G12V has also been reported to induce cel-
lular vacuolation in some cell lines (15). However, the vacuo-
lation induced by Ha-Ras/G12V was modest and morphologi-
cally different from the Di-Ras-induced effect at least in
HEK293T cells (data not shown). The expression of EGFP-Di-
Rasl also induced a significant change in the morphology of
HelLa cells (data not shown), indicating that the effect of Di-Ras
is not specific to HEK293 cells.

DISSCUSSION

We have herein described the identification and character-
ization of novel members of the Ras family, human Di-Ras1 and
Di-Ras2, which form a distinct branch of the Ras family. The
Ras GTPase family normally exists as an inactive GDP-bound
state and is converted to an active GTP-bound state in response
to a variety of extracellular signals. Di-Ras has a G domain
that is highly conserved in the GTPase family, and indeed we
have shown that recombinant Di-Ras1 efficiently binds GTP. It
is noteworthy that Di-Ras1 exchanges GTP faster than Ha-Ras
and exhibits quite low levels of intrinsic GTPase activity. Di-
Ras proteins expressed in HeLLa and HEK293 cells were found
mostly to be in GTP-bound states. Although we cannot totally
rule out the possibility that the high GTP/GDP ratio on Di-Ras
in living cells might result from overexpression of the proteins,
the biochemical properties of Di-Rasl support the idea that
Di-Ras proteins are largely in GTP-bound states under physi-
ological conditions.

Di-Ras has the following substitutions at two positions
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known to be involved in GTPase activity and conserved in most
of other small GTPases: amino acids 63 (Thr) and 65 (Ser),
equivalent to 59 (Ala) and 61 (Gln) in Ha-Ras, respectively.
Substitution of these amino acids in Ha-Ras decreases its in-
trinsic GTPase activity, which resulted in constitutive activa-
tion of Ha-Ras with transforming property. Such substitutions
have been reported in other members of the Ras family. For
example, Rap2 has a Thr instead of highly conserved Gln at
position 61 (16), and the GTP-bound form exceeded 50% of the
total protein in HEK293T and NIH3T3 cells (17). Recently,
some members of Rho family have also been shown to have
substitutions at three positions know to be important for GTP
hydrolysis (18-20). RhoE/Rnd3 has a Ser at each position (17,
64, and 66), equivalent to amino acids 12 (Gly), 59 (Ala), and 61
(Gln) in Ras, respectively. RhoE/Rnd3 has no detectable level of
GTPase activity and appears to be a constitutively GTP-bound
state. It is considered that RhoE/Rnd3 has an antagonistic
effect on Rho/Rac-regulated signaling pathways, but its physi-
ological function remains to be defined.

To determine whether the amino acid differences in Di-Ras1
that correspond to oncogenic Ras mutations account for the
lack of its GTPase activity, we performed site-directed mu-
tagenesis to replace amino acids 63 (Thr) and 65 (Ser) with
their normal counterparts (Ala-59 and Gln-61, respectively)
seen in other members of the Ras family. The double substitu-
tion (T63A,S65Q) increased the intrinsic GTPase activity of
Di-Ras1, but did not completely restore the GTPase activity to
the level of that seen with Ha-Ras (data not shown). These
results indicate that besides these amino acids, other amino
acid residue(s) of Di-Ras1l may also be responsible for its re-
duced GTPase activity.

By analogy to previously characterized GTP-binding proteins,
it is expected that the GTP-bound Di-Ras is the active state. If
this is true, how is the cellular activity of Di-Ras regulated? One
possibility is that Di-Ras function is attenuated by inhibitory
binding proteins or by sequestration at specific intracellular
locations. An alternative possibility is that the Di-Ras activity is
regulated at an expression level. To date, we could not detect
Di-Rasl by immunoblotting using an anti-Di-Ras1 antibody in
some human cell lines, where Di-RasI mRNA could be detected
(data not shown). The inability to detect the Di-Ras1 protein may
be because of low titer of the antibody and/or the low level of
protein expression, however, it is possible that the protein level of
Di-Rasl is regulated at the translation level.

The members of Ras family, at least 13 at present, are
characterized by extensive similarities in their effector do-
mains, and many Ras members can interact with the same
effector proteins including Raf (4, 5). As for Di-Ras1 and Di-
Ras2, their putative effector domains are the same as other Ras
members, except for amino acid 37 (Ile), corresponding to po-
sition 33 (Asp) in Ha-Ras. This position is important in the Ras
family for interaction with the downstream effector Raf, be-
cause substitution of Asp-33 to Asn in Ha-Ras impairs both its
interaction with Raf-1 and its transforming activity (21). In-
deed, we have found that Di-Ras neither binds RBD of both
Raf-1 and B-Raf nor activates the MAPK pathway. We also
investigated whether Di-Ras can bind to the other known Ras
effector molecule. RIN1 (Ras interaction/interference) is known
to bind to the GTP-bound Ha-Ras and stimulate guanine nu-
cleotide exchange on Rab5 (22, 23). Unlike Ha-Ras, we could
not detect the interaction of Di-Ras with RIN1 in a yeast
two-hybrid assay (data not shown). Although we cannot totally
rule out the possibility that Di-Ras activates other effector
molecule(s) commonly activated by Ras family members, the
novel GTPase might selectively stimulate unidentified down-
stream effector(s).

41077

Northern blot analysis of mRNA isolated from various hu-
man tissues shows that Di-Ras transcripts are highly re-
stricted to the brain and heart. This intriguing expression
pattern is similar to that of a recently identified Ras-related
GTPase, R-Ras3/M-Ras, of which the transcript is also abun-
dant in brain and heart (24, 25). R-Ras3/M-Ras has been shown
to have transforming activity in NIH 3T3 cells (26, 27), but
Di-Ras lacked the activity in the cells (data not shown). R-Ras3/
M-Ras and Di-Ras1 may have different biological functions in
brain and heart, although the expression pattern is similar.

We have demonstrated that high expression of Di-Ras pro-
teins caused cellular vacuolation, although the nature of the
large vacuoles induced by the expression has not been deter-
mined. Overexpression of activated Ras has been known to
stimulate fluid-phase endocytosis (28), and a recent report
shows that the stimulation seems to occur upstream of the
action of Rab5 (23). Our preliminary data, however, showed
that a large fraction of the vacuoles induced by Di-Ras did not
incorporate a fluid-phase tracer (Texas Red-conjugated dex-
tran) or pH-sensitive probes (neutral red and LysoTracker).
Although we cannot formally rule out the possibility that the
observed localization and vacuolation are because of overex-
pression of the proteins, Di-Ras might be involved in regulation
of membrane transport, and their lipid-anchoring motifs could
be important for their localization and functions. The eventual
identification of this vacuolar structure will likely provide an
important clue to the biological function of Di-Ras.

Di-Rasl and Di-Ras2 have significant homology to ARHI
(NOEY?2), which has been recently identified as a tumor sup-
pressor (11). ARHI is expressed consistently in normal ovarian
and breast epithelial cells but is down-regulated in ovarian and
breast cancers (11, 29). Re-expression of ARHI through trans-
fection suppressed clonogenic growth of ovarian and breast
cancer cells (11). Thus, ARHI may function as a molecular
switch that regulates cell growth, although neither the signal-
ing mechanism(s) regulated by the molecule nor its biochemical
characterization remain to be defined. Significant sequence
homology between Di-Ras and ARHI indicates that these pro-
teins can be classified into a subgroup of the Ras family, and
they may have similar roles in cell function. It would be thus
worthwhile to investigate the possibility that Di-Ras might
function as growth suppressors in neuronal and cardiac muscle
cells, because these cells are highly differentiated and cannot
divide to proliferate in adult tissues.

In general, the cellular effects of small GTPases are medi-
ated through their GTP-dependent interaction with intracellu-
lar targets or effectors, and numerous candidates have already
been identified using the yeast two-hybrid system and affinity
chromatography techniques. Identification of effector mole-
cule(s) or binding partner(s) to Di-Ras would provide important
clues to understanding of their physiological functions.

Acknowledgments—We thank Dr. John Colicelli for providing RIN1
¢DNA and Dr. David W. Russell for the gifts of pCMV5 vector.

Addendum—During revision of this paper, the characterization of a
novel Ras-related protein, Rig, which is identical to the present Di-
Ras1, was reported by Ellis et al. (30).
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