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The carboxy-terminal part of the Saccharomyces cerevisiae SDC25 gene product (SDC25 C domain) can elicit
activation of mammalian Ras proteins. Specifically, SDC25 C domain functions as an exchange factor for
cellular Ras proteins in CHO cells. In this study, we used the dominant inhibitory Ha-Ras Asn-17 mutant and
SDC25 C domain to further investigate the interaction between cellular Ras proteins and their putative
endogenous guanine nucleotide-releasing factors. Transcription from the polyomavirus thymidine kinase gene
(Py tk) promoter is strongly inhibited by the expression of Ha-Ras Asn-17 in NIH 3T3 cells. Coexpression of
SDC25 C domain overcomes the negative effect of the Ras mutant on the Py tk promoter. On the other hand,
transactivation of the Ras-responsive element of the Py tk promoter induced by SDC25 C domain is lost upon
coexpression of increasing amounts of Ha-Ras Asn-17. In addition, coexpression of SDC25 C domain
overcomes the inhibition of proliferation of NIH 3T3 cells caused by Ha-Ras Asn-17. These results are
consistent with the idea that the Ha-Ras Asn-17 mutant functions by titrating an upstream activator of cellular
Ras proteins.

The identification of intermolecular interactions required
for Ras protein activity would greatly facilitate the analysis
of their role in signal transduction. Of the proteins known to
functionally interact with Ras, the best characterized is
GTPase-activating protein (GAP) (37). GAP stimulates the
conversion of Ras-GTP to Ras-GDP, thereby downregulat-
ing the biological function of Ras proteins. GAP interacts
with Ras at the effector binding domain (1, 10, 28) and may
act as an effector as well as a negative regulator (23, 31, 42).
Another set of recent studies suggests that the catalytic
fragment of the neurofibromatosis gene might function sim-
ilarly to GAP (2, 22). That critical interactions occur be-
tween cellular Ras proteins and upstream regulators has also
been suggested, although such interactions have not yet
been characterized. A set of guanine nucleotide-releasing
factors (GRFs), which stimulate the dissociation of GDP
from Ras proteins in vitro, was recently partially purified
(39, 40). Another protein, called Smg p21-GDS, was recently
identified, and its gene was cloned. Smg p21-GDS facilitates
GDP dissociation from the small GTP-binding proteins
Rapla, Raplb, and RhoA and from posttranslationally mod-
ified Ki-Ras, but not from Ha-Ras or N-Ras (20, 24). In
Saccharomyces cerevisiae, this function has been ascribed
to the product of the CDC25 gene (6). CDC25 and the 3'
encoded region of SDC25 (for suppressor of the CDC25.5
mutation) appear to be involved in activating yeast Ras (5).
Recently the cloning of mammalian homologs of CDC25 was
reported (4, 21, 32). The carboxy-terminal domain of SDC25
(SDC25 C domain) was also shown to facilitate GDP-for-
GTP exchange on mammalian Ras proteins in vitro (12) and
in CHO cells (27). Stable expression of the SDC25 C domain
induces transformation of NIH 3T3 cells, probably by favor-
ing GTP loading onto cellular Ras proteins (3).

Stimulation of different NIH 3T3 cell types with epidermal
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growth factor, platelet-derived growth factor, insulin, or
other growth factors (7, 9, 19, 29, 30) rapidly activates Ras
proteins. However, a direct interaction between these
growth factor receptors and Ras has not been shown. To
explain such an activation, at least two different mechanisms
can be proposed: the deactivating function of GAP may be
downregulated after giowth factor receptors induce tyrosine
phosphorylation (14, 15, 25), or a GRF molecule may be
activated. To unravel such issues, the use of dominant
negative mutants of Ras proteins might be useful. Among
these mutants, Ha-Ras Asn-17, in which Ser-17 has been
changed to Asn, inhibits proliferation of NIH 3T3 cells (9,
18) and neuronal differentiation of PC12 cells (34). The
growth-inhibitory effect of Ha-Ras Asn-17 can be bypassed
by expression of the raf or mos oncogene, both of which
function downstream or independently of cellular Ras pro-
teins (18). In S. cerevisiae, a neighboring mutation in yeast
RA4S2 confers dominant inhibitory properties to this gene
(26). The inhibitory property of this gene product could be
overcome by overexpression of CDC25 in the presence of
wild-type RAS2 (26). Thus, a likely explanation for such an
inhibitory function was that Ha-Ras Asn-17 acts as a com-
petitive antagonist of an endogenous Ras activator (9, 16).
The objective of this study was to determine whether the

dominant negative mutant Ha-Ras Asn-17 disrupts a critical
interaction between cellular Ras and a mammalian GRF.
Ha-Ras Asn-17 titrated the functional activity of SDC25 C
domain, as measured by the transactivation of the polyoma-
virus (Py) enhancer. In addition, SDC25 C domain, which
functions as a GRF in CHO cells (27) and transforms NIH
3T3 cells (3), overcomes the growth-inhibitory activity of
Ha-Ras Asn-17.

MATERIALS AND METHODS
Expression vectors. The DNA fragment encoding SDC25 C

domain, starting at the penultimate BamHI site up to the BclI
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site after the open reading frame, has been cloned under the
control of the simian virus 40 early promoter in the pcyml
vector (27). This expression vector is designated pRG17. As
a control, the vector pRG17ABam, carrying a deletion inter-
nal to the SDC25 C domain, was constructed. This deletion
was obtained by removal of the BamHI-BamHI fragment
within the open reading frame of SDC25 (5).
The Ha-Ras Asn-17 mutant was the result of site-directed

mutagenesis on the Ha-Ras human cDNA (18). This mutant
cDNA was placed under the control of the simian virus 40
early promoter (pS½V2 Asn17) for use in transient expression
assays.
For stable expression experiments, the pZIP vector was

used, with resistance to neomycin as the dominant selection
marker (18). A GAP expression vector (pSV2 GAP) was
constructed by inserting the human GAP cDNA sequence
into the pSV2 vector (31). For transient transfection exper-
iments, we used the chloramphenicol acetyltransferase
(CAT) gene under the control of a synthetic promoter
containing four repeats of the PEAl motif derived from the
Py enhancer (31).

Transient transfections. NIH 3T3 cells were maintained in
Dulbecco modified Eagle medium supplemented with 10%
fetal calf serum (FCS) at 37°C in the presence of 5% CO2.
Cells that were 50% confluent were transfected for 4 h in
serum-free medium, using Transfectam (Sepracor-IBF) as
the transfection reagent. For each experimental point, 0.5 ,ug
of CAT plasmid and a constant amount of DNA bearing the
same amount of promoter were used. The cells were col-
lected 48 h after transfection, and CAT activity was mea-
sured. The assays were quantified by cutting out spots
containing the acetylated forms of [ 4C]chloramphenicol
(Amersham).

Stably transfected cell lines. NIH 3T3 cells were trans-
fected with plasmid DNA as previously described (18).
Three days after transfection, cells were subcultured into
medium containing 400 ,ug of G418 per ml. Two weeks later,
neomycin-resistant colonies were either stained and counted
or isolated for further analysis.

Northern (RNA) blot analysis. Total cytoplasmic RNA was
isolated and electrophoresed in 1% agarose-formaldehyde
gels as described previously (9). Gels were transferred to
GeneScreen Plus filters (Dupont) and hybridized with a
32P-labeled human Ha-Ras probe.

Imimunoblot analysis. The peptide corresponding to the
61-80 region of SDC25 C domain, GYGSYDGGETEKS
DTNAVYA, was coupled via an additional N-terminal cys-
teine to keyhole limpet hemocyanin, using succinimidyl
4-(p-maleimidophenyl) butyrate. Rabbit antibody titers
against the keyhole limpet hemocyanin-peptide fusion were
measured by enzyme-linked immunosorbent assay. Anti-
SDC25 C domain was purified by passage of the serum on a
protein A-Sepharose column (Pharmacia) followed by 61-80
peptide affinity chromatography.

RESULTS

SDC25 C domain and Ha-Ras Asn-17 have antagonistic
effects on transactivation of the Ras-responsive element PEAI.
We initially compared the effects of SDC25 C domain and
Ha-Ras Asn-17 on expression of a Ras-responsive element of
the Py enhancer. A plasmid containing four head-to-tail
copies of the PEAl motif upstream of the thymidine kinase
gene (tk)-CAT fusion sequence was used to study the func-
tional interaction between Ha-Ras Asn-17 and SDC25 C
domain in NIH 3T3 cells. SDC25 C domain induced CAT
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FIG. 1. CAT activity in NIH 3T3 cells induced by SDC25 C
domain and Ha-Ras Asn-17. (A) Cells were cotransfected with 0.5
~Lg of a vector containing the CAT gene under the control of a Py tk
promoter and with increasing amounts of pRG17. Total DNA was
adjusted to 5 ,ug with an expression vector without an insert. Cells
were grown after 4 h of transfection in 1% FCS. (B) Py tk-CAT was
transfected along with increasing amounts of pSV2 Asn17; after
transfection, cells were grown in 10% FCS to induce CAT expres-
sion.

activity in serum-starved cells (Fig. 1). In contrast, Ha-Ras
Asn-17 completely abolished the CAT activity induced by
serum stimulation of the cells (Fig. 1). Thus, SDC25 C
domain and Ha-Ras Asn-17 had opposite effects on the Py
enhancer, consistent with their acting as positive and nega-
tive regulators of the same signaling pathway. To determine
whether the Ha-Ras Asn-17 mutant blocked an upstream
regulator of cellular Ras, we tested whether it would de-
crease the activity of SDC25 C domain in NIH 3T3 cells.

Induction of CAT expression by SDC25 C domain was
completely blocked by increasing the amount of Ha-Ras
Asn-17 (Fig. 2A). We then tested whether, alternatively,
SDC25 C domain could overcome the transcriptional block
to the Py tk promoter caused by Ha-Ras Asn-17. As ex-
pected, transfection of increasing amounts of SDC25 C
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FIG. 2. Antagonistic effects of Ha-Ras Asn-17 and SDC25 C
domain on CAT expression. Cells were cultured in 1% FCS after
transfection with 1 pg of pRG17 and increasing amounts of pSV2
Asn17 (A) or 1 tg of pSV2 Asn17 and increasing amounts of pRG17
(B).
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FIG. 3. Effect of Ha-ras Asn-17 (1 pg of pSV2 Asn17) on CAT
expression in the presence of increasing amounts of Ras-GAP
expression vector pSV2 GAP. Cells were grown in 1% FCS after
transfection.

domain resulted in renewed CAT transcription (Fig. 2B).
Thus, it appeared that the negative effect exerted by Ha-Ras
Asn-17 on CAT transcription had been reversed by a guanine
nucleotide exchange factor. As a control, Ha-Ras Asn-17
function was not overcome by the overexpression of GAP, a
putative downstream effector for Ras (Fig. 3).
Growth inhibition by Ha-Ras Asn-17 can be overcome by

coexpression of SDC25 C domain. Whether SDC25 C domain
would overcome the growth inhibition of Ha-Ras Asn-17 was
investigated by cotransfection assays in NIH 3T3 cells. Cells
were transfected with a neomycin resistance gene either
alone [the pZIPneoSV(x) vector] or linked to Ha-Ras Asn-17
(plasmid pZIP M17) (Fig. 4). As previously observed (18),
about 10-fold fewer neomycin-resistant colonies were ob-
tained from pZIP M17-transfected plates than from those
transfected with pZIPneoSV(X), indicating that Ha-Ras
Asn-17 had inhibited the proliferation of transfected cells. In
contrast, cotransfection with pZIP M17 plus SDC25 C do-
main yielded a number of neomycin-resistant colonies simi-
lar to that obtained with pZIPneoSV(X). As a control,
cotransfection with the inactive SDC25 C-domain mutant
failed to overcome the growth-inhibitory effect of Ha-Ras
Asn-17. These results indicate that the functional SDC25 C
domain can reverse the inhibition of cell proliferation result-
ing from Ha-Ras Asn-17 expression.
To further test the ability of SDC25 C domain to overcome

the growth inhibition due to Ha-Ras Asn-17, expression of
the mutant ras gene in the neomnycin-resistant transfectants
was investigated by Northern blotting (Fig. 5). Five neomy-
cin-resistant cell lines obtained from cotransfection with
pZIP M17 plus SDC25 C domain all expressed 5.6-kb Ha-
Ras transcripts, as expected for transcription of Ha-Ras
Asn-17 in the pZIP vector (18). In contrast, no expression of
the Ha-Ras Asn-17 gene was detected in the rare neomycin-
resistant cell lines isolated after transfection with pZIP M17
alone or after cotransfection with the inactive SDC25 C-do-
main mutant. Immunoblot analysis of derivatives of NIH
3T3 cells with anti-SDC25 C-domain polyclonal antibodies
confirmed expression of SDC25 C domain in the stable
transfectants. Cell lines transfected with Ha-Ras Asn-17 and
SDC25 C domain expressed detectable levels of an exoge-
nous protein in the size range of 60 kDa (Fig. 5).

DISCUSSION

In this study, we investigated the relationship between the
dominant inhibitory mutant Ha-Ras Asn-17 and a critical
step in Ras activation, the requirement for a GRF. A priori,
disruption of the normal interactions of Ras with either an
upstream regulator (e.g., GRF) or a downstream effector
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FIG. 4. Cotransfection ofNIH 3T3 cells with Ha-Ras Asn-17 and

SCD25. NIH 3T3 cells were transfected with plasmid DNAs and
subcultured into medium containing G418. All transfections were
with 0.1 ug of pZIPneoSV(X) or pZIP M17 and 0.5 pg of pRG17 or
pRG17ABam. Colonies were stained and photographed 17 days after
transfection. (A) pZIPneoSV(X); B, pZIPneoSV(X) plus pRG17;
C, pZIP M17; D, pZIP M17 plus pRG17; E, pZIP M17 plus
pRG17ABam.

(e.g., GAP or other effector proteins) could be envisioned to
explain the dominant inhibitory activity of Ha-Ras Asn-17.
However, Ha-Ras Asn-17 has a preferential affinity for GDP
versus GTP (18), suggesting that the active inhibitory protein
is in the GDP-bound state, which would not be expected to
bind to GAP (37). In addition, mutations in the effector (and
GAP-binding) domain of Ha-Ras Asn-17 do not affect its
inhibitory activity (33). It thus appears unlikely that an
effector molecule or GAP represents the target for inhibition
by Ha-Ras Asn-17, favoring the hypothesis that this mutant
protein may interfere with the interaction between normnal
Ras and a GRF required for Ras activation.
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FIG. 5. Expression of Ha-Ras Asn-17 (A) and of SDC25 C

domain (B) in NIH 3T3 cells cotransfected with pRG17. Cytoplas-

mic RNAs (15 p,g per lane) were electrophoresed in 1% agarose-

formaldehyde gels and analyzed by Northern blot hybridization with

a 32P-labeled human Ha-Ras probe. Lanes: 1 to 5, five independent

lines of G418-resistant NIH 3T3 cells transfected with pZIP M17

alone; 6 to 10, G418-resistant NIH 3T3 cells transfected with pZIP

M17 plus pRG17; 11 to 15, G418-resistant NIH 3T3 cells transfected

with pZIP M17 plus pRG17ABam. Each lane contained similar

amounts of 18S and 28S rRNAs (mobilities are indicated). Immuno-

blot analysis of the cell lysates was carried out by use of anti-SDC25

C-domain polyclonal antibodies, prepared against peptides derived

from the sequences GKTSTKKDRFPKFQL and GYGSYDGGE

TAEKSDTNAVYA, spanning amino and residues 1225 through

1239 and 728 through 748, respectively, of the SDC25 C-domain

protein. The peptides were synthesized with an additional N-termi-

nal cysteine, and each peptide was coupled via the sulfhydryl group

to keyhole limpet hemocyanin or rabbit albumin with succinimidyl

4-(p-maleimidophenyl) butyrate. Peroxidase-conjugated goat anti-

rabbit antibodies (Nordic Immunological) were used to probe the

anti-SDC25 C-domain antibody, and the bound antibody was de-

tected with a nonisotopic reagent. Lanes: 1, cells transfected with

pZIPneoSV(X) alone; 2 to 5, cells transfected with pZIP M17 plus

pRG17. Molecular weight (MW) is indicated in thousands.

To test this hypothesis, we assumed that if Ha-Ras Asn-17

interferes with the interaction of normal Ras with a GRF,

then it should be possible to overcome this inhibition by

increasing GRF activity. Consistent with this prediction, we

have found that expression of the C domain of yeastSDC25,
which acts as a GRF for mammalian Ras proteins, over-

comes the dominant inhibitory activity of Ha-Ras Asn-17 in

both stable transformation and transient expression assays.

Thus, cotransfection with a plasmid expressing SDC25 C

domain reversed the inhibitory effect of Ha-Ras Asn-17 on

NIH 313 cell proliferation. Similarly, expression of SDC25

C domain reversed the inhibitory effect of Ha-Ras Asn-17

expression on activation of the Py enhancer in response to

serum stimulation.
The ability ofSDC25 C domain to overcome the inhibitory

activity of Ha-Ras Asn-17 was, in principle, consistent with

the possibility that SDC25 C domain acts downstream or

independently of Ras, rather than overcoming a deficiency in

GRF activity resulting from expression of the mutant Ras

protein. However, we also found that Ha-Ras Asn-17 inhib-

ited activation of the Py enhancer by SDC25 C domain in

serum-starved cells. This result confirms thatSDC25 C

domain acts upstream of normal Ras proteins, as expected

from its activity as a Ras-GRF. The ability of SDC25 C

domain to also overcome the inhibitory activity of Ha-Ras

Asn-17 therefore suggests that the dominant inhibitory ac-

tivity of Ha-Ras Asn-17 arises from competition with normal

Ras for a GRF in mammalian cells. Sufficiently high expres-

sion of SDC25 C domain overcomes this block, leading to
normal Ras activation. This activity of SDC25 C domain may
suggest that it is constitutively active in NIH 3T3 cells,
consistent with recent data suggesting that it functions as an
oncoprotein in the NIH 3T3 cell system (3).
The conclusion that Ha-Ras Asn-17 blocks the function of

a Ras-GRF in NIH 3T3 cells is consistent with findings that
Ha-Ras Asn-17 selectively inhibits the function of normal
cellular rather than oncogenic Ras proteins (33). In addition,
analogous mutants in yeast RAS2 dominantly inhibit RAS
function in Saccharomyces cerevisiae, and the inhibitory
effects of these mutants can be overcome by overexpression
of CDC25 (26).
The results presented above indicate that mammalian

exchange factors of the CDC25 class may constitute a vital
upstream regulator of Ras, serving as a link between tyrosine
kinase growth factor receptors and cellular Ras activation.
Mammalian CDC25 homologs so far identified do not contain
sequence elements known to interact with protein-tyrosine
kinases (Src homology region SH2 or SH3) (4, 20, 21, 32).
This finding suggests that mammalian GRF may not directly
associate with tyrosine kinases but may instead be activated
via an adaptor molecule such as SEM5, which has been
identified in Caenorhabditis elegans (11). The inhibitory
activity of Ha-Ras Asn-17 has proven useful in a number of
studies directed toward elucidating the relationships be-
tween Ras and candidate effectors that may act downstream
of Ras in intracellular signal transduction pathways (8, 13,
35, 36, 38, 41). The inhibitory effect of Ha-Ras Asn-17 on the
normal interactions of Ras with a GRF may likewise help to
elucidate the upstream pathways leading to Ras activation in
response to growth factors.
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