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Previously described mutations in RAS genes that cause a dominant activated phenotype affect the intrinsic
biochemical properties of RAS proteins, either decreasing the intrinsic GTPase or reducing the affinity for
guanine nucleotides. In this report, we describe a novel activating mutation in the RAS2 gene of Saccharontyces
cerevisiae that does not alter intrinsic biochemical properties of the mutant RAS2 protein. Rather, this
mutation, RAS2-P41S (proline 41 to serine), which lies in the effector region of RAS, is shown to abolish the
ability of the IRA2 protein to stimulate the GTPase activity of the mutant RAS protein. This mutation also
modestly reduced the ability of the mutant protein to stimulate the target adenylate cyclase in an in vitro assay,
although in vivo the phenotypes it induced suggest that it retains potency in stimulation of adenylate cyclase.
Our results demonstrate that although the effector region of RAS appears to be important for interaction with
both target effector and negative regulators of RAS, it is possible to eliminate negative regulator responsiveness
and retain potency in effector stimulation.

RAS has been dubbed a molecular switch because it
alternates between a GTP-bound on state and a GDP-bound
off state. In mammalian cells, RAS in the on state activates
an unknown effector that leads to cell division. In Saccha-
romyces cerevisiae the effector is adenylate cyclase, which
controls progression through the cell division cycle (3, 17,
40). Activated RAS mutations share the property that they
result in a greater amount of cellular RAS-GTP (3, 17, 18,
40). Two different mechanisms are known for RAS activa-
tion due to mutations within the RAS gene: impairment of
GTPase activity (3, 17) and reduction of nucleotide binding
(15, 24, 39).

Proteins such as mammalian GTPase-activating protein
(GAP) and yeast IRAl and IRA2 interact with RAS and
stimulate the intrinsic GTPase (41, 46). Recently the neurofi-
bromatosis type 1 gene product was also shown to stimulate
RAS GTPase (2, 27, 51). GAP has been shown to interact
with Ha-RAS amino acids 30 to 40. This region, termed the
effector domain or switch I, of the RAS oncoprotein is one of
two regions that has a significantly different conformation in
the GDP- and GTP-bound states (30, 37). Mutations within
this region can abrogate effector interaction and prevent
stimulation by GAP or IRA proteins. Heretofore, RAS
effector region mutations that prevent GAP stimulation have
encoded proteins unable to activate the effector in mamma-
lian cells sufficiently to induce transformation (29).

Mutations in IRA] or IRA2 also cause RAS-GTP accumu-
lation (43). Increased RAS-GTP levels lead to greater ade-
nylate cyclase activation, resulting in cyclic AMP (cAMP)-
dependent protein kinase hyperactivity. Elevated cAMP-
dependent protein phosphorylation reduces glycogen
accumulation, increases sensitivity to heat shock, and pro-
motes intolerance to nutrient starvation (17, 28, 40). Because
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IRA proteins are required to stimulate RAS GTPase in
wild-type cells, RAS activation could also result from abro-
gation of IRA-RAS interaction or from a failure of RAS to
respond to IRA stimulation. We isolated a large set of
activated RAS2 mutations to test this hypothesis (10). Char-
acterization of one of these mutations, RAS2-P41S, is de-
scribed in this work.

MATERIALS AND METHODS

Yeast strains and media. The strains JC482 (MATot ura3-52
leu2 his4) and JC302-26B (MATot ura3-52 leu2 his4
ras2::LEU2) have been described previously (8). Diploid
derivatives of these strains were made by HO induction (8).
JC746 is a diploid homozygous for ura3-52 leu2 his3 trpl
can). Diploid JC877 is heterozygous for cdc25::LEU2 and
was derived from JC746 by transformation with a PvuII-
HindIII fragment from pL113 (33). TK161-R2V (MATa ura3
leu2 trpl his3 ade8 RAS2-G19V) was used as a host for
pKT16 to overexpress IRA2 (41). TK-B111, a gift from T.
Kataoka via K. Matsumoto, was used for membrane prepa-
ration (16). Yeast media have been described previously (8,
18).
Dominant activated RAS2 mutations. The plasmid p1045

has a 2.7-kb EcoRI-HindIII RAS2 fragment cloned in
YCp5O. This yeast-Escherichia coli shuttle vector replicates
as a low-copy-number episome in yeast cells because of
centromere sequences and has a wild-type URA3 gene as a
selectable marker (34). Hydroxylamine mutagenesis of
p1045 was performed at 37, 42, and 50°C (35), and the DNA
was directly used to transform JC482 (22). Transformants
were selected on uracil-deficient medium and replica plated
to yeast extract-peptone (YEP)-glucose. The YEP-glucose
plate was inverted over iodine crystals to stain cellular
glycogen (11). DNA from yellow iodine-stained colonies was
retrieved by transformation of E. coli and retested by a
second JC482 transformation.

Analysis of guanine nucleotides bound to RAS in vivo. RAS
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proteins were expressed at high levels by using alcohol
dehydrogenase promoter (ADHp)-driven expression vectors.
Plasmids used were AAH5::HaRAS (13), p1982 (ADHp::
RAS2 on YEp351 [21, 25]), and p2002 (identical to p1982 but
with a RAS2-P4JS mutation introduced by site-directed
mutagenesis). JC746 transformed with these plasmids was
grown in leucine-deficient minimal medium and subse-
quently labeled with 500 ,uCi of 32p; per ml as described
previously (18). Cell extraction, RAS immunoprecipitation,
and chromatography of eluted nucleotides on polyethylene-
imine (PEI)-cellulose thin layers was done exactly as de-
scribed previously (43) except that nucleotides were quanti-
tated by using a Molecular Dynamics PhosphorImager.
RAS GTPase and GDP dissociation assays. Wild-type

RAS2, RAS2(G19V), RAS2(T42S), and RAS2(P41S) pro-
teins lacking the carboxy-terminal 113 amino acids were
purified from E. coli essentially as described previously (41).
RAS2-[y-32P]GTP complex was prepared by incubating 20
pmol of purified RAS2 protein in 50 ,ul of a nucleotide
exchange buffer containing 40 nM [.y-32P]GTP (5,000 Ci/
mmol; Amersham), 50 mM 2-(N-morpholino)ethanesul-
fonate (MES)-NaOH (pH 6.5), 1 mM EDTA, 0.5 mM
MgC12, 2 mM dithiothreitol, and 300 ,ug of bovine serum
albumin per ml at 30°C for 10 min. Nucleotide-bound RAS
was separated from GTP by passing through two Sephadex
G-25 columns in 50 mM MES-NaOH (pH 6.5)-2 mM dithio-
threitol. GTPase activity was monitored by incubating the
RAS-GTP complex at 30°C after adding MgC12 and bovine
serum albumin to final concentrations of 2 mM and 1 mg/ml,
respectively. For IRA2 activation of RAS GTPase, 10 pmol
of RAS2-[-y-32P]GTP, prepared by the above-described pro-
cedure but without Sephadex chromatography, was incu-
bated in 180 ,ul of prewarmed GTPase assay buffer (50 mM
MES-NaOH[pH 6.5], 2 mM MgC12, 2 mM dithiothreitol, 1
mg of bovine serum albumin per ml) at 30°C. The GTPase
activation assay was initiated by adding IRA2 protein to this
mixture. Aliquots were removed at each time point and
added to excess ice-cold stop buffer (20 mM MES-NaOH[pH
6.5], 5 mM MgC12). These mixtures were applied to nitro-
cellulose filters (SM 11306; 0.45-,um pore size; Sartorius),
rinsed three times with stop buffer, and scintillation counted.
Alternatively, [o-32P]GTP was used instead of [_y-32P]GTP.
After reaction mixtures were filtered, guanine nucleotides
bound to RAS were eluted from the filters into 25 mM
Tris-HC1 (pH 7.4)-20 mM EDTA-2% sodium dodecyl sul-
fate-1 mM GDP-1 mM GTP at 65°C for 10 min and were

analyzed by PEI-cellulose chromatography followed by au-
toradiography as described previously (41). GDP dissocia-
tion from RAS was measured by using 3H[GDP] essentially
as described previously (12).

Preparation of IRA2 protein. Two sources of IRA2 protein
were prepared and used as described previously (41): gluta-
thione-S-transferase-IRA2 (GST-IRA2) fusion protein which
contains the catalytic domain of IRA2 (amino acids 1665 to
2025) fused to the carboxy-terminal end of GST and crude
extracts of TK161-R2V cells transformed with pKT16 (IRA2
amino acids 528 to 2255).

Adenylate cyclase assays. Membranes from TK-Blll cells
were prepared as previously described (45) with the excep-
tion that the cells were broken with glass beads. Assays were

performed in a 100-pI reaction mixture containing 250 to 300
pug of membrane protein per ml, 20 mM MES (pH 6.2), 1 mM
mercaptoethanol, 2.5 mM MgC12, 0.5 mM cAMP, 10 mM
theophylline, 20 mM creatine phosphate, 20 U of creatine
phosphokinase per ml, 0.5 mM [a-32P]ATP (40 Ci/mol), and
various amounts of RAS2 proteins complexed to GppNHp

(guanylylimidodiphosphate). [32P]cAMP produced was de-
termined as described previously (36).

RESULTS

Dominant activated RAS2 mutations. Previously isolated
activated RAS mutations displayed several dominant traits:
asporogeny, heat shock sensitivity, starvation intolerance,
and reduced glycogen accumulation. These traits stem from
increased activity of cAMP-dependent protein kinase, and
an identical collection of traits result from mutations that
increase cAMP-dependent protein kinase activity by other
means (8, 45). Among these traits, the reduction in glycogen
accumulation is the most sensitive to modest increases in
protein kinase activity (9).

Plasmid p1045 has RAS2 cloned in YCp5O. This DNA was
mutagenized, and derivatives that conferred a dominant
reduction of glycogen were isolated (as described in Mate-
rials and Methods). DNA from the entire RAS2 coding
region in p1045 and mutant p1045 derivatives was se-
quenced. Wild-type RAS2 in p1045 has the same sequence as
previously reported (32) with the exception that codon 255
codes for Asp (GAT) instead of Val (GTT). This is a
phenotypically silent mutation in a region of RAS that is not
conserved in the RAS family (3, 4). Plasmid p1045-536
contains a transition mutation in codon 41 converting it from
Pro (CCC) to Ser (TCC). This mutation is in the effector
region (RAS2 amino acids 37 to 47). Many previous muta-
tions described in this region of Ha-ras and RAS2 have been
unable to activate the yeast effector adenylate cyclase (26,
38). The reduction of glycogen for RAS2-P4JS is consistent
with the opposite effect, i.e., greater in vivo adenylate
cyclase activation.
Comparison of RAS2-P41S with other activated RAS2 mu-

tations. We compared the traits of RAS2-P4JS with those of
two other activated RAS2 mutations: RAS2-A66T (homolo-
gous to A59T in Ha-ras), which has a GTPase deficiency and
reduced nucleotide binding (15, 19, 24), and RAS2-D126N
(homologous to DJ19N in Ha-ras), which has reduced nu-
cleotide binding (39). All three activated RAS2 mutations
were isolated on p1045 derivatives as described in Materials
and Methods. We scored traits in strains with and without
wild-type RAS2 to reveal dominance. These mutant RAS2
genes were transformed into haploid and diploid derivatives
of JC482 and JC302-26B either on episomal p1045 deriva-
tives or after transferring to YIpS for chromosomal integra-
tion. We found no differences in phenotype between inte-
grated and episomal locations. The glycogen accumulation,
sporulation, and heat shock sensitivity traits were examined
for at least three independent transformants.

All three RAS2 mutations are dominant for their reduction
in glycogen accumulation scored by iodine staining (Fig.
1A). Iodine stains the glycogen within yeast colonies (11).
Quantitation of glycogen in these strains confirmed a reduc-
tion for the three mutant RAS2 genes tested (data not
shown). Sporulation was also reduced in a dominant fashion,
although RAS2-D126N was less impaired than the other
mutations for this function.
These traits differentiate these three activated RAS2 mu-

tations. This is clearly illustrated by the 30-min heat shock
experiment, results of which are shown in Fig. 1B. The
RAS2-D126N mutation is most severe because it displays the
greatest intolerance to heat shock irrespective of RAS2
expression. The RAS2-P4JS mutation is as strong as RAS2-
D126N in the presence of wild-type RAS2 but is the weakest
of these three activated mutations in the absence of wild-
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A B C genotype
RAS2
RAS2 RAS2-P41S
RAS2 RAS2-D126N
RAS2 RAS2-A66T
ras2::LEU2
ras2::LEU2 RAS2-P4 iS
ras2:LEU2 RAS2-D126N
ras2::LEU2 RAS2-A66T

FIG. 1. Traits of activated RAS2 mutations in yeast cells. JC482
(RAS2+) and JC302-26B (ras2::LEU2) were transformed with acti-
vated RAS2 genes on YIp5 vectors, resulting in their integration at
the RAS2 locus. Three transformants were gridded on a master
plate, grown overnight, and replica plated. (A) Colonies grown
overnight on YEP-glucose were strained with iodine vapor to
visualize glycogen storage. Dark colonies (RAS2 and ras2::LEU2)
were brown from stored glycogen; light colonies were yellow from
glycogen reduction. (B and C) After replica plating, YEP-glucose
plates were exposed for 30 and 60 min, respectively, to a tempera-
ture of 50°C and then grown overnight at 30°C to score heat shock
sensitivity.

type RAS2. The presence or absence of wild-type RAS2
appears to modulate the phenotype of RAS2-P41S and
RAS2-A66T differently.
RAS2-P41S bypasses CDC25 function. The CDC25 gene

product facilitates RAS nucleotide exchange and is essential
in otherwise wild-type cells (5, 7, 23, 33). Several mutations,
including ras2::LEU2 suppressors (8) and iral (42), ira2
(44), and activated RAS2 mutations (5, 33), can bypass
CDC25 function (allow viability of cdc25::LEU2 cells). To
test whether RAS2-P41S could bypass the requirement for
CDC25 function, diploid JC877, heterozygous for cdc25::
LEU2, was transformed with p1045 or p1045 derivatives
bearing RAS2-P41S, RAS2-A66T, or RAS2-D126N. These
diploids were sporulated, and approximately 30 tetrads were
dissected. Only two viable spores were found for each tetrad
when the p1045 transformant was analyzed. Furthermore,
none of the viable haploid progeny were Leu+ (cdc25::
LEU2), indicating the lethality of the cdc25::LEU2 mutation.
In contrast, many viable Leu+ Ura+ haploid progeny were
found when the other three transformants were analyzed. All
Leu+ haploids were also Ura+, which means that cdc25::
LEU2 cells were only viable when the p1045 derivative
plasmid was present (i.e., when activated RAS2 genes were
present). This result indicates that RAS2-P41S bypasses
CDC25 function like other activated RAS2 mutations.
Guanine nucleotides bound to RAS2(P41S) in vivo. One

common result of activated RAS mutations is that they result
in greater quantities of GTP bound to RAS in vivo. We
assayed nucleotides bound to RAS2(P41S) in vivo by grow-
ing cells in 32Pi-containing medium, isolating RAS protein by
immunoprecipitation, and eluting and quantitating the bound
nucleotides (as described in Materials and Methods). Immu-
noprecipitations done without anti-RAS monoclonal anti-
body Y13-259 isolated no 32P-labeled nucleotides by this
procedure. Controls for this experiment were wild-type
RAS2 and c-Ha-RAS, which have been previously assayed
(18, 43). We found very little GTP bound to wild-type RAS2
(Fig. 2), as has been reported. In contrast, RAS2(P41S)
bound about 15 times more GTP than did wild-type RAS2.
High levels of GTP bound to c-Ha-RAS were detected (data

RAS2

RAS2(P41 S)

GDP GTP
FIG. 2. In vivo RAS nucleotide analysis. JC746 yeast cells with

RAS genes expressed from the ADHI promoter were grown in 32P,
medium. RAS protein was immunoprecipitated from the extract,
and eluted 32P-labeled nucleotides were separated by PEI-cellulose
thin-layer chromatography (as described in Materials and Methods).
The origin is on the right. Radioactivity was quantitated with a
Molecular Dynamics PhosphorImager. Shown are representative
scans from cells expressing wild-type RAS2 or RAS2(P41S). The
percentage of GTP, corrected for the number of phosphates, is 1.1 ±
0.7 (two experiments) and 15.2 ± 1.2 (three experiments) (average ±
standard error of measurement) for RAS2 and RAS2(P41S), respec-
tively. Only background levels of radioactivity were detected for
immunoprecipitations without anti-RAS antibody (data not shown).

not shown). Therefore, RAS2(P41S) has increased GTP
binding in vivo like other activated RAS proteins.

Intrinsic RAS GTPase and guanine nucleotide binding
activities. We expressed and purified proteins encoding 210
amino-terminal amino acids of wild-type RAS2, RAS2
(P41S), and RAS2(G19V) for biochemical analysis. Bio-
chemical properties of truncated RAS2 proteins are very
similar to those of the full-length species in vitro (16).
Initially we assayed the intrinsic GTPase activity of these
proteins because this is the most common defect associated
with RAS activation (3, 17) and proline 41 is proximal to
other amino acids critical for GTP hydrolysis based on the
Ha-RAS tertiary structure (30, 31, 37). As shown in Fig. 3,
the intrinsic GTPase activity for wild-type RAS2 and RAS2
(P41S) proteins were almost identical, while RAS2(G19V)
protein has a reduced activity. The rate of GTP hydrolysis
by RAS2(P41S) was about 8 mmol of GTP hydrolyzed mol of
RAS2-1 min-', similar to the rate reported for wild-type
RAS2 (12).
RAS proteins impaired in guanine nucleotide binding also

exhibit activated phenotypes in vivo (39). Impairment of
nucleotide binding for other RAS mutants resulted primarily
from an increase in nucleotide dissociation rate. Therefore,
we measured the rate of GDP dissociation of RAS2(P41S);
again, it was similar to that of the wild-type protein. Appar-
ent GDP dissociation constants, measured as described
previously (12), for wild-type RAS2 and RAS2(P41S) were
(1.6 ± 0.1) x 10-2 min-' and (1.9 ± 0.1) x 10-2 min-',
respectively. These data indicate that the guanine nucleotide
binding is not significantly affected in the RAS2(P41S) pro-
tein.
RAS2(P41S) GTPase is insensitive to IRA2 stimulation. The

above-described findings suggest that the RAS2-P4JS muta-
tion activates RAS2 by a novel mechanism because all
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FIG. 3. Intrinsic GTPase activity is not affected in the
RAS2(P41S) protein. Intrinsic GTPase activity of RAS2 (U),
RAS2(G19V) (0), or RAS2(P41S) (A) was assayed by the filter
binding method as described in Materials and Methods. The per-
centage of initial radioactivity at each time point is shown. All
values are the average of two determinations with a variation of less
than 10%. Essentially identical results were found by using RAS-
[a-32P]GTP with subsequent analysis by PEI-cellulose chromatog-
raphy as described in Materials and Methods (data not shown).

previously described activated RAS proteins had reductions
in GTPase activity and/or guanine nucleotide binding. A
potential mechanism could be insensitivity of the mutant
protein to GTPase stimulation by the IRAl and IRA2 pro-
teins. These proteins, like their mammalian counterparts
GAP and NF1, stimulate the intrinsic GTPase activity of
RAS (41).
We compared the responsiveness of RAS2 and RAS2

(P41S) with the GTPase stimulatory activity of IRA2. Re-
cently we have expressed the IRA2 domain (amino acids
1665 to 2025), which is homologous with the catalytic
domain of mammalian GAP, as a GST fusion protein in E.
coli (41). Affinity-purified GST-IRA2 fusion protein was
added to RAS2 proteins bound to [_y-32PIGTP, and the GTP
at various times was quantitated by filter binding (Fig. 4).
Wild-type RAS GTPase was greatly stimulated, whereas
RAS2(P41S) was nonresponsive to IRA2 protein. The
amount of IRA2 protein added was at least 10 times higher
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FIG. 4. IRA2 cannot stimulate the intrinsic

RAS2(P41S). Ten micrograms of GST-IRA2 f
added to a GTPase assay mixture containi
RAS2(P41S) (A) complexed with [y-32P]GTP. G
followed by filter binding as described in the leg

than that necessary to stimulate RAS2. The GTP hydrolysis
of RAS2(P41S) in the presence of IRA2 is identical to its
intrinsic GTPase activity. Similar results were found when
nucleotides from [a-32P]GTP RAS proteins were analyzed
(Fig. 5). To illustrate that failure to respond to IRA2 is not a
general feature of effector region RAS2 mutations, we also
analyzed the responsiveness of RAS2(T42S) purified like the
other RAS proteins. This mutation does not yield an acti-
vated RAS protein (26) and is only slightly compromised in
IRA2 responsiveness (Fig. 5).
We used an alternative source of IRA2 protein for these

analyses to make sure that our results were not dependent on
the particular source of IRA2. Extracts from yeast cells
overexpressing IRA2 amino acids 528 to 2255 also exhibit
RAS GTPase stimulation activity (41). These extracts were
also unable to stimulate RAS2(P41S), yet they stimulated
wild-type RAS2 GTPase (data not shown).

Adenylate cyclase activation. S. cerevisiae adenylate cy-
clase is stimulated by RAS-GTP in vivo. This stimulation
can be demonstrated in vitro to be dependent upon the
GTP-bound form of RAS (16). The nonhydrolyzable GTP
analog, GppNHp, is used in these experiments to eliminate
the complications of RAS intrinsic GTPase activity.

In vitro adenylate cyclase assays utilize membranes from
yeast cells that overexpress adenylate cyclase (16). Using
these membranes, we assayed adenylate cyclase stimulated
by various amounts of wild-type RAS2, RAS2(P41S), and
RAS2(T42S) proteins bound to GppNHp. The results indi-
cate that RAS2(P41S) is capable of stimulating adenylate
cyclase, although the level of maximal stimulation by
RAS2(P41S) is lower than that by wild-type RAS2 (Fig. 6).
In contrast, there was undetectable stimulation by
RAS2(T42S) (Fig. 6) or by wild-type RAS2 or RAS2(P41S)
bound to guanosine-5'-O-[2-thiodiphosphate](GDP-3-S)
(data not shown). In conclusion, the effect of the RAS2-P4JS
mutation is to primarily abolish IRA2 responsiveness with a
minor decrease in adenylate cyclase stimulation. This is in
contrast to the RAS2-T42S mutation, which is unable to
stimulate adenylate cyclase yet is responsive to IRA2 (Fig.
5). These data show that effector region amino acids are
important (proline 41) or essential (threonine 42) for wild-
type levels of adenylate cyclase stimulation.

DISCUSSION

The amino acid sequence of the RAS effector region is
conserved in all members of the RAS family (4). This region
of RAS is speculated to interact with the target of RAS (the
effector) because alterations of these amino acids in viral
Ha-RAS impair capacity to transform (38, 49, 50). Consis-
tent with this idea, effector region mutations also prevent
RAS activation of the S. cerevisiae RAS effector, adenylate
cyclase (26, 38).
The mammalian GAP stimulates the low intrinsic GTPase

activity of RAS (46, 47). Two classes ofGAP nonresponsive
RAS mutations have been found: effector region mutations
and mutations that inhibit the intrinsic GTPase of RAS (like
G12V or Q61L in Ha-RAS) (1, 6, 46, 47). The effector region
of RAS therefore appears to be important for response to

8 10 GTPase-activating proteins as well as effector stimulation.
Effector region mutations do not abrogate GAP respon-

G3TPase activity of siveness and effector stimulation equally. Although most
Gusion protein was effector region mutations reduce both GAP responsiveness
ing RAS2 (U) or and effector stimulation, there are a number of mutant
'TP hydrolysis was proteins (altered at Ha-RAS amino acids 35, 36, 38, or 40)
,end to Fig. 3. that respond to GAP yet fail to stimulate the effector (49).
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RAS2
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RAS2[T42S]
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FIG. 5. Guanine nucleotide analysis of GST-IRA2 stimulation of RAS GTPase. RAS-bound guanine nucleotides were analyzed for RAS2,

RAS2(P41S), and RAS2(T42S) proteins complexed with [a-32P]GTP immediately (lane 1), after 10 min at 30°C with 10 ,ug of GST control
protein (lane 2), or after 10 min at 30°C with 10 ,ug of GST-IRA2 (lane 3). After reaction mixtures were filtered, guanine nucleotides were
analyzed by PEI-cellulose chromatography followed by autoradiography. Migration of GDP and GTP standards is shown on the left.

The RAS2 mutation reported in this work, RAS2-P4iS, is an
effector region mutation of the complementary type. It has
undetectable responsiveness to the yeast GTPase-activating
protein, IRA2, yet it is capable of activating yeast adenylate
cyclase sufficiently to display an activated RAS phenotype.

Inability of RAS2(P41S) to respond to yeast IRA proteins
has been demonstrated in this paper in vitro as well as in
vivo. Our analysis showed that RAS2(P41S) had 15% GTP
bound in vivo. Wild-type RAS2 had less than 1% bound.
This is because the yeast IRAl and IRA2 proteins, which
stimulate RAS GTPase, are sufficiently active in vivo to keep
RAS2 GTP levels low. Inactivation of IRA proteins (i.e., in
a iral ::LEU2 ira2::HIS3 strain) increases RAS2 GTP levels
to about 15% (43). Even though we measured RAS2(P41S)
responsiveness only to IRA2 in vitro, the in vivo results
suggest that RAS2(P41S) is nonresponsive to both IRA
proteins.

<1t

0 4 8 12 16
RAS protein (pg9 I ml)

FIG. 6. Adenylate cyclase activation by RAS proteins. Adenyl-
ate cyclase assays were performed as described in Materials and
Methods with various concentrations of wild-type RAS2 (-),
RAS2(P41S) (A), and RAS2(T42S) (0). These three proteins had
approximately the same nucleotide binding equivalents per micro-
gram of protein. In the presence of 2.5 mM MnC12, adenylate
cyclase activity was 5.12 pmollmin, and without added RAS protein
it was 0.18 pmol/min. All values are the average of two determina-
tions with a variation of less than 10%.

Similar to other effector region mutations, RAS2-P41S has
an impairment in effector stimulation. Maximal adenylate
cyclase stimulation by RAS2(P41S) is reduced to 40% of the
activity stimulated by wild-type RAS2 (Fig. 6). It is interest-
ing that RAS2(P41S) behaves differently than other effector
region mutants. Other mutant RAS proteins with reductions
in adenylate cyclase stimulation apparently have diminished
affinity for adenylate cyclase because at greater concentra-
tions of RAS, adenylate cyclase activity plateaus to the same
level (14). The results for RAS2(P41S) suggest that adenylate
cyclase affinity is not reduced; rather, stimulatory compe-
tence is compromised.
The traits displayed by a mutant RAS protein that has

impairments in both effector stimulation and GTPase-acti-
vating protein response depend upon the relative magnitudes
of the two impairments. If the effector stimulation defect is
greater, it cannot be offset by the increased amount of
active, GTP-bound RAS that accumulates from the GTPase
activation handicap. Such a mutant RAS will not exhibit
activated traits. The double mutation D33HP34S in Ha-RAS
reported recently is an example of such aRAS mutation (14).
It has significantly reduced adenylate cyclase affinity and
does not display activated RAS traits in mammalian cells
even though it has increased levels of GTP bound (14). The
RAS2(P41S) mutant protein described in this paper appar-
ently retains a sufficient capacity to activate the effector such
that its elevated amount ofGTP bound in vivo translates into
greater net effector stimulation than that elicited from wild-
type RAS2. Therefore, RAS2(P41S) displays traits of an
activated RAS. The traits documented here include reduc-
tion of glycogen accumulation, increased heat shock sensi-
tivity, and ability to bypass CDC25 function. It is currently
unclear what the significant differences are between Ha-RAS
D33H P34S and RAS2-P41S that result in their different in
vivo phenotypes. Ha-RAS amino acids 33 and 34 correspond
to RAS2 amino acids 40 and 41; the effector regions of these
two RAS proteins have identical amino acid sequences. It is
possible that a single P34S mutation in Ha-RAS may trans-
form mammalian cells if the D33H mutation was responsible
for reducing effector stimulation in addition to that caused by
P34S.

In summary, we believe that RAS2-P41S illustrates a
novel mechanism ofRAS activation; impairment of GTPase-
activating response while others intrinsic properties of the

VOL. 12, 1992

-AM
;off
.v



636 TANAKA ET AL.

RAS protein remain normal. Previously described activated
RAS mutations have encoded proteins which had decreased
GTPase activity or decreased nucleotide binding. Behavior
of RAS2-P4JS can best be explained by assuming the ef-
fector region is a region of RAS that participates in respond-
ing to GTPase-activating proteins and in stimulating effec-
tors in mammalian and yeast cells. Resolution of the
question of whether GAP is a mammalian RAS effector or
merely a RAS regulator awaits further investigation (20, 29,
48). Clearly RAS mutations that do not respond to GAP yet
could activate RAS in mammalian cells would provide
evidence that the mammalian RAS effector is not GAP.
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