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Abstract:  The RAS oncogenes comprise a family of genes found te be activated in
perhaps 10-209%, of human cancers and which have been highly conserved in evolu-
tion. Homologs of the mammalian RAS exist in the yeast Saccharomyces cerevisiae (RAS'1
and RAS2). We have shown that human ras proteins can complement the loss of
RAST and RAS2 proteins in yeast, and hence are functionally homologous. Both
human and yeast RAS proteins can stimulate the magnesium and guanine nucleotide-
dependent adenylate cyelase activity present in yeast membranes. However, RAS
proteins do not appear to stimulate adenylate cyclase in vertebrate cells. Qur studies
indicate that although RAS proteins are essential controlling elements of adenylale
cyclase in yeast, they have other essential functions in that organims., RAS proteins
are themselves probably controlled by growth regulatory proteins.

Oncogenes are most concisely defined as minimal genetic clements which can
induce the malignant transformation of nenfumorigenic cells, One of the great themes
to emerge from recent oncogene research is that oncogenes are involved in signal
transduction pathways, Several oncogenes have now heen discovered to encode
growth {actor receptors or growth factors themselves (/-3). Others, the nuclear onco-
genes fos and members of the mye family, are transcriptionally induced by extracel-
fular signals (0-#£), Dircet connections are suspected between signal pathways and
many of the oncogenes which encode the serine/threonine and tyrosine kinases, since
other kinases, such as protein kinase G and the cAMP dependent protein kinases, are
known to be parts of signal transduction pathways (9, 10).

The RAS proteins, like many of the known oncoproteins, are associated with the
inner surface of the cell membrane (77-714). They are guanine nucleotide binding
proteins which have weak G'TP hydrolysis activity (15-18). Certain oncogenic forms
of RAS proteing have diminished GTPase activity {/6-18). Based on these facts, and
reasoning by analogy to the “G” proteing, which mediate many hormonal responses,
hind G'I'P, have G'TPase activity and are membrane associated (19), it seems likely
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that the RAS proteins are also involved in signal transduction. However, neither the
signaling receptors for RAS proteins nor the RAS effector pathways have been deflined

in mammalian cells.

Both Yeast and Human RAS Proleins Can Stimulate the Yeast Adenylate Cyclase

In order to understand better RAS {unction, we have turned to a study of RAS
in the simple cukaryote, the yeast Saccharomyces cerevisiae. This is possible because the
RAS genes have been highly conserved in evolution (20-23). The RAS genes are
particularly amenablc to study in yeast because of the excellent genetic tools available
for manipulating that organism. There are two yeast R4S homologs, RAS 1 and RAS2,
which form’ an essential bt complementary pair (24-26). 1 properly expressed, the
human H-ras gene can actually suppress the lethality that otherwise results {rom loss
of both yeast RAS genes (25, 27). Thus yeast and mammalian R4S have conscrved
biochemical function. Like the mammalian proteins, the yeast RAS encode membrane
associated guanine nucleotide binding proteins with weak GTPase activity (28, 29).
The mutant yeast RAS2va10 protein, like its analogous oncogenic mammalian counter-
part, has a reduced G'TPasc activity and a dominant phenotype. This phenotype is
best characterized as an inability to respond properly to signals of nutrient depri-
vation: failure to G1 arrest, accumulate glycogen, sporulate or become heat shock

resistant when starved (24, 25, 30).
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TABLE 1, Intracellular cAMP Leovels in ras~ and gyr]~ Strains

Limit of detection

3 A
Genotype _ cAMP ( pmol),n‘mg protein (pmolfing protein)
RASI RAS2CYRI 2.77 0.14
RASE RASZ ¢yri- <0.08 0.08
rasf— ras?- CYRI 0.09 0.03
ms! ms? cyr]‘ 0 (}7 ' 0 0.)

s Aild cyrl strains contain an extrachromosomal suppressor p]asml(l le' TPKI l[mt carries lhe TPK'
gene, a part of 2y plasmid and the LEU 2 gene as a selectable marker, -pYETPK] ensures normal growth
of these strains,

Early genetic studies indicated a similarity between the phenotype of the
RAS2vil mutation and mutations in beyl, the gene which encodes the regulatory
subunit of the cAMP dependent protein kinase (31-33). Biochemical analysis shows
that yeast RAS proteins, and mammalian proteins as well, are potent stimulators of
the yeast adenylate cyclase present in crude membrane preparations (34). This
stimulation is strongly GTP dependent (see Fig. 1), confirming models of RAS func-
tion in which intrinsic GTP hydrolysis rates determined the longevity or strength of
“signals” transmitted by RAS proteins, A second point of these studics is that adenylate
cyclase appears to be entirely RAS dependent both in the intact cell and in in vitro
biochemical assays in the presence of magnesium ions (see Fig. 1 and Table 1).

‘These studies strongly suggest that, in yeast, one eflector system for RAS is
adenylate cyclase. Moreover, mutations in genes of the cAMP effector pathway can
suppress the lethality which otherwise results from loss of R4S function (35, 36). We
thus conclude that if yeast RAS has a function besides stimulating adenylate cyclase,
that function is partially redundant with the funciions of cAMP,

A Possible Second Function of Yeast RAS Proteins

It was therefore disturbing when we discovered that the oncogenic human
H-rasva112 protein induces maturation when injected into Xenopus laevis oocytes without
altering cAMP production (37). This observation left the paradox that the mammalian
H-ras could function in yeast, could stimulate yeast adenylate cyclase there, and yet
could function in a vertebrate cell without evidently altering adenylate cyclase,

A potential solution to this paradox has begun to emerge from a more detailed
genetic analysis of RAS function in Saccharomyees cerevisiae. The yeast adenylate cyclase
gene, CYRI, was cloned (36). Gene disruption experiments clearly indicated that
GYRI encodes the only detectable adenylate cyclase ol Saccharompces cerevisiae (see
Table 1. We next compared the viability of cells lacking adenylate cyclase activity
to cells lacking RAS proteins. To do this, we constructed heterozygous diploid yeast
strains, and examined the ability of haploid progeny to form colonies. The surprising
result (Table 2) was that whereas progeny lacking RASI and RAS2 were completely
inviable, progeny lacking CYRI were often capable of forming very slowly growing
colonies. This result suggested that the RAS proteins in yeast have a critical function
in addition to stimulation of adenylate cyclase.

A second and independent line of evidence points to the same conclusion. Tn the
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TABLE 2. Tetrad Disscction of ras!~[+ ras2~{+ eprl-]+ Diploids

Genotype of haploid progeny

s Viable Non-viable
RAS! RAS2 CYR!I

-+ + + 21 0

— + + 18 0

o+ - + 23 0

+ + - 13 7

+ - — 1 3

— - — 5 5

- - + 0 7

— - — 0 14

The genotypes of non-viable spores were assigned on the basis of the viable spores within the same tetrad,
assuming normal Mendelian scgregation of genetic loci. ¢y~ cells grow very slow and these colonics can
harely be seen after a week incubation upon germination.

course of our work, we succceded in cloning the genes in yeast which encode the
cAMP dependent protein kinase catalytic subunits, There are three such genes,
named TPK1, TPK2, and TPK3 We examined the ability of a high copy plasmid
‘expressing TPK1, pYRTPK, to suppress the phenotypic effects of loss of RAS lunc-
tion or loss of adenylate cyclase activity. As expected, cells lacking CYR/I grew well
at both 30°C and 37°C when they contained the pYRTPK'! plasmid, consistent with
the widely held notion that the only essential effects of cAMP are mediated through
its stimulation of the cAMP dependent protein kinase, In contrast to this result, celis
facking RAS! and RAS2 but containing pYRTPK/ could grow well only at 30°C,
indicating that overexpression of the cAMP dependent protein kinasc catalytic sub-
unit only partially suppresses loss of R4S function.

We are led by these results to conclude that RAS must have some essential func-
tion in yeast hesides the stimulation of adenylate cyclase. Since loss of R4S function
can be suppressed by a dramatic increase in the activity of the ¢cAMP dependent
protein kinase, this other essential function must be partially redundant with the
cAMP dependent kinase system. It has been suggested that the yeast RAS proteins
also modulate phospholipid turnover {38) although the data for this is not convine-
ing. It is likely that either RAS proteins have two distinct primary functions (directly
_stimulating adenylate cyclas¢ and directly stimulating something clse) or that their
primary function is as yet unknown, leading indirectly to the stimulation of divergent
effector pathways. In both cases, one of the primary functions of RAS may have been
conserved in evolution.

. A Protein That Controls Yeast RAS Proteins‘

While we have been making progress in understanding the effector functions of
RAS in yeast, we have also been making progress in defining a protein component in
yeast which affects RAS [unction. The ¢de25'® allele was discovered by Hartwell as a
temperature sensitive G1 arrest mutant (39, 40). We found that this temperature
sensitive defect is suppressible by high copy plasmids expressing the RAS2, or CYRI
genes (scc Table 3); and so we reasoned that CDC25 might encode a protein in the

;
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TABLE 3, Suppt ession of ede5t and ede25- by Multi- copy Plasmids

(“cnc on

multi-copy plasmid cid 25 ede25-
RASI - .
RASZ + -
RASZV + N
CYRI + M
TPKI n N
TPK? 4- +
TPES + +

All the pl‘mmds wsed contamed a part of 2/: pEasmlds asa wp!u alor and thc, LI' Uz gene asa sclu,lablc. marker,
pRASI-2 and pRAS2-1 (22)-were used for RASE and RAS2 plasmids, pRAS2vnI19 was previously deseribed (4/),
pGYRT was used for the adenylate cyclase gene {36). Plasmids for the TPK genes will be described clsewhere,

TABLE 4, Adenylate C yclasc Acliwly in Yeast Membranes with Disrupted CDG25

Adcny!au cyclaac d(,ll\.'ll)’
{pmol cAMI’/mm]mg)

Sli'ﬂin Gcnolypc ' ) e e e = e s b s e e e L .
M Mg +($§%H)p

Exp. I

Ligl Wild type 49 2.4 10.0

TTIA-4 cde25- pGDC25 ' ) 56 ' ] 4,1 10.4

TYT1A-3 cded5- pTPKT ‘ 29 0.1 5.6
Exp, I1

s$P1 Wild type 51 3.1 11.3

TTIA-4 edc25- pCDC25 40 3.3 9.6

TTIA-3 ede25- pTPRI 37 0.3 9.5
Exp. 11 - '

5P Wild type 3B 4.0 10.5

TTIA-¢ cde25~ pCDC25 42 4.4 9.7

TTIA-S cds25~ pTPKI 39 0.2 9.4
Exp. IV

sr Wild type 68 2.1 8.0

TK161- R'ZV RASZ2veI1e : 79 1.7 12.6

l 1 !A- m’c}’i- |’u’t’/1-5'.2""“s ; 7] ‘1- 0 : 8 4

Ymst munbmnc ﬁ‘uuom were prepmcd from the mdualcd strains and dSdet,d csthcl in tilc presence oi
2.5 wmua MaCly or 2.5 my MgCl, or 2.5 mm MgCly, anct 10 mat Gpp{NH)p as described (34). Gpp(NH)p is a
nonhydrolysable analog of GTP. The notation, pXXX, indicates that the host strain carries an extrachromo-
somal plasmid expressing the full length XXX gene.

RAS{adenylate cyclase pathway., We therefore cloned CDG25 by complementation
screening, This resulted in the isolation of the CDC25 gene (41), as well as the TPK!
gene, and enabled us to do a more careful genetic and biochemical analysis of (D( ‘25
function. :

Gene disruptions of CDG25 proved lethal, but lethality could be suppressed by
the high copy plasmids indicated in Table 3. These results differed from results with
¢de25% only in that a high copy pldsmld expressing RAS2 does not suppress ede25-
whereas a high copy plasmid expiessmg RASV¥1e does. Thus, cells containing RA4Sveie
escape control of CDG25, a suggestion that CDC25 controls normal RAS function,
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Further evidence for this comes from analysis of adenylate cyclase activity in crude
membranes derived {rom various strains. These results (Table 4) indicate that in
¢de25~ RASZ strains, basal levels of adenylate cyclase activity are drastically reduced
‘when assayed in magnesium, but not when assayed in the presence of manganese
ions. This suggests that basal levels of adenylate cyclase are reduced in ede25- strains.
The amount of RAS is not reduced, as indicated by the full responsiveness of adenylate
cyclase to G'TP in the presence ol magnesium ions, However, adenylate cyclase ac-
tivity displays normal basal levels in ¢de25- RASZ2vAY sirains. We interpret this data
to indicate that CDC25 controls basal RAS function in some manner, but the mutant
RAFva® escapes this control, ' : ‘ ‘

CONCLUSIONS

In summary, many unanswered questions about RAS remain. We still do not
know the precise effector function of RAS, nor the chain of command which dircets
its activity, However we have established several facts about yeast RAS. RAS regulates
events in G1, and is involved in signal transduction (nutritional response). R4S con-
trols more than one eflector pathway. At least one of these pathways appear to be
controlled absolutely in a GTP dependent manner, Ultimately, the RAS induced
signal passes to a cytoplasmic serine/threonine kinase, Finally, RAS in turn appears
to be regulated by at least one other protein. We expect these conclusions will be
fargely valid in mammalian ceils.

ACKNOWLEDGMENTS

We are appreciative to P. Bird for preparation of this manuseript. This work was sup-
ported by grants from National Institute of Health, the American Business Foundation lor
Cancer Research, American Cancer Society and Pfizer Biomedical Research Award. M. W.
is an American Cancer Society Research Professor.

REFERLENGES

1. Downward, ]., Yarden, Y., Mayes, E., Scrace, G., Totty, N., Stockwell, P., Ullrich,
A, Schlessinger, ]., and Waierficld, M. D. Close similarity of epidermal growth factor
receptor and v-erd-B oncogene protein sequences. Nature, 307: 521-527, 1984,

2. Ullrich, A., Coussens, L., Hayflick, }. 8., Dull, T. J., Gray, A., Tam, A. W,, Lee, ],
Yarden, Y., Libermann, T. A., Schlessinger, J., Downward, J., Mayes, £.L.V., Whittle,

- N., Waterfield, M. D., and Sceburg, P. H. Human epidermal growth factor receptor
cDNA sequence and aberrant expression of the amplified gene in A431 epidermoid
carcinoma. cells. Nature, 309: 418-425, 1984.

3. Sherr, C. J., Rettenmier, C. W, Sacca, R,, Roussel, M. I., Look, A. T, and Stanley,
E. R. The c-fins proto-oncogene product is related to the receptor for the mononuc-
lear phagocyte growth factor, GSF-1. Cell, 41: 665-676, 1985,

4. Doolittle, R, F., Hunkapiller, M. W., Hood, L. E., DeVare, S. G., Robbins, K. C.,
Aaronson, 8. A., and Antoniades, . N. Simian sarcoma virus one gene, v-sis is dertved
from the gene (or genes) encoding a platelet-derived growth factor. Science, 227: 275~
976, 1983.

5, Waterfield, M. D., Scrace, G. J., Whittle, N,, Stroobant, P,, Johnson, A., Wasteson,
A.; Westermark, B., Heldin, C,-H., Huang, J. S., and Deuel, T. F, Platelet-derived

/

il

I¢

I

1t

19
20

21

22

23

24,



10.

.

19,
20.

21.

22.

23,

24.

YEAST RAs 259

growth factor is structurally related to the putative translforming protein p28+it of
simian sarcoma virus, Nature, 304: 35-39, 1983,

Greenberg, M. E. and Ziff, L. B. Stimulation of 3T3 cells induces transcription of the
c-fos proto-oncogene. Nature, 371: 433-438, 1984, : ‘
Kruijer, W., Cooper, J. A., Hunter, T., and Verma, I. M. Platelet-derived growth
factor induces rapid but transient expression of the ¢-fos gene and protein. Nature,
312: 711-716, 1984, ,

Cochran, B, H., Zullo, J., Verma, 1. M., and Stiles, C. D. Expression of the c-fos
gene and of an fos-related gene is stimulated by platelet-derived growth factor. Science,
2267 1080--1082, 1984,

Nishizuka, Y. The role of protein kinase C in cell surface signal transduction and
tumour promotion. Nature, 308: 693-698, 1984.

Krebs, E. G. and Beavo, J. A, Phosphorylation-dephosphorylation of enzymes. Annu.
Rev. Biochem., 44 923-959, 1979,

Willingham, M. (.., Pastan, 1., Shih, T. Y., and 8colnick, E. M. Localization of ithe

sre gene product of the Harvey strain of MSV to plasma membrane of transformed -

cells by electron microscopic immunocytochemistry. Celi, 79: 1005-1014, 1980.
Shih, T. Y., Weeks, M, O., Gruss, ., Dhar, R., Oroszland, S., and Scolnick, E. M.

Identification of a precursor in the biosynthesis of the p21 transforming protein of

Harvey murine sarcoma virus, J. Virol., 42: 253-261, 1982,

Clark, S, G., McGrath, J. P., and Levinson, A. P. Expression of normal and activated
human Ha-ras cDNAs in Saccharomyces cerevisiae. Mol. Cell, Biol., 5: 2746-2752, 1985.
I'ujiyama, A. and Tamanoi, F. Processing and fatty acid acylation of RAS]1 and RAS2
proteins in Swecharomyces cerevisiae. Proc, Natl, Acad. Sci. U.S.A., 83: 1266-1270, 1986.
Scolnick, B, M., Papageorge, A, G., and Shih, T. Y. Guanine nucleotide-binding ac-
tivity as an assay [or sre protein of rat-derived murine sarcoma viruses. Proc, Natl.

“Acad. Sci. U.8.A,, 76: 5355-5359, 1979,

Gibbs, J. B., Sigal, 1. S., Poe, M., and Scolnick, E, M, Intrinsic G'TPase activity dis-
tinguishes normat and oncogenic 7as p21 molecules. Proc. Natl. Acad. Sci. U.S.A., 81:
5704-5708, 1984,

McGrath, J. P., Capon, D.J,, Goeddel, D, V., and Levinson, A, D, Comparative
biochemical properties of normal and activated human ras p21 protein, Nature, 310:
644-649, 1984.

Sweet, R., Yokoyama, 8., Kamata, T., Feramisco, J., Rosenberg, M., and Gross, M.
The product of ras is a GTPase and the 124 oncogenic mutant is deficient in this ac-
tivity, Nature, 317: 273-275, 1984,

Gilman, A. G proteins and dual control of adenylate cyclase. Cell, 36: 577-579, 1984.
Shilo, B-Z. and Weinberg, R. A. DNA sequences homologous to vertebrate oncogenes
are conserved in Drosophia melanogaster. Proc. Natl. Acad. Sci. U.S.A., 7§: 6789-6792,
1981.

De¥eo-Jones, D., Scolnick E. M., Zoller, R., and Dhar, R. ras-related gene sequences
identified and isolated {rom Saccharomyces cerevisiae, Nature, 306 707-709, 1983.
Powers, 8., Kataoka, T., Fasano, O., Goldiarhb, M., Strathern, J., Broach, J., and
Wigler, M, Genes in 5. cerevisiae encoding proteins with domains homologous to the
mammalian ras proteins. Cell, 36 607-612, 1984,

Reymond, C.D., Gomer, R. H,, Mehdy, M. G, and Firiel, R. A. Developmental
regulation of a dicytostelium gene encoding a protein homologous to mammalian ras
protein, Cell, 39: 141-148, 1984,

Kataoka, T., Powers, 5., McGill, C., Fasano, O., Strathern, J., Broach, J., and Wigler,
M. Genetic analysis of yeast RASI and RAS2 genes. Cell, 37: 437-445, 1984, ‘



260 TODA ET AL.

95.
2.
27.
28.
29.
30,
31.
32,

33.

34.

36.
37,

38.
39,

40,
41,

Kataoka, T., Powers, S., Cameron, 8., Fasano, O., Goldfarb, M., Broach, J., and
Wigler, M. Functional homology of mammalian and yeast RAS genes, Cell, 40: 1926,
1985,

Tatchell, K., Chalefl, D., DeFeo-Jones, D., and Scolnick L. Requirement of cither of
a pair of ras-related genes ol Saccharomyces cerevisiae for spore viability, Nature, 309:
523-527, 1984. .

DeFeo-Jones, D., Tatchell, K., Robinson, L. C., Sigal, 1. §., Vass, W. C., Lowy, D. R.,
and Scolnick E. M. Mammalian and yeast ras gene products: biological function in
their heterologous system. Science, 228: 179184, 1985.

Tamanoi, ¥., Walsh, M., Kataoka, T., and Wigler, M. A product of yeast RAS2 genc
is a guanine nucleotide binding protein. Proc. Natl. Acad. Sci. U.S.A., 81 6924-6929,
1984,

‘Temeles, G, L., Gibbs, J. B., D'Alonzo, ]. S., Sigal, 1. 8., and Scolnick, 1. M. Yeast
and mammalian ras proteins have conserved biochemical properties. Nature, 313:
700--703, 1984.

Powers, 8., Michaelis, S., Brock, 1., Santa Anna-A, S., Field, J., Herskowitz, 1., and
Wigler, M. RAM, a gene of yeast required for a functional modification of RAS pro-
teins and for production of mating pheromone a-factor. Cell, 47: 413-422, 1986,
Matsumoto, K., Uno, 1., Oshima, Y., and Ishikawa, T. Isolation and characteriza-
tion of yeast mutant deficient in adenylate cyclase and cAMP-dependent protein
kinase. Proc. Natl. Acad. Sci. U.8.A., 79: 2355-2359, 1982,

Matsumoto, K.; Uno, 1., and Ishikawa, T. Control of cell division in Saccharomyces
cerevisiae mutants defective in adenylate cyclase and cAMP-dependent protein kinase,
Exp. Cell. Res., I46: 151161, 1983.

Toda, T., Cameron, 5., Sass, P., Zoller, M., Scott, J. ID., McMulien, B., Hurwitz, M.,
Krebs, E. G., and Wigler, M. Cloning and characterization of BCY!, a locus cncod-
ing a regulatory subunit of the cyclic AMP-dependent protein kinase in Saccharomyces
cerevisiae, Mol. Ceell. Biol., 1987 (in press).

Broek, ., Samiy, N., Fasano, O., lﬁujiyama, A.,'Tamanoi, F., Northup, J., and Wigler,
M. Differential activation of yeast adenylate cyclase by wild-type and mutant RAS,
product, Cell, 47: 763--769, 1985,

Toda, T., Uno, 1., Ishikawa, I, Powers, S., Katacka, T., Broek, ., Gameron, S.,
Broach, J., Matsumoto, K., and Wigler, M. In yeast, RAS proteins are controlling cle-
ments of adenylate cyclase. Cell, 40: 27-36, 1985.

Kataoka, T\, Brock, D., and Wigler, M. DNA sequence and characterization of the S.
cerevisiae gene encoding adenylate cyclase. Cell, 43: 493-505, 1985,

Birchmeier, C., Brock, D., and Wigler, M. R4S proteins can induce meiosis in Xenopus
oocytes. Cell, 45: 615-621, 1985.

Kaibuchi, K., Miyajima, A., Arai, K-1., and Matsumoto, K. Possible involvement of
fiAS-encoded proteins in glucose-induced inositolphospholipid turnover in Saccharomyces
cerevisiae. Proc. Natl, Acad. Sci. U.8.A., 83: 8172-8176, 1986.

Hartwell, L. H., Mortiner, R. K., Gulotti, J., and Culotti, M. Genetic control of the
cell division cycle in yeast: V. genetic analysis of ¢dec mutant. Genetics, 74; 267-286,
1973. . .
Hartwell, L. H. Saccharomyces cerevisiae cell cycle. Bacteriol. Rev., 3¢ 164-198, 1974.
Brock, )., Toda, T\, Michaeli, T, Levin, L., Birchmeier, C., Zoller, M., Powers, S.,
and Wigler, M. The . cerevisiae CDC25 gene product regulates the RAS/adenylate
cyclase pathway. Cell (in press).



