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Summ ry

Ye st spores l cking endogenous RAS genes will not
germin te. If such spores cont in chimeric m m-
m li n/ye st RAS genes or even the m mm li n H-r s
gene under the control of the g l ctose-inducible
GAL10 promoter, they will germin te in the presence
of g l ctose nd produce vi ble h ploid progeny de-
pendent on g l ctose for continued growth nd vi bil-
ity. These results indic te th t the biochemic l func-
tion of RAS proteins is essenti l for veget tive h ploid
ye st nd th t this function h s been conserved in evo-
lution since the progenitors of ye st nd m mm ls
diverged .

Introduction

The r s genes were first discovered s the oncogenes con-
t ined in the H rvey nd Kirsten r t s rcom viruses (Ellis
et l ., 1981) . The H-, K-, nd N-r s genes comprise f mily
of conserved m mm li n genes th t encode proteins of
188-189 mino cids (T p rowsky et l ., 1983) . A number
of l bor tories, using DNA-medi ted gene tr nsfer, h ve
demonstr ted the presence of " ctiv ted" r s genes in the
DNA of m ny tumor cells . These r s genes cont in mis-
sense mut tions which render them c p ble of morpho-
logic l nd tumorigenic tr nsform tion of NIH3T3 cells, n
est blished cell line of murine origin (T bin et l ., 1982 ;
Reddy et l ., 1982 ; T p rowsky et l ., 1982,1983 ; Shimizu
et l ., 1983 ; Yu s et l ., 1983 ; C pon et l ., 1983) . The
m mm li n r s proteins re synthesized initi lly s
cytopl smic precursors th t undergo processing event
while becoming loc lized to the inner surf ce of the pl sm
membr ne (Shih et l ., 1982b). Both mut nt nd norm l
r s proteins bind gu nine nucleotides with high ffinity (Shih
et l ., 1980, 1982 ; P p george et l ., 1982) . The norm l
r s proteins, but not the mut nt proteins, lso h ve we k
GTP se ctivity (Sweet et l ., 1984 ; McGr th et l ., 1984) .
Little else is known bout the biochemic l function of the
m mm li n r s proteins .

The ye st S cch romyces cerevisi e cont ins two genes,
RAS1 nd RAS2, which encode proteins th t re highly ho-
mologous to the m mm li n r s proteins, p rticul rly in
their N-termin l dom ins (Defeo-Jones et l ., 1983 ; Powers
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et l ., 1984 ; Dh r et l ., 1984) . Although neither RAS1 nor
RAS2 re by themselves essenti l genes, t le st one func-
tion l RAS gene is required for the resumption of veget -
tive growth by h ploid ye st spores (K t ok et l ., 1984 ;
T tchell et l ., 1984) . This observ tion h s llowed us to
test for function l homology between the m mm li n nd
ye st RAS proteins . To this end, we h ve m de sever l m m-
m li n/ye st RAS gene constructions in vitro nd tested
them for their bility to complement the loss of endoge-
nous RAS function in ye st .

Results

An N -Termin l Chimeric Gene Complements
r s/- r s2- Ye st
The proteins encoded by the ye st RAS2 nd the hum n
H-r s genes re most simil r in their N-termin l dom ins
(Defeo-Jones et l ., 1983 ; Powers et l ., 1984 ; Dh r et l .,
1984). The ye st RAS2 protein cont ins seven initi l mino
cids not present in the H-r s protein . After th t, there is

close to 90% homology between the proteins for the next
80 mino cid positions. There is ne rly 50% homology
for the 80 mino cid positions which follow th t, nd then
homology bre ks down in wh t we h ve c lled the v ri -
ble dom in . Fin lly, there is homology g in in the four
C-termin l mino cid positions . The ye st RAS2 protein
is predicted to be 322 mino cids, much l rger th n the
189 mino cid H-r s protein, m inly bec use of l rger
v ri ble region .

There is conserved cle v ge site for the restriction en-
donucle se Mst I in both the H-r s nd RAS2 genes, corre-
sponding to the 73rd nd 80th mino cid positions of the
respective proteins . We h ve utilized this site to cre te
chimeric gene th t encodes the first 73 mino cids of
H-r s nd the rem ining 242 mino cids of RAS2. The
resulting protein differs from the first 79 positions of the
H-r s t only one position, encoding sp r gine inste d
of threonine t position 74 . It differs from RAS2 t 17 posi-
tions in this region . This chimeric protein resembles the
norm l m mm li n protein t ll positions t which mino
cid substitutions re known to ctiv te the tr nsforming

potenti l of the m mm li n protein. These coding regions
h ve been rr nged s p rt of tr nscription unit th t uti-
lizes the GAL10 g l ctose-inducible promoter (St . John nd
D vis, 1981 ; Bro ch et l ., 1983) nd RAS2 termin tion se-
quences. The entire tr nscription unit is cont ined on the
pl smid pTKJB-2(gly), which, in ddition, cont ins the ori-
gin of replic tion nd the (3-l ct m se gene of pBR322, nd
the LEU2 gene of ye st . The det ils of this construction
re given in Figure 1 . A simil r pl smid, pTKJB-2(v l), w s

constructed differing only in encoding v line t position 12
of the hybrid H-r s/RAS2 protein . We lso constructed pl s-
mid pTKJB-3(gly) which pl ces the entire ye st RAS2 cod-
ing sequence under the control of the GAL10 promoter (see
Figure 1) .

DNAs from pTKJB-2(gly) nd pTKJB-2(v l) were cle ved
with Eco RI, which cuts within the LEU2 gene, nd used
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Figure 1 . Construction of Pl smids Used in This Study
(A) The restriction m ps of ll pl smids re shown bove . X/Y indic tes
th t the restriction endonucle se site X w s filled in with E . coli poly-
mer se I nd blunt-end lig ted to the restriction endonucle se site Y,
lso filled in with E . coli polymer se I . P rentheses indic te when the

restriction sites re lost by this process . pOFSP-2 w s constructed by
joining the 6.6 kb Bcl I/S l I fr gment of YEP51 (Bro ch et l ., 1983)
with the 0.7 kb S l I/BAM HI fr gment of the hum n H-r s DNA (see
B, below) . The 2µ circle origin of replic tion of pOFSP-2 w s removed
by deletion of sequences within the indic ted Xb I/Eco RI fr gment,
cre ting pOFSP-3. pTKJB-3 w s constructed by joining the 1 .2 kb Hp
I fr gment of RAS2 with the 6 .6 kb Bcl I/S l I fr gment of YEP51 nd
by subsequent deletion of the Xb I/Eco RI fr gment cont ining the 2µ
replic tion origin . pTKJB-2 w s constructed s indic ted by joining the
following restriction endonucle se fr gments: the 3 .7 kb Mst I/S l I fr g-
ment of YEP51, the 0.23 kb S l I/Mst I fr gment of H-r s (see below),
the 1 .04 kb Mst I/Hind Ill fr gment of RAS2, nd the 0 .7 kb A t II/Mst
I fr gment of pUC8 (Messing nd Vieir , 1982) . When H-r sS ( Y 12 or
RAS291Y'e DNA re used, the pl smids re design ted "(gly)" ; when
H-r sv 112 or RAS2" 119 re used, the pl smids re design ted "(v l)."
(B) The H-r s sequences used in these constructions re combin -
tion of genomic nd cDNA sequences to which were dded S l I linkers
(GGTCGACC) nd B m HI linkers (CGGGTACCCG) t the 5' nd 3' ends
of the gene, respectively, by blunt-end lig tion . The 5' bound ry of the
H-r s genomic DNA is n Mst II site, filled in by E . coli polymer se I,
9 by 5' to the H-r s ATG st rt codon . The 75 by Mst II/Pvu II fr gment
of genomic DNA w s blunt-end lig ted to the 623 by Pvu II/Sm I fr g-
ment of the H-r s cDNA pl smid, RS6 (F s no et l ., 1983) . The Sm
I site of RS6, 119 by 3' to the H-r s termin tion codon, w s lig ted to
the B m HI linker. The S l I/B m HI fr gment thus cre ted w s used
in the H-r s pl smid constructions described bove .

to tr nsform the h ploid str in JR29-1B which is /eu2 ur 3
his3 r s2 ::URA3 (see T ble 1 for det iled str in descrip-
tion) . Str ins were isol ted cont ining single copy of the
p rticul r pl smid integr ted t the LEU2 locus. These were
m ted with the str in JR28-1D which is his3 /eu2 ur 3
r sl : :HIS3 to produce diploid str ins JR32 nd JR31,
respectively. pTKJB-3 pl smid w s tr nsformed into JR28-

1D fter p rti l cle v ge with Eco RI, nd Leu' tr nsfor-
m nts were m ted with JR29-1B to produce diploid str in,
JR33. These diploid str ins were therefore doubly hetero-
zygous t e ch RAS locus with one RAS1 llele disrupted
by the HIS3 m rker nd one RAS2 llele disrupted by the

URA3 m rker nd, ddition lly, heterozygous for either
ye st RAS2 or the chimeric hum ntye st RAS gene inserted
t one leu2 llele . These genotypic ssignments were con-

firmed by Southern hybridiz tion n lysis s shown in Fig-
ure 2 . The diploid str ins were sporul ted, nd tetr ds dis-
sected . Spores were germin ted on g r pl tes cont ining
either rich g l ctose medium (YPG l), or rich glucose
medium (YPD) nd the resulting spores scored for the
resumption of veget tive growth. The genotypes of vi ble
spores were determined by the presence of leucine, histi-
dine, nd ur cil uxotrophies . The genotypes of nonvi ble
spores were determined where possible from the genotypes
of vi ble spores within tetr ds ssuming Mendeli n segre-
g tion . The results of these n lyses re given in T bles
2, 3, nd 4 .
An lysis of tetr ds from JR33 (RAS1/r sl ::HIS3 RAS2/

r s2 : :URA31eu2/Ieu2 : :pTKJB-3(gly) ) cle rly indic tes th t
the RAS2 gene of pTKJB-3(gly) is under the control of the

g l ctose-inducible GAL10 promoter (T ble 2) . Spores con-
t ining pTKJB-3(gly) nd disrupted t both endogenous RAS
loci do not germin te on glucose medium, but do germin te
on g l ctose medium . Simil r results were obt ined with
JR32 (RAS1/r sl : :HIS3 RAS2/r s2 : :URA3 Ieu2/Ieu2 : :pTKJB-
2(gly) ) which cont ins the chimeric H-r sgly12/RAS2 under
GAL10 control (T ble 3). Our genetic ssignments of
r sl : :HIS3 r s2 : :URA31eu2 : :pTKJB-2(gly) h ploid proge-
nies were confirmed by Southern n lysis (see Figure 2,
l nes g nd h) . These results cle rly indic te th t expres-
sion of the chimeric hum n H-r s9ly12 /ye st RAS2 gene
c n complement the loss of endogenous RAS function, nd
th t the chimeric gene is under the control of the g l ctose-
inducible promoter.
Colonies rising on YPG l from r sl - r s2 - spores con-

t ining the chimeric gene were not m croscopic lly dis-
tinct from colonies rising from spores with endogenous
RAS genes, either in size, color, or sh pe. Moreover, in
rich liquid medium cont ining g l ctose s the prim ry c r-
bon source (YPG l), the doubling times for both kinds of
cells were equiv lent (see T ble 5) . However, cells with only
the chimeric gene did not grow in rich medium cont ining
glucose s c rbon source (YPD) . After continued growth
for sever l gener tions in the bsence of g l ctose, they
rrested predomin ntly in the unbudded G1 ph se nd be-

g n to lose vi bility (see T ble 6) . Simil r results were ob-
t ined for str ins disrupted t their endogenous RAS loci
but expressing ye st RAS2 under GAL10 control . These
results confirm our conclusion, b sed on tetr d n lysis,
th t the chimeric H-r sgly 12 /RAS2 gene complements loss
of endogenous RAS function . These results lso indic te
th t RAS function is required not only for the resumption
of veget tive growth by spores, but lso for the continued
growth nd vi bility of h ploid cells .

Quite different results were obt ined upon n lysis of
tetr ds from JR31 . JR31 cont ins the pl smid pTKJB-2(v l),
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T ble 1 . Ye st Str ins Used in This Study

Str in

	

Genotype

JR25-3C

	

MAT leu2 ur 3 trpl his3
TS-1b

	

MAT /eu2 ur 3 trpl his3 de8 c nt g ll r sl : :HIS3
KP-1b

	

MAT /eu2 ur 3 trpl his3 de8 c nl g 12 r s2 : :URA3
JR28-1 Dc

	

MAT leu2 ur 3 trpl his3 c nt r sl : :HIS3
JR29-1Bc

	

MAT leu2 ur 3 trpl his3 c nt r s2: :URA3
JR29-1B-1d

	

MAT Ieu2 : :pTKJB-2(v l) ur 3 trpl his3 c nt r s2 : :URA3
JR29-1B-2d

	

MAT leu2 : :pTKJB-2(gly) ur 3 trpl his3 c nt r s2: :URA3
JR28-1D-3d

	

MAT /eu2: :pTKJB-3(gly) ur 3 trpl his3 c nt r sl : :HIS3
JR28-1D-4d

	

MAT /eu2: :pOFSP-3(gly) ur 3 trpl his3 c nt r sl : :HIS3
JR28-1 D-5d

	

MAT /eu2 : :pOFSP-3(v l) ur 3 trpl his3 c nt r sl : :HIS3
JR31e

	

MAT /MAT leu2/Ieu2 : :pTKJB-2(v l) ur 3/ur 3 trpl/trpl his3/his3 r sl : :HIS3/RAS1 r s2: :URA3/RAS2
JR32e

	

MAT /MAT leu2/Ieu2 : :pTKJB-2(gly) ur 3/ur 3 trplltrpl his3/his3 r sl : :HIS3/RAS1 r s2: :URA3/RAS2
JR33e

	

MAT /MAT leu2/Ieu2 : :pTKJB-3(gly) ur 3/ur 3 trpl/trpl his3/his3 r sl : :H/S3/RAS1 r s2: :URA3/RAS2
JR34e

	

MAT /MAT leu2/Ieu2: :pOFSP-3(gly) ur 3/ur 3 trpl/trpl his3/his3 r sl : :HIS3/RAS1 r s2 : :URA3/RAS2
JR35e

	

MAT /MAT leu2/Ieu2 : :pOFSP-3(v l) ur 3/ur 3 trpl/trpl his3/his3 r si : :HIS3/RAS1 r s2 : :URA3/RAS2
JR32-3Df

	

MAT leu2: :pTKJB-2(gly) ur 3 trpl his3 r sl : :HIS3 r s2 : :URA3
JR32-4Df

	

MAT /eu2: :pTKJB-2(gly) ur 3 trpl his3 r sl : :HIS3 r s2 : :URA3
JR33-2B9

	

MAT /eu2: :pTKJB-3(gly) ur 3 trpl his3 r sl : :HIS3 r s2 : :URA3
JR33-7B9

	

MAT /eu2: :pTKJB-3(gly) ur 3 trpl his3 r sl : :HIS3 r s2 : :URA3
JR33-9A9

	

MAT Ieu2: :pTKJB-3(gly) ur 3 trpl his3 r sl : :HIS3 r s2 : :URA3
JR31-lAh

	

MAT Ieu2: :pTKJB-2(v l) ur 3 trpl his3 r sl : :HIS3
JR31-4Dh

	

MAT leu2: :pTKJB-2(v l) ur 3 trpl his3
JR31-6Ah

	

MAT Ieu2: :pTKJB-2(v l) ur 3 trpl his3 r s2 : :URA3
JR31-8A 1

	

MAT /eu2 ur 3 trpl his3
JR34-3B' MAT Ieu2: :pOFSP-3(gly) ur 3 trpl his3 r sl : :HIS3 r s2 : :URA3
JR34-11CI MAT Ieu2: :pOFSP-3(gly) ur 3 trpl his3 r sl : :HIS3 r s2: :URA3
JR34-14A' MAT /eu2: :pOFSP-3(gly) ur 3 trpl his3 r sl : :HIS3 r s2: :URA3
KPPK-3A'

	

MAT leu2 ur 3 trpl his3 de8 c nt r sl : :HIS3

This str in is from the collection of J . Bro ch .
b These str ins were produced by tr nsform tion of the r sl : :HIS3 or r s2: :URA3 fr gment into ye st str in SP1 (K t ok et l ., 1984) .
c These str ins re segreg nts of diploid str ins produced by m ting JR25-3C with TS-1 or KP-1, respectively .
d These str ins were produced by tr nsform tion of the line rized pl smids indic ted into JR29-1 B or JR28-1 D nd by selecting Leu• prototrophs .
e These str ins were prep red by m ting JR28-1 D with JR29-1 B-1, or JR29-1 B-2, or by m ting JR29-1 B with JR28-1 D-3, JR28-1 D-4 or JR28-1 D-5,
respectively, nd uxotrophic selection of diploid cells .
f These str ins re h ploid segreg nts of the diploid str in JR32 nd were identified by their Leu' Ur ' His' phenotypes nd by Southern blot hybrid-
iz tion shown in Figure 2 .
9 These str ins re h ploid segreg nts of the diploid str in JR33 nd were identified s described in the previous footnote .
h These str ins re h ploid segreg nts of the diploid str in JR31 nd were identified by their Leu Ur His phenotypes .
These str ins re h ploid segreg nts of the diploid str in JR34 nd identified s described in footnote "f ."

i This str in is h ploid segreg nt of diploid str in KPPK-1, which w s produced by m ting KP-1 with str in PK-1 (MAT leu2 ur 3 trpl his3
r sl : :HIS3) . PK-1 w s produced by tr nsform tion of the r sl : :HIS3 fr gment into SX50-1C (K t ok et l ., 1984).

integr ted t the leu2 locus . pTKJB-2(v l) cont ins the chi-

meric H-r sv H 2 IRAS2 gene under GAL10 control . pTKJB-

2(v l) therefore encodes RAS protein with one of the mino
cid substitutions th t ctiv tes the tr nsforming potenti l

of the hum n H-r s gene, n logous to the substitution th t
lters the function l properties of ye st RAS2 protein . The

diploid JR31 w s ddition lly doubly heterozygous t e ch
RAS locus. Tetr d n lysis (T ble 4) indic ted th t, in con-
tr st to previous results, the chimeric gene ppe red un-
ble to complement loss of endogenous RAS function . In-

deed, spores cont ining the chimeric gene were un ble
to germin te on g l ctose-cont ining medium even when
the endogenous RAS genes were int ct. To confirm these
results, ll colonies rising from spores germin ted on YPD
were replic pl ted onto YPG l g r pl tes. Those colo-
nies cont ining the hum n/ye st RASv I' 2 gene were un-

ble to grow on YPG l . Some colonies cont ining this chi-
meric gene were pl ced into liquid YPG I medium nd their
cell number nd cell vi bility me sured (T ble 6) . In the
presence of g l ctose, such cells r pidly lost vi bility. Thus,

either expression of high levels of the hum n/ye st
RASv ' 12 gene is leth l in gener l or leth l for cells in-
cub ted in medium cont ining g l ctose s the prim ry
c rbon source .

Expression of the Hum n H-r s Gene Complements
r sl - r s2- Ye st
We next tested whether expression of the int ct hum n
H-r s protein could complement the loss of endogenous
RAS function in ye st. To this end we g in utilized the
GAL10 promoter. We used the entire coding sequence of
the hum n H-r s gene l cking introns, st rting 9 by before
the initi ting ATG nd 120 by fter the termin tion codon,
to construct the extr chromosom lly replic ting pl smids
pOFSP-2(gly) nd pOFSP-2(v l) . Det ils of this construc-
tion re given in Figure 1 . The (gly) v riety expressed the
norm l hum n H-r s protein nd the (v l) v riety expressed
hum n H-r s protein with v line in position 12 inste d

of glycine. These pl smids lso cont ined the p-l ct m se
gene nd origin of replic tion of pBR322, the ye st LEU2
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Figure 2. Southern Blot Analysis of Haploid and Diploid Yeast Strains 

One tenth to 0.2 rg of various yeast strain DNAs or approximately 100 pg of plasmid DNAs were cleaved with restriction endonuclease, electrophoresed 
in 1.2% (for A, B, and C), or 0.5% (for D) agarose gels, blotted to nitrocellulose filters, and hybridized with nick-translated DNA fragments as described 
in Experimental Procedures. 
(A) Cleaved with Eco RI, Pst I, and Hind III and hybridized with the 1.2 kb Hpa I RASP gene fragment probe. 
(B) Cleaved with Eco RI, Pst I, and Hind Ill and hybridized with the 0.7 kp Mst IllSma I fragment of the H-ras gene. 
(C) Cleaved with Hind Ill and hybridized with the 1.6 kb Hind Ill fragment of the RAS7 gene. 
(D) Cleaved with Xho I and hybridized with the H-ras (lanes a-l), or the 2.0 kb Xho l/Sal I LEU2 (lanes a’-I’) gene fragments. Yeast strains used 
as DNA sources are JR28-1 D, lanes a and a’; JR29-1 B, lanes b and b’; JR 29-1 B-l, lanes c and c’; JR31, lanes d and d’; JR29-1 B-2, lanes e and 
e’; JR32, lanes f and f’; JR32-3D, lanes g and g’; JR32-4D. lanes h and h’: JR28-lD-4, lanes i and i’; JR34, lanes j and j’; JR35, lanes k and k’; 
JR34-1 lC, lanes I and I’; prasZ::URAS, lane m; pTKJB-2, lane n; pRAS2, lane o; pOFSP-3, lane p; prasl::H/SS, lane q; pRAS7, lane r. See Table 
1 for adescription of the yeast strains, and see Figure 1 for adescription of plasmids. The structures of pRAS2, prasP::URA3, pRA.97 and pras7::HISS 
were described previously (Kataoka et al., 1984). Molecular sizes of the bands are indicated in kilobases. (E) Schematic representations of the 
RAS7, RASZ, and leu2 genetic loci in their various configurations. Filled bars indicate structural sequences of the RASI, RAS2, chimeric RAS, or 
H-ras gene, while open bars indicate the gene fragments containing the URAS, HIS3, LEU2, or leu2 gene. Bands of 5.9 kb, 1.9 kb, and 1 .l kb in 
(A) indicate an Eco RI fragment of pTKJB-2, an Eco RllPst I fragment, and a Pst l/Hind Ill fragment of the intact RASP gene, respectively. Since 
the URAB gene fragment was inserted between two Hpa I sites of the RASP gene, deleting its entire structural sequence, no band corresponding 
to the disrupted ras2::URA3 gene can be observed using the RASP gene probe. Bands of 5.9 kb and 2.5 kb in (B) indicate an Eco RI fragment 
of pTKJB-2 and an Eco RI fragment of pOFSP-3, respectively. A 1.6 kb band in (C) represents a Hind Ill fragment of the intact RASl gene, while 
2.0 kb and 1.4 kb bands are derived from the rasl::H/S3 gene as illustrated in (E). Bands of 13 kb and 19 kb in(D) indicate an intact Xho I fragment 
of the leu2 gene and a rearranged Xho I fragment of the leu2 gene produced by insertion of one copy of pTKJB-2 or pOFSP-3 at their Eco RI cleavage 
sites. (As expected, the 19 kb band hybridizes with the H-ras probe.) The Xho I cleavage site of the LEUP gene in YEP51 was lost by ligation with 
a Pvu II site. An 8.6 kb band in (C) seems to be derived from cross-hybridization of the LEUP gene probe with an unknown gene and is present 
in all of the lanes. 

gene, and the 2~ circle origin of replication. The human numbers of the extrachromosomally replicating plasmids 
H-ES genes were under the transcriptional control of the expressed H-KS protein. /eu2- haploid cells DC04 were 
galactose-inducible GAL70 promoter. transformed with these plasmids. The resulting Leu’ cells 

First we tested whether yeast containing high copy were grown in synthetic medium with appropriate auxo- 



Conserv tion of RAS Function
2 3

T ble 2 . Spore Vi bility in Tetr ds from JR33
Germin tion

	

Germin tion
Spore Genotype

	

on YPD

	

on YPG I

The genotype of JR33 is given in T ble 1 . It cont ins one copy of pl s-
mid pTKJB-3(gly), inserted t one /eu2 llele. This pl smid cont ins the
coding sequences of RAS2 under the control of the g l ctose-inducible
GAL10 promoter . The genotypes of spores were determined s de-
scribed in the text .

T ble 3 . Spore Vi bility in Tetr ds from JR32
Germin tion

	

Germin tion
Spore Genotype

	

on YPD

	

on YPG I

The genotype of JR32 is given in T ble 1 . It cont ins one copy of pl s-
mid pTKJB-2(gly) inserted tone leu2 llele . This pl smid cont ins the
chimeric H-r sg1y121RAS2 described in the text under the control of the
g l ctose-inducible GAL10 promoter .

T ble 4 . Spore Vi bility in Tetr ds from JR31

The genotype of JR31 is given in T ble 1 . It cont ins one copy of pl s-
mid pTKJB-2(v l) inserted t one leu2 llele . This pl smid cont ins the
chimeric H-r s"e"2IRAS2 gene, described in the text, under the con-
trol of the g l ctose-inducible GAL10 promoter . The genotypes of non-
vi ble spores germin ted on YPG I could not be determined in most
c ses since there were insufficient numbers of vi ble spores within most
tetr ds .

trophic dditions nd 5% g l ctose, nd l beled with
35S-methionine . Cellul r extr cts were prep red fter v ry-
ing l beling conditions, nd immunoprecipit ted with the
monoclon l ntibody Y13-259, which h s

bro

d cross-
re ctivity to r s proteins (Furth et l ., 1982). Immunopre-

cipit tes were then n lyzed by poly cryl mide gel elec-
trophoresis nd comp red to immunoprecipit tes from
m mm li n cells cont ining high concentr tions of the nor-
m l hum n H-r s protein or the tr nsforming H-r s protein
with v line t position 12 . Ye st cells cont ining pOFSP-2
pl smids express two protein species th t immunoprecipi-
t te with monoclon l ntibody nd comigr te with the
precursor nd m ture hum n H-r s proteins (d t

not

shown). Pulse-ch se experiments indic ted th t the slower
migr ting ye st species is the precursor for the f ster mi-
gr ting species. It therefore ppe rs th t cells cont ining
pOFSP-2 pl smids not only express the H-r s protein, but
th t this protein undergoes

processing event which resem-

bles the processing event th t occurs in m mm li n cells
(Shih et l ., 1982b) .
Next we tested whether the norm l hum n H-r s

protein would complement ye st l cking int ct endogenous
RAS proteins. For this purpose, we removed the 2µ circle
origin of pOFSP-2 to cre te pOFSP-3 (see Figure 1) . We
then utilized the s me experiment l scheme described in
the previous section to cre te

diploid (JR34) th

t w s het-
erozygous t e ch RAS locus (disrupted by uxotrophic
HIS3 nd URA3 m rkers) nd which cont ined the norm l
H-r s gene under GAL10 control together with LEU2 in-
tegr ted t one /eu2 llele . Tetr d n lysis (T ble 7) of this
diploid w s performed s for e rlier tetr ds . No r sl- r s2-
spores germin ted on rich glucose medium (YPD) . How-
ever, when spores were germin ted on g l ctose (YPG I)
g r, gre ter th n one third of the r sl- r s2- spores th t

cont ined the H-r s gene g ve rise to colonies. These colo-
nies grew more slowly th n other colonies, indic ting th t
their growth w s imp ired. One of these colonies w s
picked, grown into m ss culture in YPG I, nd DNA pre-
p red. An lysis of this DNA utilizing RAS1, RAS2, LEU2,
nd H-r s probes (Figure 2, l nes 1 nd 1') indic ted th t

it h d the predicted genotype r sl : :HIS3 r s2 : :URA3
Ieu2::pOFSP-3(gly) . When these cells were tr nsferred to
YPD, which l cks the tr nscription l inducer g l ctose, they
did not grow, but rrested predomin ntly in n unbudded
st te nd subsequently lost vi bility (T ble 6) . These results
indic te th t the norm l hum n H-r s protein c n comple-
ment ye st l cking endogenous RAS function, nd th t it
is under the control of the GAL10 promoter . However, un-
like spores cont ining only the chimeric hum n/ye st RAS
gene, spores cont ining only the H-r s gene did not ger-
min te efficiently. This result suggests th t the H-r s pro-
tein does not function s well s the chimeric protein in
ye st cells. Moreover, cells expressing only the H-r s pro-
tein did not grow s r pidly s wild-type cells . The doubling
time of these cells in YPG I w s from 5 to 6 hr, comp red
to bout 2 .3 hr for wild-type cells (T ble 5) . The proportion
of budded cells w s me sured, nd from this we c lcul ted
th t the incre se in doubling time w s due lmost entirely
to n incre se in the dur tion of the G1 ph se of the cell
cycle.

These s me experiments were repe ted using the pl s-
mid pOFSP-3(v l) . JR35,

diploid doubly heterozygous for

the endogenous RAS genes nd cont ining the g l ctose-
inducible H-r sv H2 gene, w s n lyzed . This n lysis (T -
ble 8) cle rly indic ted th t ye st cells l cking endogenous

RAS1 RAS2 GAL10-RAS2 Vi ble
Non-
vi ble Vi ble

Non-
vi ble

+

	

+

	

+ 7 0 10 0
+

	

+

	

- 9 1 13 1
+

	

-

	

+ 9 0 10 1
+

	

-

	

- 6 2 9 0
-

	

+

	

+ 9 0 9 2
-

	

+

	

- 7 0 10 0
-

	

-

	

+ 0 6 13 1
-

	

-

	

- 0 7 0 10

Spore Genotype
Germin tion
on YPD

Germin tion
on YPG I

GAL10-chimeric Non-
RAS1 RAS2 RAS(v 112) Vi ble vi ble Vi ble
+

	

+

	

+ 6 0 0
+

	

+

	

- 10 0 10
+

	

-

	

+ 9 1 0
+

	

-

	

- 9 0 11
-

	

+

	

+ 11 0 0
+

	

- 9 0 9
+ 0 7 0

- 0 7 0

GAL10-chimeric
RAS1 RAS2 RAS(gly12) Vi ble

Non-
vi ble Vi ble

Non-
vi ble

+

	

+

	

+ 7 0 12 0
+

	

+

	

- 6 0 10 1
+

	

-

	

+ 13 0 15 0
+

	

-

	

- 8 1 20 0
-

	

+

	

+ 16 1 15 3
-

	

+

	

- 12 2 19 1
-

	

+ 0 6 13 4
0 8 0 8
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T ble 5 . Doubling Time nd Dur tion of G1 in V rious Str ins

The full genotypes of the indic ted str ins re given in T ble 1 . The pl smid integr ted t the leu2 llele is indic ted . pTKJB-3(gly) cont ins the
wild-type ye st RAS2 under the tr nscription l control of the g l ctose inducible GAL10 promoter ; pTKJB-2(gly) cont ins the chimeric H-r s9IY12/RAS2
under GAL10; pOFSP-3(gly) cont ins the H-r s91y 12 under GAL10 .
b The doubling time, D, of cells inocul ted in rich medium cont ining g l ctose (YPG I) w s me sured during exponenti l growth . The fr ction,
F, of unbudded cells (cells in G1) during exponenti l growth w s determined by the microscopic ex min tion of t le st 100 cells . The dur tion
of G1 w s determined using the formul G1 = D(1-log(2-F)/log2) (Rivin nd F ngm n, 1980) . The difference between D nd G1 (D-G1) represents
the dur tion of the cell cycle excluding G1 .

T ble 6 . Vi bility of V rious Ye st Str ins

See footnote ( ) T ble 5 . pTKJB-2(v l) cont ins the H-r s" 112/RAS2 chimeric gene under the control of the g l ctose-inducible GAL10 promoter .
b Exponenti lly growing cells in YPG I were w shed with YPD nd then inocul ted into YPD nd incub ted for the indic ted periods . For e ch
time point, the vi bility of cultures w s determined by their pl ting efficiency on YPG I pl tes . JR34-3B, 1 1C, nd 14A h d only 50%-60% vi bility
when they were cultured in YPG I for the s me time .
C Exponenti lly growing cells in YPD were w shed with YPG I nd then inocul ted into YPG I nd incub ted for the indic ted times . For e ch
time point, the vi bility of cultures w s determined by me suring their pl ting efficiency on YPD pl tes . NT me ns not tested .

RAS function could not be successfully complemented by
this gene when grown in g l ctose medium . In contr st to
cells cont ining the chimeric H-r sv 112 1RAS2 gene, cells
cont ining the H-r s" l 12 gene could grow in g l ctose
medium when t le st one endogenous RAS gene w s in-
t ct . Possible expl n tions for these puzzling observ tions
re discussed below .

Discussion

We nd others h ve found genes in ye st homologous to
the m mm li n r s genes (Defeo-Jones et l ., 1983 ; Powers
et l ., 1984 ; 9 llwitz et l ., 1983) . The two closest homo-
logs re RAS1 nd RAS2, two closely rel ted genes with
complement ry functions (K t ok et l ., 1984 ; T tchell et

l ., 1984) . The protein encoded by RAS2 sh res ntigenic
sites with the m mm li n H-r s protein (Powers et l ., 1984 ;
P p george et l ., 1984) nd, like the m mm li n r s pro-
teins, binds gu nine nucleotides (T m noi et l ., 1984) . The
strongest region of homology between the ye st RAS nd
m mm li n r s proteins is in the N-termin l dom in . There
is identity t ll positions where mino cid substitutions
re known to ctiv te the tr nsforming potenti l of the m m-
m li n r s proteins . RAS2v 119 , mut nt RAS2 encoding
protein with n mino cid substitution identic l to one

th t ctiv tes H-r s, c n dr m tic lly lter the growth prop-
erties of h ploid nd diploid cells (K t ok et l ., 1984 ; Tod
et l ., 1985) . These results suggest th t the ye st RAS pro-
teins re good model for underst nding the m mm li n
r s proteins.

Genotypes

leu2 : :
Doubling
Time, Db

Fr ction
Unbudded, Fb Gtb D-G1bStr in

	

RAS1

	

RAS2

KPPK-3A

	

-

	

+ - 2.5 hr .482 0.99 hr 1 .51 hr

JR32-3D

	

-

	

- pTKJB-2(gly) 2 .3 .455 0.86 1 .44
JR32-4D

	

-

	

- pTKJB-2(gly) 2 .6 .538 1 .18 1 .42
JR33-2B

	

-

	

- pTKJB-3(gly) 2 .3 .427 0 .80 1 .50
JR33-7B

	

-

	

- pTKJB-3(gly) 2.6 .485 1 .04 1 .56
JR33-9A

	

-

	

- pTKJB-3(gly) 2 .3 .412 0 .77 1 .53

JR34-14A

	

-

	

- pOFSP-3(gly) 4 .8 .73 3 .14 1 .66
JR34-11C

	

-

	

- pOFSP-3(gly) 5 .6 .74 3.73 1 .87
JR34-3B

	

-

	

- pOFSP-3(gly) 6 .0 .75 4 .07 1 .93

Genotype Vi bilityb fter Incub tion in YPD for

Str in

	

RAS1

	

RAS2 leu2 : : 0 hr 2 .5 hr 8 .7 hr 16 hr 33 .5 hr 50 hr

KPPK-3A 76 76 101 104 90 78
JR32-3D pTKJB-2(gly) 78 76 95 52 3 .2 1 .6
JR32-4D pTKJB-2(gly) 86 85 96 62 8 .9 2 .2

0 hr 1 hr 4 hr 12 hr 23 hr 42 hr

JR34-14A

	

-

	

- pOFSP-3(gly) 55 52 65 38 19 5.7
JR34-11C

	

- pOFSP-3(gly) 52 51 50 37 25 3.3
JR34-3B

	

-

	

- pOFSP-3(gly) 56 53 54 48 25 4 .0

Vi bilityc fter Incub tion in YPG I for

0 hr 1 hr 4 hr 12 hr 23 hr 42 hr

JR28-1D

	

-

	

+ - 83 78 NT NT 76 79
JR31-8A

	

+

	

+ - NT 83 83 90 79 83
JR31-1A

	

-

	

+ pTKJB-2(v l) NT 90 80 51 24 5 .1
JR31-4D

	

+

	

+ pTKJB-2(v l) NT 81 94 69 22 6 .6
JR31-6A

	

+

	

- pTKJB-2(v l) NT 80 93 53 17 5 .1
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T ble 7 . Spore Vi bility in Tetr ds from JR34

Germin tion

	

Germin tion
Spore Genotype

	

on YPD

	

on YPG I

The genotype of JR34 is given in T ble 1 . It cont ins one copy of pl s-
mid pOFSP-3(gly) inserted t one leu2 llele . This pl smid cont ins the
hum n H-r sg 1 y12 gene under the control of the g l ctose-inducible
GAL10 promoter . The genotypes of spores were determined s de-
scribed in the text .

T ble 8 . Spore Vi bility in Tetr ds from JR35

Germin tion

	

Germin tion
Spore Genotype

	

on YPD

	

on YPG I

The genotype of JR35 is given in T ble 1 . It cont ins one copy of pl s-
mid pOFSP-3(v l) inserted t one leu2 llele . This pl smid cont ins the
hum n H-r s' 12 gene under the control of the GAL10 promoter .

Since one function l RAS1 or RAS2 gene is required for
the resumption of growth by h ploid spores, we h ve been
ble to test whether there is function l n logy between

the m mm li n nd ye st RAS proteins. We find th t chi-
meric gene encoding the m mm li n H-r s N-termin l do-
m in nd the ye st RAS2 C-termin l dom in functions well
s substitute for endogenous RAS genes even though

the chimeric gene differs from RAS2 t 17 of the first N-
termin l 79 positions . Not only do h ploid spores cont in-
ing this gene resume growth, but they subsequently grow
in rich medium t r tes comp r ble to wild-type cells . This
is strong evidence th t there h s been conserv tion of the
function of the N-termin l dom in from the time the pro-
genitors of ye st nd m mm ls diverged. Am zingly, we

find th t even gene specifying the int ct hum n H-r s
gene c n complement the loss of endogenous RAS genes
in ye st . These results imply th t the biochemic l effector
function of r s h s been conserved in evolution, nd th t
this function in ye st will be homologous to the function
of r s in m mm li n cells. These results lso indic te th t
while the v ri ble regions ne r the c rboxy terminus of
ye stRAS proteins m y be import nt in regul ting RASfunc-
tion, they do not cont in essenti l functions .

Our present work g in confirms th t RAS function is re-
quired for the resumption of growth by h ploid spores, s

we nd others h ve previously shown, nd lso demon-
str tes th t RAS is required for the m inten nce of growth
nd cell vi bility. Ye st without int ct endogenous RAS loci

but expressing either the ye st RAS2 or the chimeric hu-
m n/ye st RAS or the int ct H-r s gene underGAL10 con-
trol ce se growth in the bsence of g l ctose fter sever l
gener tions, ccumul te predomin ntly in n unbudded
st te, nd eventu lly lose vi bility. Ye st cells l cking en-
dogenous RAS function but expressing the int ct hum n
H-r s protein grow with prolonged G1 period . These
results suggest th t endogenous RAS function is not effi-
ciently repl ced by the H-r s protein nd further suggest
th t RAS function is required for tr versing Gi. We c nnot
elimin te the possibility th t RAS function m y lso be re-
quired for tr versing other st ges of the cell cycle.
We c nnot presently expl in two, perh ps rel ted, ex-

periment l observ tions. First of ll, we h ve found th t cells
with chimeric hum n/ye st RAS2v 12 gene under the
control of the GAL10 promoter c nnot grow nd lose vi bil-
ity when incub ted in medium with g l ctose s the pri-
m ry c rbon source even when such cells cont in int ct
endogenous RASgenes. We h ve observed simil r results
(unpublished) when the ye st RAS2v ns gene is pl ced un-
der GAL10control . Second, we find th t, unlike the hum n
H-r sgly 12 gene, the hum n H-r sv l 12 gene, when under the
tr nscription l control of the GAL10 promoter, is not ble
to complement ye st cells l cking their endogenous RAS
genes in the presence of g l ctose . In contr st to the previ-
ous results, the expression of the H-r sv l 12 gene does not
prevent cells from growing on g l ctose when endogenous
RAS protein is present . Possibly, the H-r s v h 2 protein does
not provide the critic l RAS function s efficiently s the
wild-type hum n H-r s protein . Altern tively, the H-r sv l 12

protein beh ves like the chimeric H-r sv 12/RAS2 or
RAS2v 19 gene when there is no v il ble endogenous
RAS1 or RAS2 protein to ct s competitor. We do not
know why cell expressing high levels of RAS2v lls or the
chimeric H-r sv Il 2/RAS2 protein f ils to grow on rich
medium cont ining g l ctose . This question is under con-
tinuing investig tion .

Experiment l Procedures

Ye st Str ins, Growth Medi , nd Tr nsform tion
Gener l genetic m nipul tion of ye st cells w s c rried out essenti lly
s previously described (Mortimer nd H wthorne, 1969). Nomencl -

ture of the genotypes nd phenotypes were s described previously
(Powers et l ., 1984, K t ok et l ., 1984) . A rich g l ctose medium,
YPG l (2% B cto-peptone, 1% ye st extr ct, nd 5% g l ctose) or
glucose medium, YPD (2% B cto-peptone, 1% ye st extr ct, nd 2%
glucose) were used for growth of ye st str ins nd for tetr d dissec-
tions. The Leu, His, Ur uxotrophies of h ploid segreg nts were de-
termined by replic -pl ting onto synthetic medi pl tes (0 .7% ye st ni-
trogen b sed without mino cids, nd 2% g l ctose or glucose)
supplemented with ppropri te mino cids nd nucleic cid b ses.
The synthetic medi were lso used for J 5S-methionine l beling nd
selection nd m inten nce of tr nsform nts . Tr nsform tion into ye st
cells w s performed ccording to the method of Beggs (1978) . Det iled
methods for the growth profile nd vi bility experiments re described
in the legends to T bles 5 nd 6.

Other Methods
Ye st DNA w s prep red essenti lly s described previously (Struhl
et l ., 1979) . Southern blot hybridiz tion w s performed s described
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vi ble

+

	

+

	

+ 6 0 15 0
+

	

+

	

- 7 o 29 0
+

	

-

	

+ 6 o 20 0
+

	

-

	

- 4 0 18 1
+

	

+ 3 o 22 0
+

	

- 6 2 17 2
-

	

+ 0 10 10 16
-

	

- 0 4 0 16

GAL10-
RAS1 RAS2 H-r s"i 12 Vi ble

Non-
vi ble Vi ble

Non-
vi ble

+

	

+

	

+ 5 0 9 0
+

	

+

	

- 9 o 11 0
+

	

-

	

+ 8 0 11 0
+

	

-

	

- 9 o 14 1
-

	

+

	

+ 7 1 15 1
-

	

+ 8 0 13 0
-

	

-

	

+ 0 9 0 10
-

	

-

	

- 0 5 0 8



Cell
26

previously (Southern, 1975) . The probes used for the hybridiz tion were
1 .2 kb Hp I fr gment of the RAS2 gene, 1 .6 kb Hind III fr gment

of the RAS1 gene, 0.7 kb Mst II-Sm I fr gment of the H-r s cDNA
pl smid (see Figure 1), nd 2.0 kb Xho I-S l I fr gment of the LEU2
gene. They were l beled by nick tr nsl tion (M ni tis et l ., 1975). L bel-
ing with 35 S-methionine nd immunoprecipit tion were performed s
described previously (Powers et l ., 1984) . Sources of ll the re gents
nd enzymes were described previously (Powers et l ., 1984 ; K t ok

et l ., 1984) .
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