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Summary 

We have designed a vector to express the mammali- 
an GAP protein in the yeast S. cerevisiae. When ex- 
pressed in yeast, GAP inhibits the function of the hu- 
man H-rasgw* protein, but not that of the H-ras”“* 
protein, and complements the loss of IRA7. IRA7 is a 
yeast gene that encodes a protein with homology to 
GAP and acts upstream of RAS. Mammalian GAP can 
therefore function in yeast and interact with yeast 
RAS. Because expression of GAP complements iral- 
mutants, we propose that GAP shares some biochemi- 
cal functions with IRAl. Other studies Indicate that 
IRA1 controls the level of RAS activity, presumably by 
regulating GTP hydrolysis. By analogy, we propose 
that GAP may play a similar role. 

Introduction 

The yeast Saccharomyces cerevisiae has two closely 
related RAS genes (DeFeo-Jones et al., 1963; Powers et 
al., 1984; Kataoka et al., 1964; Dhar et al., 1984). In yeast, 
RAS proteins control the activity of adenylate cyclase 
(Toda et al., 1965; Broek et al., 1965). Although activation 
of adenylate cyclase does not appear to be the role of ver- 
tebrate RAS proteins (Beckner et al., 1965; Birchmeier et 
al., 1985), there are substantial biochemical similarities 
between mammalian and yeast RAS proteins (for review, 
see Barbacid, 1987). Thus, mammalian RAS protein ex- 
pressed in yeast can supply essential RAS function in that 
organism and stimulate adenylate cyclase (Kataoka et al., 
1985; DeFeo-Jones et al., 1985). Preliminary evidence 
suggests that mammalian RAS can also interact with the 
CDC25 gene product, a protein believed to catalyze the 
exchange of nucleotides bound to yeast RAS proteins 
(Broek et al., 1987; Powers et al., 1989). Finally, a gene, 
IRA1, has been found in yeast that encodes a protein with 
a region of homology to mammalian GAP (Trahey et al., 
1968; Tanakaet al., 1989). Genetic evidence indicates that 
IRA1 protein acts upstream of and inhibits wild-type yeast 
RAS (Tanaka et al., 1989). Cells deficient in //?A7 function 
show the same phenotypes as cells with the activating 
RAS2y8N1g mutation: they are sensitive to heat shock and 
nitrogen starvation and deficient in sporulation (Toda et 
al., 1965; Sass et al., 1966; Matsumoto et al., 1985; Tanaka 
et al., 1969). 

Mammalian GAP is a ubiquitous cellular protein that 
catalytically accelerates GTP hydrolysis of the normal 
mammalian RAS proteins but not that of mutant, -acti- 
vated” RAS proteins with oncogenic potential (Trahey and 
McCormick, 1967; Gibbs et al., 1988). Two hypothetical 
models for the cellular role of GAP have been proposed. 
In the first model, GAP would function to regulate RAS by 
virtue of inducing GTP hydrolysis. The failure of GAP to 
accelerate GTP hydrolysis of mutationally activated forms 
of RAS could then be invoked to explain the growth trans- 
forming properties of oncogenic RAS. In the second 
model, GAP would be the effector of RAS or part of an ef- 
fector complex involved in transmitting the signal of acti- 
vated RAS (Adari et al., 1988; Gales et al., 1988; Sigal, 
1988; McCormick, 1989). This model, framed by analogy 
to the distantly RAS-related GTP binding protein EF-TU, 
finds some support in the observation that GAP does not 
induce GTP hydrolysis in many mutant RAS proteins in- 
capable of stimulating their effector (Adari et al., 1986; 
Gales et al., 1988; Vogel et al., 1988). To help distinguish 
the first and second model and gain insight into the possi- 
ble role of GAP in cells, we have sought to analyze the 
function of mammalian GAP when expressed in yeast. 

Results 

To express mammalian GAP in yeast we constructed a 
high copy yeast extrachromosomal plasmid in which the 
coding sequences of the full-length human GAP cDNA 
gene were transcribed from the powerful yeast ADH7 pro- 
moter (Figure 1). This plasmid, pADGAP, also contains the 
LEU2 gene. We chose first to introduce GAP into yeast 
cells that depend upon the expression of mammalian 
H-ras protein for viability. Two yeast strains were trans- 
formed: TTRB-Gl, which is cdc25- and expresses the 
wild-type human H-ras protein; and TTRB-V2, which is 
cdc25- and expresses the mutant H-rasva”2 protein. In 
both strains, the H-ras genes are expressed under the 
control of the ADHl promoter and are contained in a high 
copy plasmid that also contains the HIS3 gene (see Ex- 
perimental Procedures). The CDC25 gene encodes an es- 
sential yeast protein, thought to be required for the acti- 
vation of wild-type yeast RAS proteins, by catalyzing 
nucleotide exchange (Broek et al., 1987; Robinson et al., 
1987; Camonis et al., 1986). Cells deficient in CDC25 can 
be rendered viable if they express the mammalian H-fas 
or H-rasY8”* genes (Marshall et al., 1987). Such cells are 
not temperature sensitive. However, cdc25- cells contain- 
ing the wild-type H-ras plasmid become temperature sen- 
sitive for growth if transformed by the GAP plasmid (Fig- 
ure 2A). Of a total of 36 independent transformants, 31 
containing a control plasmid (vector with auxotrophic 
marker) are able to grow at 37% whereas all 38 transfor- 
mants containing the GAP plasmid are temperature sensi- 
tive (Table 1). In contrast, cdc25- cells containing the 
mutant H-ra.~~*~~* plasmid are not affected by the pres- 
ence of the GAP plasmid (Figure 28). Of 36 independent 
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Figure 1. Construction of the Plasmid pADGAP 

(A) The entire coding sequence of the human GAP gene was isolated 
from pUClOla as a 4.0 kb Smal-Pvull endonuclease fragment. This 
fragment contains nucleotides from position -38 to 3894 of clone 101 
mahey et al., 1988) and 180 nucleotides from pUCl8 at the 3’ end. 
pUCl8 sequences are indicated by a hatched bar, GAP sequences by 
an open bar. 
(6) pADsA, a Pbm-based LEU2 plasmid that contains the yeast alcohol 
dehydrogenase (ADHI) promoter and terminator (see Experimental 
Procedures) was used as the vector to express mammalian GAP in 
yeast. This plasmid was used previously to express the H-ras (Powers 
et al., 1989), SCH9 (Toda et al., 1988), CDC25 (T. M., unpublished 
data), and CYf?l (Field et al., 1988) genes in yeast. 
(C) The 4.0 kb fragment isolated from pUCIOIa was inserted into the 
Smal site of pAD4A. The direction of the GAP insert was confirmed by 
digestion with the restriction enzymes Sall (a single site is present in 
the polytinker region) and Ncol (a single site is present in the GAP- 
containing fragment). The resulting plasmid pADGAP was used to 
transform yeast strains. 

TRANSFORMING 

transformants, 35 containing the control plasmid and 35 
containing the GAP plasmid grow at 37% (Table 1). These 
experiments suggest that mammalian GAP can be ex- 
pressed in yeast and inhibits the activity of wild-type but 
not that of mutationally activated H-ra8 protein. 

We next determined whether the expression of GAP 
had an appreciable phenotype in yeast that did not ex- 
press mammalian RAS genes. The plasmid pADGAP was 
placed into three strains: SPl, a wild-type yeast strain; IR- 
1, a strain isogenic to SPl that contain8 a deletion of the 
IRA7 gene; and TK161-R2V, a strain isogenic to SPl that 
contain8 the FtAS2va”9 allele (see Experimental Proce- 
dures). RAS2vai19 ha8 a mutation analogous to that found 
in H-ra.@l* (Kataoka et al., 1964; Toda et al., 1965). 
Strain8 were also transformed with “control” plasmids 
containing only the appropriate auxotrophic marker. The 
resulting transformed strains were tested for temperature- 
sensitive growth, ability to grow on various carbon sources, 
and ability to mate. In this respect, all were normal. 

The strains described above were transformed with var- 
ious plasmids and tested for sensitivity to heat shock as 
described by Sass et al. (1966) and for sensitivity to nitro- 
gen starvation as described by Toda et al. (1965). Wild- 
type yeast strains become extremely resistant to heat 
shock when they enter stationary phase (Pringle et al., 
1961) (see Figure 3A). This response is blocked when the 
RAS/adenylyl cyclaee pathway is activated (Sass et al., 
1966). Both the ira- strains (Tanaka et al., 1969) (Figure 
3, 81) and the RAS,Pi19 strains (Sass et al., 1966; Nikawa 
et al., 1967) (Figure 3, Cl) are heat shock sensitive. The 
sensitivity to heat shock of both strains is suppressed by 
a high copy plasmid containing PDE2, the gene encoding 
a high affinity CAMP-phosphodiesterase, (Tanaka et al., 
1969; Sass et al., 1966) (Figure 3,B3 and C3). When mam- 
malian GAP is expressed in these strains, only the iral- 
Strain become8 resistant to heat shock (Figure 3, 82); the 
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Figure 2. Effect of GAP on the Temperature Sensitivity of Strains Lacking CDC25 and Expressing the Wild-Type Human Ii-ras or the Mutant 
H-m@* Proteins 

Cells completely lacking the CDC25 gene (see Experimental Procedures for description of strains) but containing pAHRG-Hl, a plasmid with the 
HIS3 gene and the wild-type H-ras (A, strain TTREGI), or the plasmid pAHRV-HP, containing the HIS3 gene and H-rasvall* (B, strain TTRS-V2), 
were transformed with a control plasmid pAD4A (LEUZ; rows 1 and 3), or a plasmid expressing GAP, pADGAP (LEUZ; rows 2 and 4 ), and selected 
on SC-Leu-His plates. Independent transformants were patched onto selective plates and incubated at room temperature for 3 days and then replica- 
plated onto YPD plates and incubated at room temperature (control) or 37°C for 2 days. Each set (l-4) shows eight independent transformants. 
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Table 1. Effect of GAP on the Growth at 37% of Yeast Strains Lacking WC25 and Expressing H-ras or H-fasvelr2 

Growth at 37% 
(number of transformants growing/total 

Strain Genotypea Transforming Plasmidb number of transformants tested)c 

TTRBGl HIS3, cdc25-, H-ras pAD4A 31136 

l-TRB-Gl H/.X$ cdc25, H-ras pADGAP O/36 
TTRS-V2 HIS3, cdc25-, H-rasVa”2, pAD4A 35136 

TTRS-V2 HIS3, cdc25-, H-rasvd12, pADGAP 35136 

a See Experimental Procedures for the complete genotype of the yeast strains. 
b See Figure 1 for description of the plasmids. 
c The different strains were transformed with a control plasmid (pAD4A) or GAP-containing plasmid (pADGAP). Thirty-six independent transfor- 
mants were tested for temperature sensitivity, as described in Figure 2. and scored for the ability to grow at 37% in YPD. 

RAS2var1g strain remains heat shock sensitive (Figure 3, 
C2). Similar results were observed when we scored resis- 
tance to nitrogen starvation (data not shown). These 
results indicate that expression of mammalian GAP can 
functionally complement /RAl deficiency and suggest 
that GAP can inhibit the wild-type yeast RAS2 protein but 
not the activated RAS2va11g mutant protein. 

Discussion 

GAP accelerates the GTP hydrolysis catalyzed by wild- 
type mammalian RAS proteins (Trahey and McCormick, 
1987; Gibbs et al., 1988). From this, one predicts that GAP 
has the potential to inhibit the activity of RAS proteins. Our 
studies in yeast lead us to conclude that GAP can indeed 
inhibit wild-type H-ras protein. Within the limits of the 
genetic system we have tested, GAP does not appear to 
inhibit the activity of mutant H-rasvaH2 protein. Thus, GAP 
neither effectively down regulates H-rasVali2 protein nor 
effectively competes for the binding of H-rasVall* protein 
to its target effector in yeast. 

GAP expression can restore the heat shock and nitro- 
gen starvation resistance of ifal- mutant strains. GAP ex- 
pression has no discernible effects on these phenotypes 
in RAS2v*r19 strains. These results suggest that mam- 
malian GAP can effect the function of wild-type yeast RAS 
protein but not that of the mutationally activated yeast RAS 
protein. Thus, GAP protein interaction with yeast RAS pro- 
teins appears similar to its interaction with mammalian 
RAS proteins. GAP expression does not complement 
ifal- mutant strains perfectly, as such strains are some- 
what more heat shock sensitive than wild-type strains 
(data not shown). 

We cannot infer that GAP and IRA proteins have the 
same biochemical function. It is reasonable to infer, from 
the ability of GAP to effect wild-type but not mutationally 
activated RAS proteins, that GAP effects are due to its in- 
duction of GTP hydrolysis. IRA proteins, however, need not 
act through this mechanism. For example, IRA proteins 
might block nucleotide exchange on RAS. However, since 
both GAP and IRA proteins can interact with yeast RAS 
and share a domain with clear sequence homology, both 
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Figure 3. Effect of GAP on Heat Shock Sensitivity in Strains Lacking /RAl and Strains Containing RAs2Mn9 

Yeast strains were transformed with various plasmids containing the LEU2 gene and plated onto SC-Leu plates. Independent transformants were 
patched onto SC-Leu plates, incubated at 30% for 2 days, replica-plated onto SC-Leu plates, and heat-shocked (at 55%) for 10 min or 0 min (control). 
After heat shock treatment the plates were incubated at 3tX for 2 days. The strains used in this experiment were: (A) SPl, a wild-type strain; (8) 
IR-1, a strain that contains a disrupted chromosomal //?A1 gene; and (C) TK161-R2V, a strain that contains the RAS2v8”9 allele (see Experimental 
Procedures for description of the strains). The different strains were transformed with: (1) pAD4A, a control plasmid; (2) pADGAP, a plasmid containing 
the human GAP gene; and (3) YepPDE2, a plasmid containing a yeast CAMP-phosphodiesterase gene. 
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may bind to the same site on RAS proteins. The homolo- 
gous region may represent a common site for RAS protein 
interactions. 

Since GAP can complement iml- mutants, it is reason- 
able to speculate that GAP and the IRA1 protein have a 
conserved cellular role. In yeast, CAMP production is un- 
der feedback control (Nikawa et al., 1987). Wild-type yeast 
cells show a rapid biphasic change in CAMP levels in re- 
sponse to glucose (Thevelein and Beullens, 1985). How- 
ever, if cells are iral mutants (Tanaka et al., 1989), or if they 
contain attenuated CAMP-dependent protein kinase activ- 
ity, CAMP levels rise and remain elevated in response to 
glucose (Wigler et al., 1988). Thus, an argument can be 
made that the IRA1 protein is a component of a feed- 
back pathway that controls RAS protein activity. In yeast, 
RAS2V*rl9 protein is refractory to feedback inhibition (Ni- 
kawa et al., 1987). In mammalian cells there is also evi- 
dence from microinjection experiments that wild-type 
H-ras protein activity is subject to feedback control, while 
the H-rasvak2 protein is not (Bar-Sagi and Peramiso, 1986). 
These considerations lead us to suggest that, in mam- 
malian cells, GAP is a component of a feedback pathway 
down regulating RAS proteins by accelerating hydrolysis 
of RAS-bound GTP This model is not particularly con- 
sonant with GAP, also serving as an effector for RAS 
proteins. 

Experimental Procedures 

Yeast and Escherichia coil Strains, Media, Genetic 
Manlpuiatlons, and Nomenclature 
The S. cerevisiae strains used for this study are: SPl (MATa his3 leu2 
ore3 trpl ade8 canl; Toda et al., 1965); TTlA-1 (MATa his3 leu2 ura3 
trpl ade8 cdc25::lJRA3 pCDC25(TRPI)-1; Broek et al., 1967); and 
TK161R2V (MATa leu2 urn3 his3 trpl ade8 can1 RAS2va”g; Toda et al., 
1965). Yeast was grown in YPD (2% peptone, 1% yeast extract, and 
2% glucose) or in synthetic medium (0.67 g/i Yeast Nitrogen Base, 2% 
glucose, and appropriate auxotrophic supplements). Standard yeast 
genetic methods were followed as described previously (Sherman et 
al., 1966). The lithium acetate method was used for transformation of 
yeast cells (ito et al., 1963). The E. coii HBlOl strain was used for pias- 
mid propagation and isolation (Boyer and Rouiiand-Dussoix, 1969). E. 
coli transformation was performed by standard methods (Maniatis et 
al., 1982). Wild-type alleles and dominant mutations are denoted by 
capital italicized letters, recessive mutations by lowercase italicized iet- 
ters, and gene disruptions by lowercase letters, which represent the 
disrupted gene, followed by two colons and the auxotmphic gene 
marker used for the disruption. For example, cdc25::URA3 indicates 
the CDC25 gene disrupted by the URA3 marker. in the text, gene dis- 
ruptions are abbreviated by lowercase italicized letters representing 
the gene followed by a superscript minus sign, such as cdc25. 

DNA Manipulation 
Piasmid DNA was isolated from E. coli using the alkali-lysis method 
(Maniatis et al., 1962). DNA restriction endonucieases, polymerases, 
and ligases were used under conditions recommended by suppliers 
(New England Bioiab or Bethesda Research Laboratory). For gene dis- 
ruption experiments, suitable linear DNA fragments were isolated and 
used for transformation of yeast cells as described (Rothstein, 1963). 

Plasmids 
The cloning vector pAD4A is similar to the plasmid pADNS previously 
described (Colicelli et al., 1989). It contains the LEU2 gene, an Hpai- 
Hindlli fragment from 2pm including the origin of replication, an Sspl- 
EcoRi fragment containing the ampicillin resistance gene from the 
plasmid pUCl6, a Hindlll-BamHi fragment containing the S. cere- 
visiae alcohol dehydrogenase (ADH7) promoter, and a Hindlll-BamHI 

fragment containing the ADHl terminator sequences. The promoter 
and terminator sequences are separated by a polylinker from pUCl6 
that lacks the Sphi and Hindiil sites (Figure 1). The human GAP gene 
was inserted into the Smal site in the poiylinker region pAD4A as de 
scribed in Figure 1. 

The piasmid pAHRG-HI was constructed by inserting an Sphi frag- 
ment that contains the human H-ras cDNA driven by the ADHl pro- 
moter into the vector pHV1. pHVI is a high copy number vector that 
contains the polylinker from pUClS, the HIS3 gene, and an Hpal- 
Hindiii fragment from 2um, including the origin of replication but iack- 
ing RfP3 (Broach et al., 1963). The plasmid pAHRV-HP is the same as 
pAHRG-HI except that it contains the mutant H-rasvtir2 instead of the 
wild-type H-ass. This mutation was obtained by oiigonucieotidedi- 
rected mutagenesis performed by a modification of a procedure of 
Zoller and Smith (1964) which utilizes uracii-containing template DNA 
(Kunkei, 1965). The oligonucieotide 5’-GGTGGGCGCCmG( was 
used to change codon 12 to encode valine. Mutagenesis was con- 
firmed by sequencing. 

The YepPDE2 piasmid contains the yeast PDE2 gene on the high- 
copy LfU2 plasmid YEpl3 (Sass et al., 1966). The PDE2 gene encodes 
a CAMP-phosphodiesterase. The plasmid pUClOla contains an EcoRl 
fragment of clone 101 of the GAP gene (Trahey et al., 1966) inserted 
into pUCl6 (Figure 1). This fragment contains the entire coding region 
of the human GAP 

Construction of Yeast Strains 
TTIA-1 is a strain that lacks a functional chromosomai CDC25 gene but 
is viable because it has the CDC25 gene in a multicopy plasmid con- 
taining the TRPl marker (pCDC25(TRPl)-1; Broek et al., 1967). Cells 
deficient in CDC25 are viable if they express the mammalian H-ras or 
H-ms~rl* genes (Marshall et al., 1967). To construct a strain depen- 
dent upon the expression of mammalian H-ras proteins, TTlA-1 was 
transformed with pAHRG-HI or pAHRV-HP, and His+ transformants 
were selected. These were grown without selection in YPD medium for 
48 hr and plated onto SC-His plates. The resulting colonies were 
replica plated onto SC-His, YPD, and SC--p plates. Colonies that had 
lost the pCDC25(TRP)-1 piasmid but that were His+ were presumed to 
contain the plasmid with the wild-type H-ms or H-rasV8”2 gene. This 
“plasmid exchange” procedure has been used successfully to sup- 
press the loss of CDC25 by the RAFZWg, the TPK7, and the CyRl 
genes (Broek et al., 1967). The cdc25- strain TTRB-Gl (MATa his3 
leu2 ura3 trpl ade8 cdc25::URA3 pAHRG-Hl) contains the normal 
H-n% gene, whereas the strain TTRB-Q (MATa his3 /au2 urn3 trpl ads8 
cdc25::lJRA3 pAHRVH2) expresses the mutant H-raswl* protein. To 
test whether the GAP gene carried on a multicopy plasmid has an 
effect on mammamiian H-ras proteins expressed in yeast, we trans- 
formed these strains with the plasmids pAD4A and pADGAP (see Fig- 
ure 1). His+- Leu+ transformants were selected and tested for tem- 
perature sensitivity. 

The yeast strain IR-1 (MATa his3 leu2 ura3 trpl ade8 can7 ifa7::H/S3) 
contains a disruption in the MA1 gene. This strain was constructed as 
follows: an Xbai DNA fragment from Yippd13 (a piasmid containing 
the entire //?A1 sequence; Tanaka et al., 1989) was inserted into 
pUC116 (Vieira and Messing, 1967) which had been digested with 
Xbai. The resulting piasmid was digested with Bglil and ligated to a 
BamHi fragment of the HIS3 gene. This results in a 3.2 kb deletion of 
lRA7 coding sequences. (A similar deletion/insertion was used previ- 
ously by Tanaka and coworkers, 1969. to generate a mutant in7 allele.) 
The resulting plasmid was used to carry out gene replacement experi- 
ments (Rothstein, 1963). The yeast hapioid auxotmph SPl was trans- 
formed with the Xbai fragment of the deleted /RAl gene, and transfor- 
mants were selected by histidine prototmphy. Southern hybridization 
analysis was used to verify that the IRA1 gene was replaced by the dis- 
rupted gene. 

Heat Shock and Nitrogen Starvation of Yeast Ceils 
Heat shock sensitivity and nitrogen starvation sensitivity were deter- 
mined as described previously (Toda et al., 1965; Sass et al., 1986). 
Heat shock was performed by replica plating cells to a plate preheated 
for 1 hr at 55%. This plate was then incubated for 10 min at 55% and 
transferred to 30% for 2 days. Yeast cells were starved for nitrogen by 
replica plating cells onto medium lacking a source of nitrogen. This 
replica was incubated for 9 days at 30% and then replica plated onto 
YPD or synthetic media and grown for 2 days at 30% 
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