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Abstract. The Saccharomyces cerevisiae CDC42 gene
product is involved in the morphogenetic events of the
cell division cycle; temperature-sensitive cdc42 mu-
tants are unable to form buds and display delocalized
cell-surface deposition at the restrictive temperature
(Adams, A. E. M., D. 1. Johnson, R. M. Longnecker,
B. F. Sloat, and J. R. Pringle. 1990. J. Cell Biol.
111:131-142). To begin a molecular analysis of
CDC42 function, we have isolated the CDC42 gene
from a yeast genomic DNA library. The use of the
cloned DNA to create a deletion of CDC42 confirmed
that the gene is essential. Overexpression of CDC42
under control of the GALIO promoter was not grossly
deleterious to cell growth but did perturb the normal
pattern of selection of budding sites. Determination of
the DNA and predicted amino acid sequences of

CDC42 revealed a high degree of similarity in amino
acid sequence to the ras and rho (Madaule, P.,

R. Axel, and A. M. Myers. 1987. Proc. Natl. Acad.
Sci. 84:779-783) families of gene products. The
similarities to ras proteins (~40% identical or related
amino acids overall) were most pronounced in the
regions that have been implicated in GTP binding and
hydrolysis and in the COOH-terminal modifications
leading to membrane association, suggesting that
CDC42 function also involves these biochemical prop-
erties. The similarities to the rho proteins (~60%
identical or related amino acids overall) were more
widely distributed through the coding region, suggest-
ing more extensive similarities in as yet undefined bio-
chemical properties and functions.

CDC43 gene products play critical roles in the estab-

lishment of cell polarity, the localization of secretion
and cell-surface deposition, and the development of normal
cell shape (Hartwell et al., 1974; Sloat and Pringle, 1978;
Field and Schekman, 1980; Sloat et al., 1981; Pringle and
Hartwell, 1981; Pringle et al., 1986; Adams et al., 1990).
Yeast strains carrying temperature-sensitive lethal mutations
in these genes have essentially identical morphological
phenotypes. At permissive temperatures, the mutants grow
and bud normally; at restrictive temperatures, the nuclear
cycle continues but bud formation is blocked. Cell mass and
volume continue to increase, resulting in greatly enlarged,
unbudded cells. The cytoplasmic actin network appears dis-
organized (Adams and Pringle, 1984; Adams et al., 1990),
and chitin and other cell surface materials appear to be de-
posited randomly or uniformly throughout the enlarging cell
walls, in contrast to their normal highly localized patterns
of deposition. In addition, some temperature-sensitive cdc24
mutants show abnormal positioning of budding sites when
grown at permissive temperatures, suggesting that the
CDC24 gene product is involved in the initial selection and
organization of the budding site (Sloat et al., 1981). Another
cdc24 mutant was identified among a collection of calcium-
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sensitive mutants, suggesting a possible interaction of the
gene product with calcium (QOhya et al., 1986a,b). The
CDC24 gene has been cloned (Coleman et al., 1986; Ohya
et al., 1986a) and sequenced (Miyamoto et al., 1987). The
predicted gene product contains two putative Ca?*-binding
domains.

As a step in the further analysis of this system, we have
begun a molecular characterization of the CDC42 gene and
its product. We report here the isolation and sequence analy-
sis of CDC42, as well as the phenotypes associated with its
deletion or overexpression. Remarkably, the predicted amino
acid sequence of the CDC42 product is strikingly similar to
the ras (Capon et al., 1983; Powers et al., 1984; Tatchell,
1986) and rho (Madaule and Axel, 1985; Madaule et al.,
1987; Anderson and Lacal, 1987) families of gene products
from yeast and larger eukaryotes.

Materials and Methods

Reagents

Enzymes, M13 dideoxy sequencing kits, and other reagents were obtained
from standard commercial sources and used according to the suppliers’
specifications. **S-dATP was obtained from Amersham Corp. (Arlington
Heights, IL) and 3?P-dATP was obtained from ICN Biomedicals, Inc. (Ir-
vine, CA). Calcofluor White M2R New was a gift from American Cyan-
amid Co. (Bound Brook, NJ).
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Media, Growth Conditions, Strains, and Plasmids

Conditions for the growth and maintenance of bacterial and yeast strains
have been described (Maniatis et al., 1982; Lillie and Pringle, 1980; Sher-
man et al., 1986). The permissive and restrictive temperatures for growth
of temperature-sensitive mutants were 23 and 36°C, respectively. Esche-
richia coli strain HB101 was routinely used as a plasmid host. The S. cere-
visiae strains used were C276, MATa/MATa gai2igal2 prototrophic, and
C276-4A, MATa gal2 prototrophic (Wilkinson and Pringle, 1974);
JPT163BDS5-5C, MATw cdc42-1 gal2 (Adams et al., 1990; Adams, A., and
J. R. Pringle, unpublished results); TD4, MATa ura3 his4 leu2 trpl gal2,
and TD1, MAT« ura3 his4 trpl gal2 (both provided by G. Fink, Whitehead
Institute, Cambridge, MA); DITD2-16D, MATwx cdc42-1 ura3 his4 leu2 trpl
gal2, and DITD2-16A, MATa cdc42-1 ura3 his4 leu2 trpl gal2 (both con-
structed by crossing JPTI63BDS-5C to TD4); DIID7-1, MATa/MAT«
cdc42-1/+ ura3lura3 his4/his4 leu2/+ trplitrpl gal2/gal2 (constructed by
mating DJTD2-16A to TD1); DIMD2-7C, MATcx cdc42-1 ura3 his4 leu2
gal2 RDNI::LEU2 (Johnson et al., 1987); DIMDA4-30B, MATz ura4 asp5
his3 ilv5 leu2 GAL2 (Johnson et al., 1987); DIMD22-3B MAT: cdc42-1 his4
leu2 trpl GAL2 (constructed by crossing DIMD4-30B to DJITD2-16D); and
DID1, MATa/MAT« cdc42-1icde42-1 ura3/+ his4lhis4 leu2/len2 trplitrpl
GAL2/gal2 (constructed by mating DJMD22-3B to DITD2-16D).

Plasmids pBR322, YEp24, YRp7, YIpS5, and YEp51 have been described
elsewhere (Maniatis et al., 1982; Botstein et al., 1979; Broach et al., 1983).
The yeast-E. coli shuttle plasmid YEpl03 contains the /RA3 selectable
yeast marker and the 2-u plasmid origin of replication (Lillie, S., and J. R.
Pringle, unpublished results). The yeast genomic DNA library in plasmid
YEp24 (provided by D. Botstein, Genentech, South San Francisco, CA)
contains fragments produced by partial Sau 3A digestion of DNA from
S. cerevisiae strain DBY939 (Carlson and Botstein, 1982).

DNA and RNA Manipulations

Standard procedures were used for recombinant DNA manipulations
(Maniatis et al., 1982), E. coli and yeast transformations (Maniatis et al.,
1982; Hinnen et al., 1978), plasmid isolation from E. coli (Birnboim and
Doly, 1979) and yeast (Sherman et al., 1986), and nick translations using
32p.dATP (Maniatis et al., 1982). Total yeast DNA was isolated essentially
as described previously (Bloom and Carbon, 1982). Total RNA was pre-
pared from strain C276-4A growing exponentially in the rich, glucose-con-
taining medium YM-P (Lillie and Pringle, 1980) essentially as described
by Maccecchini et al. (1979). Poly(A)-containing RNA was then isolated
by chromatography on poly(U)-Sephadex (Bethesda Research Laborato-
ries, Gaithersburg, MD), following the manufacturer’s instructions. DNA
and RNA blot hybridizations were performed essentially as described previ-
ously (Maniatis et al., 1982; Thomas, 1980), using 1% agarose gels and
nitrocellulose paper. The DNA-DNA hybridizations were performed at
65°C for ~v16 h in a solution containing 5X SSC salts (Maniatis et al., 1982)
and 1% sarkosyl. The RNA-DNA hybridizations were performed at 42°C
for ~16 h in 50 mM sodium phosphate buffer, pH 7, containing 5X SSC
salts, 250 pg/ml calf thymus DNA, 002% bovine serum albumin, 002 %
Ficoll 400, 0.02% polyvinylpyrollidone, and 50% formamide.

M13 dideoxy sequencing (Sanger et al., 1977) was performed essentially
as described in the Bethesda Research Laboratories M13 sequencing man-
ual, using ¥*S-dATP and the vectors M13mp8, M13mpl8, and M13mpl9.
Exonuclease III generation of M13 deletion derivatives used in dideoxy-
sequencing reactions was performed using a modification (Beltzer et al.,
1986) of the procedure of Henikoff (1984). The mutagenic oligonucleotide
GAGACCCTAGTCATAT (the underlined A is T in the wild-type sequence)
and certain sequencing primers were provided by The University of Michi-
gan Center for Molecular Genetics Oligonucleotide Synthesis Facility (Ann
Arbor, MI). Site-directed mutagenesis (Kunkel, 1985) was performed using
the MUTA-GENE™ kit from Bio-Rad Laboratories (Richmond, CA), fol-
lowing the supplier’s instructions.

The mTIn3 (URA3) minitransposon (Seifert et al., 1986) was used for in-
sertional inactivation of the CDC42 gene. The Sca I-Xba I fragment from
pBR(42)1 (see Results) and a fragment from YEp24 containing the 2- plas-
mid origin of replication were inserted by standard procedures into plasmid
pHSS6 (Seifert et al., 1986) to generate plasmid pHSS6(42)1. After co-
transformation of pHSS6(42)1 and a mTn3 (URA3) transposon-containing
plasmid into the appropriate E. coli strain (Seifert et al., 1986), cells that
contained a mTn3(URA3) transposon inserted into pHSS6(42)1 were
selected. The locations and orientations of the insertions were then deter-
mined relative to the Xho I and Pvu [ sites of pHSS6(42)1 by restriction-
enzyme analysis (see Results).
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Computer Programs

DNA sequences were analyzed on an IBM-compatible computer using the
Pustell sequence analysis programs (International Biotechnologies, Inc.,
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Figure 1. (A) Restriction maps of the CDC42 region and of the in-
serts of plasmids discussed in the text. YEp(42)l and YEp(42)2
were primary isolates from the YEp24 library. pBR(42)1 was con-
structed by inserting the 3.7-kb Bam HI-Sal I fragment from
YEp(42)2 into Bam HI/Sal I-digested pBR322. YRp(42)1 was con-
structed by inserting the 1.1-kb TRPI/ARSI Eco RI fragment from
YRp7 into the Eco RI site of pBR(42)1. YRp(42)2 was constructed
by deleting a 3.3-kb Ava I fragment from pBR(42)1 (using a site in
the vector) and then inserting the TRPI/ARS! fragment as just de-
scribed. pBR(42)3 was constructed from pBR(42)1 by deleting
DNA to the left of the Sca I site and to the right of the Nde I site
using restriction sites within the vector. YRp(42)3 was constructed
by inserting the TRPI/ARS! fragment into pBR(42)3 as just described.
The cdc42-complementing activity of each plasmid capable of rep-
licating in yeast was determined by streaking plasmid-containing
DJTD2-16D cells onto YEPD plates at 36°C; + indicates essen-
tially uniform growth at 36°C, — indicates no growth at 36°C. Re-
striction sites are indicated: A, Ava I, B, Bam HI, E, Eco RI, Hp,
Hpa I, J, vector-insert junction, N, Nde I, P, Pvul, ¥, EcoRY, §,
Sall, Sc, Scal, Sp, Spe I, X, Xba I, Xh, Xho I. All sites are shown
for each enzyme. (B) Expanded maps of the cdc42-complementing
ScaI-Nde I region and of the inserts of additional plasmids. Restric-
tion sites are indicated as in 4 except that some but not all Rsa I
(R) and Hinf1 (HY) sites are also shown. YEp(42)3 was constructed
by inserting the 1.1-kb Hpa I-Xba I fragment from pBR(42)1 into
Sma I/Nhe I-digested YEp24. YEp(42)4 was constructed by insert-
ing the ~0.5-kb Rsa I fragment from pBR(42)3 into Pvu II-digested
YEp24. YEp(42)5 was constructed by inserting the ~0.6-kb Hinf 1
fragment from pBR(42)3 into Pvu II-digested YEp24. Plasmids
were tested for cdc42-complementing activity as described in 4;
+/— indicates that most cells failed to grow at 36°C but that Ts*
papillae appeared at a high frequency (see text). Circles indicate the
sites of transposon insertions that did (—) or did not (+) inactivate
cdc42-complementing activity (see text). Arrows and associated
numbers indicate the directions and lengths (in codons) of the ATG-
initiated open reading frames revealed by sequencing (see text).
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New Haven, CT). Amino acid sequence similarities were determined using
the Microgenie™ sequence-analysis programs (Beckman Instruments, Inc.,
Fullerton, CA).

Visualization of Chitin Rings

Plasmid-containing yeast cells were grown under conditions selective for
the plasmid, with 2% glucose or 2% galactose as the sole carbon source.
Chitin rings were visualized by fluorescence microscopy after staining cells
in 0.1% Calcofluor for 3 min and washing in distilled water (Sloat and Prin-
gle, 1978).

Results

Isolation and Identification of CDC42

Plasmids that complemented the temperature-sensitive
cdc42-1 mutation in strain DJTD2-16D were isolated from
a yeast genomic-DNA library in the URA3-containing plas-
mid YEp24. 24 primary Ura* Ts* transformants were ob-

tained. From each transformant, a plasmid was recovered
into E. coli that could retransform DJTD2-16D to Ura*
Ts*. The Ura* and Ts* phenotypes of these transformants
cosegregated after growth on nonselective media (data not
shown), indicating that the complementation of cdc42-1 was
due to the autonomously replicating recombinant plasmids.
Restriction enzyme analyses and DNA-DNA blot hybridiza-
tion experiments (data not shown) indicated that all 24 plas-
mids contained overlapping regions of DNA. Several repre-
sentative plasmids that were examined in more detail shared
a common 2.7-kb region of DNA (Fig. 1 4). DNA-DNA blot
hybridization experiments using total yeast DNA and a
probe derived from one of these plasmids revealed only the
fragments expected if the cloned DNA was derived without
rearrangement from contiguous chromosomal DNA that was
single copy in the haploid genome (Fig. 2 A, lanes I-5).
The observation that all 24 complementing plasmids con-
tained overlapping DNA inserts suggested that the CDC42
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Figure 2. (A and B) DNA-DNA blot hybridization analyses of chromosomal DNA from parental and transformed strains. After digestion
with the indicated restriction enzymes, DNA fragments were separated and hybridized to radioactively labeled pBR(42)1 as described
in Materials and Methods. The sizes of the fragments visualized are indicated in kilobase pairs. (4) Total DNA from strain TD4 (lanes
I-5) and from the same strain after integration of a plasmid containing cdc42-complementing sequences and the URA3 gene (see text;
lane 6) was digested with Eco RI (lane 1), Eco RI + Xba I (fane 2), Eco RI + Pvu I (lane 3), Eco RI + Xho I (lane 4), or Eco Rl
+ Bam HI (lanes 5 and 6). As the integrated vector sequence contains a single Bam HI site, the replacement of the original 4.3-kb Eco
RI fragment (lane 5) by two new Eco RI/Bam HI fragments in the transformant (lane 6) indicates that the integration had occurred at
the chromosomal site homologous to the cdc42-complementing DNA. (B) Total DNA from strain DJID7-1 (lanes / and 2) and from the
same strain after integration of a fragment in which cdc42-complementing DNA had been replaced by URA3 (see text; lanes 3 and 4)
was digested with Eco RI (lanes 7 and 3) or Eco RI + XbaI (lanes 2 and 4). The URA3 fragment used contained an Eco RI site immediately
adjacent to the Spe I site used in the cloning. Thus, integration of the hybrid fragment at the chromosomal site homologous to the cdc42-
complementing DNA would result in the loss of the chromosomal Xba I site but the addition of a new Eco RI site at nearly the same
location. Therefore, digestion of DNA from the transformant with Eco RI should yield two new fragments of about the same sizes as those
generated by an Eco RI + Xba I digestion of the parental DNA, together with the original 4.3-kb Eco RI fragment (from the chromosome
not involved in the integration event). Digestion of DNA from the transformant with Eco RI + Xba I should yield doublet bands at the
positions of the two new bands in the Eco RI digest. The results shown conform to these predictions. (C) Analyses of mRNA transcripts
encoded by the cdc42-complementing region. Poly(A)*-RNA from strain C276 (20 pg/lane in lanes I and 2; 10 ug/lane in lanes 3 and
4) was separated and hybridized to radioactive probes as described in Materials and Methods. The probe for lanes I and 2 was PBR(42)3;
autoradiography was for 9.5 (lane /) and 140 h (lane 2). The probes for lanes 3 and 4 were single-strand DNAs prepared by primer extension
in the presence of *P-dATP on templates of M13mpl8 (lane 3) and M13mpl9 (lane 4) into which the cdc42-complementing Sca I-Xba
I fragment had been cloned using the Sma I and Xba I sites of the vectors.
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GCC GGAACTCAAA AGGGTAATTT CGTGAAAAAC -701
AATCATCTAC GGTATAAATA ACAATTTAAT TTACGTCTCT TTCGAAAATG CTCGTGTAGC TCAGTGGTTA -631
GAGCTTCGTG CTTATAGCAA CATTCGGTTT CCGAAGTTTC TGTGCCAAAG ACCTTTCAAA CAGGCCTTTA -561
AAAGCAACGC GACCCGTCGT GGGTTCAATC CCCACCTCGA GCACTTTCTC TTTTTTTTTT AAAAAAAGTT -491
GCATTATTTC TATCAACTGT TGTAGCTACG TTACACCTAA TTTTGTATTG TAGACTGTTA GATAATCCAC -421
ATATACAGGT AAATACGGCA CATTGTCTTC TAAACATCGC ATTAAAGATG TCTTCCACCG TCGATTCAAG -351
GGTCATTCAA TACGGGTAAT ACTGCTTCCA TTGGGCCCTT CCAAATGAAA CAAGATACGG GAAAAAGTAA -281
AGTGATAAAA AAAAGCAAAC AAGGTTGATT GATCGATGAT AGACGCGATT CTTGGAAAAG GCAAGAGCAG -211 : ;
TGTTTTGATA AATAGGTTCC AGGTGTACCG AGATATACTG ATTATCCTTC TCTGTCATTG TTCACTTTTT 141 Fﬁﬁreg‘l)bggeon.de seq:ence
GCAATAGGTT TCCTTTGTCG CAAAAAATTA TATTCGTTAT TTATTATACT ATTCTATTTT CCTGAGGAGA -71 olthe CL)C42 region and pre-
- dicted amino acid sequence
TAGGTTAACA AACGAATTAG AGAAGCAAAA CTCATAAAAC AAGAAATAAA CGTATTAGGT CTTCCACAAA -1 of the CDC42 product. The
ATG CAA ACG CTA AAG TGT GTT GTT GTC G(.;';“GAT GGT Gc;'.;;n GGG AAA ACG TGC CTT CTA 60 CDC42 open reading frame
Met Gln Thr Leu Lys Cys Val Val Val Gly Asp Gly Ala Val Gly Lys Thr Cys Leu Leu t\;,laes tlg:tntl'f;l;(: a:ugfzggg:ds:}
ATC TCC TAT ACA ACG AAT CAA TTT CCA GCC GAC TAT GTT CCA ACA GTG TTC GAT AAC TAT 120 quence is numbered relative
Ile Ser Tyr Thr Thr Asn Gln Phe Pro Ala Asp Tyr Val Pro Thr Val Phe Asp Asn Tyr to the A of the putative initia-
tor codon. The Xho I, Hpa I,
GCG GTG ACT GTG ATG ATT GGT GAT GAA CCA TAT ACG TTA GGT TTG TTT GAT ACG GCC GGT 180 and Pvu I sites (underlined)
Ala Val Thr Val Met Ile Gly Asp Glu Pro Tyr Thr Leu Gly Leu Phe Asp Thr Ala Gly are located at positions —525
CAA GAA GAT TAC GAT CGA TTG AGA CCC[TTG]TCA TAT CCT TCT ACT GAT GTA TTT TIG ¢IT 240 o —520, —67 to —62, and
Gln Glu Asp Tyr Asp Arg Leu Arg ProlLeujSer Tyr Pro Ser Thr Asp Val Phe Leu Val +192 to +197, respectively.
The TTG™* codon altered by
TGT TTC AGT GTIT ATT TCC CCA CGC TCT TIT GAA AAC GTT AAA GAA AAA TGG TTC CCT GAA 300 site directed mutagenesis is
Cys Phe Ser Val Ile Ser Pro Pro Ser Phe Glu Asn Val Lys Glu Lys Trp Phe Pro Glu boxed. Multiple inframe stop
GTA CAT CAC CAT TGT CCA GGT GTA CCA TGC CTG GIC GTC GGT ACG CAG ATT GAT CTA AGG 360 codons (. . .)a}represent with-
Val His His His Cys Pro Gly Val Pro Cys Leu Val Val Gly Thr Gln Ile Asp Leu Arg in the 40-bp 5’ to the putative
initiator ATG and within the
GAT GAC AAG GTA ATC ATC GAG AAG TTG CAA AGA CAA AGA TTA CGT CCG ATT ACA TCA GAA 420 30-bp 3’ to the putative termi-
Asp Asp Lys Val Ile Ile Glu Lys Leu Gln Arg Gln Arg Leu Arg Pro Ile Thr Ser Glu nation codon. Possible TATA
CAA GGT TCC AGG TTA GCA AGA GAA CTG AAA GCA GTA AAA TAT GTC GAG TGT TCG GCA CTA 480 promoter sequences (broken
Gln Gly Ser Arg Leu Ala Arg Glu Leu Lys Ala Val Lys Tyr Val Glu Cys Ser Ala Leu underlines) are present at po-
sitions —112to —107 and —-96
ACA CAA CGC GGT TTG AAG AAT GTA TTC GAT GAA GCT ATC GTG GCC GCC TTG GAG CCT CCT 540 to —91. In addition, a 17-bp
Thr Gln Arg Gly Leu Lys Asn Val Phe Asp Glu Ala Ile Val Ala Ala Leu Glu Pro Pro stretch of poly(dA-dT) is pres-
GIT ATC AAG AAA AGT AAA AAA TGT ACA ATT TTG TAG s76  cntatposition —510to —494.
Val Ile Lys Lys Ser Lys Lys Cys Thr Ile Leu End Similar stretches of poly(dA-
dT) have been implicated in
TCATATTAGT ATATGCCCAT CTTTTCTTAA TCTATATCTA AAATTAACTT ATATATACAC CTTCCTATCC 646 the constitutive expression
"' o of certain promoters (Struhl,
TTTTATTATC GTTGTATTTC ATTTTITTCGC TTTGCTCAGA GTTGATTCTC TTTGTTTCTT GCGCCAGGAT 716 1986). These sequence data
CATCCGTGCTG TTCAAGGCGG AGTAGTGCAA AAAAGTCGAG CCGTCAAGCC CCAAACGTTC AATACTTCCA 786 :, ©q
TGTTCTTCAA CGCTAAACGC GACATTTGCG AGTCCTACCA CGTCTTCTCC GTTTACGGGC AAAAACACCT gs¢  are available from EMBL/Gen-
CTTAACATCA AAAATTTGCG CTTTTCTTGC TTTTTTCTGA AATATATTCG TTGCATAGAC ACGGTATGCA 926 Bank/DDBJ under accession
TATGAAACAT number X51906.

gene itself, rather than a plasmid borne suppressor, had been
cloned. This hypothesis was supported by the observations
that CDC42 maps to chromosome XII and that the cloned
DNA hybridized to the chromosome XII band after or-
thogonal field alternation gel electrophoresis (Johnson et al.,
1987). To test further the identity of the cloned DNA, we in-
tegrated a plasmid containing cdc42-complementing se-
quences and the yeast selectable marker URA3 into a
CDC42* yeast strain and then determined the meiotic link-
age between the integrated URA3 gene and a cdc42 muta-
tion. The 2.5-kb Xho I-Sal I fragment from plasmid
pBR(42)1 was inserted into the Sal I site of the URA3-
containing plasmid YIp5 (which cannot replicate autono-
mously in yeast). The resulting plasmid was linearized
within the insert at the unique Xba I site and transformed into
strain TD4, selecting for Ura*. Two stable Ura* transfor-
mants were shown by DNA-DNA blot hybridization to have
the plasmid integrated at the chromosomal site homologous
to the cdc42-complementing DNA (Fig. 2 A4, lanes 5 and 6).
These transformants were crossed to the cdc42-1 strain
DIMD2-7C. 80 of 84 four-spore tetrads were parental di-
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types (2 Ura* Ts*: 2 Ura~ Ts"); the remaining four tetrads
segregated 3 Ts*: 1 Ts~. Thus, integration had indeed oc-
curred at the CDC42 locus.

The recessive, temperature-sensitive lethal phenotype of
the cdc42-1 mutation suggests that the CDC42 gene product
is essential for vegetative growth. To test this conclusion and
complete the identification of the cloned DNA, we generated
a deletion mutation by replacing the cdc42-complementing
region with the URA3 gene. The DNA between the unique
Hpa I and Xba I sites in plasmid pBR(42)1 (Fig. 1 A4) was
replaced with the URA3-containing Sma I-Spe I fragment
from YEp24. A 2.5-kb Xho I-Spe I fragment, which con-
tained the URA3 gene flanked on both sides by DNA from
the cdc42-complementing region, was excised from the re-
sulting plasmid and used to transform the CDC42/cdc42 het-
erozygous diploid strain DJID7-1 to Ura*. Two stable Ura*
Ts~ transformants were shown by DNA-DNA blot hybridi-
zation to have sustained fragment replacement by the trans-
forming sequences at the site homologous to the cdc42-com-
plementing DNA (Fig. 2 B). Dissection of 22 tetrads from
these transformants yielded exclusively a segregation of 2 live,
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Figure 4. DNA sequence of the region altered by site-directed
mutagenesis. Mutagenesis was performed as described in Materials
and Methods using M13mpl9 containing the 1.8-kb Sca I-Xba I
fragment (see text) as template. The column of letters is the wild-
type CDC42 sequence; the T to A transversion produced by muta-
genesis is also indicated. Sequence ! is of a control template that
was not altered by the mutagenesis; note that the uppermost two
bands in the G lane are “ghost bands” that were not present in other
sequencing runs on control templates. Sequence 2 is of a template
containing the mutation. The dideoxy nucleotide used in each se-
quencing reaction is indicated above the corresponding lane.

Ura- Ts™ : 2 dead, showing that the insertion of URA3 had
produced a lethal mutation that was at or near the CDC42 lo-
cus. Microscopic examination of the dead spore clones showed
that they had undergone several rounds of cell division before
arresting as large, unbudded cells (like the cdc42-I* mu-
tant). Moreover, the Ts~ phenotype of the original diploid
transformants showed that the new lethal mutation failed to
complement the cdc42-I* mutation, providing further evi-
dence that the bona fide CDC42 gene had been cloned.

Localization of CDC42 on the Complementing DNA

To localize the CDC42 gene, subclones were constructed as
described in Fig. 1 A. Complementation of the cdc42-I mu-
tation by plasmids YRp(42)l and YRp(42)3, but not by
YRp(42)2, indicated that CDC42 lies within the 1.6-kb Sca I-
Nde I region. Subclones derived from this region all failed
to complement the cdc42-1 mutation (Fig. 1 B). However,
cdc42-1 cells transformed with plasmid YEp(42)3 yielded
Ts* subclones at a frequency of ~10-! when plated at 36°C.
These subclones were stably Ts* and Ura* when grown un-
der nonselective conditions, suggesting that integration of
the plasmid had generated a complete, Ts* copy of CDC42
from the complete, but mutant, copy originally in the chro-
mosome and an incomplete, but otherwise wild-type, copy
in the plasmid. Although the frequency of integration
seemed surprisingly high (see Discussion), this result sug-
gested strongly that the cdc42-1 mutation lies to the right of
the Hpa I site. In contrast, cdc42-1 cells transformed with
either plasmid YEp(42)4 or YEp(42)5 yielded Ts* subclones
at frequencies no greater than those observed with the con-
trol plasmid YEp24, indicating that recombination-mediated
marker rescue could not occur. This result was surprising in
view of the data (presented below) suggesting that these two
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fragments span the entire CDC42 coding region (see Dis-
cussion).

Localization of CDC42 was also attempted by determining
the distribution of sites at which transposon insertion could
inactivate cdc42-complementing activity. Transposon-con-
taining plasmids were collected and analyzed as described
in Materials and Methods, then tested for cdc42-comple-
menting activity in strain DITD2-16D. The results (Fig. 1 B)
suggested that the CDC42 gene occupied a ~0.9-kb region
lying mostly between the Hpa I and Nde I sites.

Analysis of mRNA Transcripts

RNA-DNA blot hybridization using a probe spanning the
cdc42-complementing region revealed only one major tran-
script (Fig. 2 C, lane I) ~1 kb long (as judged by its comigra-
tion with the URA3 transcript; data not shown). A 14-fold
longer exposure of the autoradiogram revealed a faint band
corresponding to a transcript of ~3 kb, but did not reveal
any additional transcripts of lower molecular weight (Fig. 2
C, lane 2; see Discussion). Hybridization of the ~1-kb tran-
script to one of two single-strand probes (Fig. 2 C, lanes 3
and 4) indicated that it is transcribed from left to right as
shown in Fig. 1 B.

Analysis of CDC42 Nucleotide and Predicted Amino
Acid Sequences

The 1.8-kb Sca I-Xba I fragment from pBR(42)l was in-
serted into M13mpl8 and M13mpl9 that had been digested
with Sma I and Xba I. These phages and appropriate deletion
derivatives (see Materials and Methods) were then used in
dideoxy-sequencing reactions. Both strands of the cdc42-
complementing region between the Sca I and Nde I sites
(Fig. 1 B) were completely sequenced using this strategy
(Fig. 3). This analysis revealed the presence of eight ATG-
initiated open reading frames (ORFs)' of 240 codons (Fig.
1 B) and no TACTAAC consensus splicing sequence (Lang-
ford et al., 1984), suggesting an absence of introns. The vari-
ous data presented above suggested strongly that the 191
codon ORF was the CDC42 gene, but did not completely
eliminate the possibility that the 100 codon ORF on the other
strand was responsible for CDC42 activity. To settle this
point, we used site-directed mutagenesis to change the
TTG** codon at nucleotides 208-210 of the 191 codon
OREF (see Fig. 3) to a TAG nonsense codon (Fig. 4). The cor-
responding change in the 100 codon ORF was from ACA™
to ACT™ at codon 2; as both of these threonine codons are
used frequently (Bennetzen and Hall, 1982), this change
presumably would not affect the expression of the hypotheti-
cal 100 amino acid gene product. DNA sequence analyses
showed the absence of any other nucleotide changes within
the 191 codon or 100 codon ORFs. After mutagenesis and
sequence analysis, the Xho I-Hind HI fragment containing
the CDC42 region (see Fig. 1; the Hind III site is next to the
Xba I site in M13mpl9) was isolated from phage with and
without the mutation and inserted into Sal I/Hind III-
digested plasmid YEpl03. The resulting plasmids that con-
tained the mutation were unable to complement the cdc42-1
mutation in strain DJTD2-16D. In contrast, two control plas-
mids that had been generated using the same procedure, but

1. Abbreviation used in this paper: ORF, open reading frame.
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CDC42 MQTLKCVVVGDGAVGKTCLLISY
RHOL1 MSQQVGNSIRR-L .- * .. - .- C- -« - - - - VF
RHO2 MSEKAVRR-L - *%* . c s -YVF
Human rho
Human H-ras ~-TEY-L -~ - A G * A T QL
23
CDC42 TTNQFPADYVPTVFDNYAVTVMIGDEPY
RHOL *KG--~-EV-- -+ - * **D-E*DGRRV
RHO2 LGK -EQ-H - * *TDCR*DGIKYV
Human rho E -EV - - - - - - * -**DX*EXDGKQV
Human H-ras I1qQ H VD+* D *E -8 RKQ-V-DG-TC
51
CDC42 TLGLFDTAGQEDYDRLRPLSYPSTDVFL
RHOL E-A-W- - - o v o vt oot v o e D*N -V -
RHO2 * - T =W e -« - - * - o* -F--SKA-*1
Human rho E-A-W- - - - oo mvae.n D---1
Human H-ras L-D*L------ * SAM-DQYMR*G * -
79
CDC42 VCFSVISPPSFENVKEKWFPEVHHHCPG
RHOL # .- -*DL-D-L---Q---TA--L-F¢-Qe
RHO2 *G-A-DNFE-LY-*%*T--AD-*LRY--0D
Human rho M----D--D-L--%P-.-_.V. -K-F- N
Human H-ras cv A% NNTK --D* HQYREQIKRVKDSD
107
CDC42 VPCLVVGTQIDLRDDKVIIEKLQRQRL . o . . .
RHOL - -I%%..CK%---N-PQT--Q-RQEGQ Figure 5. Similarities between the predicted amino acid
;ﬁgin e * -i’:: A;Eﬁ :gf::f:rg*: M*g sequences of the CDC42 gene product, the S. cerevisiae
Human H-ras D- -M*% -NKC AART *ES* -A-D - RHOIandRHOdeneproducts(Madauleeta.l., 1987),
133 the human rho gene product (Madaule and Axel, 1985),
cpcs?2 RPITSEQGSRLARELKAVKYVECSALTQ and the human H-ras gene product (Capon et al., 1983).
RHOL Q-%--QE-QS*-DQ*G-TG-Y- - K-G The one letter amino acid code is used. Numbering cor-
};“Hug:nrho g“:gi;g‘*gg; ;;:g'if) Exi responds to the human H-ras amino acid sequence.
Human H-ras CSYG* P-*-T--K-R Dashes and asterisks indicate amino acids identical and
149 related, respectively, to those of the CDC42 gene prod-
DC42 RCLKFVFOEA I VEATEF 7V uct. (Amm9 ac1ds.cons1de1red rela'ted were aspartate a_nd
RHOL Y-*%E--%A-TR-5-HK GKSKTNGKAK glutamate; isoleucine, leucine, valine, and alanine; lysine
;HO? o g :Eg- :¥ - :;1 § -16 ggy and arginine; asparagine and glutamine; and serine and
uman O - - - - - - v N . .
Human H-ras Q-%ED*-YT**RE*RQ HKLRKLNPEPD thrgomne_.)(.}a;.)s“{e.remtrodqcedl_)ygyetomaxm}lzethe
175 amino acid similarities. Overlines indicate the regions for
cDc42 TS KK cTIL which peptide sequence data are available for the mam-
RHOL KNTTE - -K - - vV ox - malian protein G25K (see text). Note that the amino-
:H02 N . fsi g g 3 g . Ng !1(;- terminal sequence of the human rho protein is missing
uman roo - : : :
Humen H.ras ESGPGCHN - C Vs because the available sequence was derived from an in-

did not contain the mutation, retained cdc42-complementing
activity. Thus, it seems clear that the 191 codon ORF en-
codes the CDC42 gene product.

The predicted CDC42 product is a polypeptide of 191
amino acids with molecular weight of 21,356 and a net
charge of +2 (Fig. 3). Comparison of the amino acid se-
quence with the National Biomedical Research Foundation
protein database revealed a high degree of similarity between
the CDC42 product and members of the ras and rho families
of gene products (Fig. 5). For example, the CDC42 product
is 30% identical (40% identical or related) in predicted
amino acid sequence to the human H-ras product and com-
parably similar to the yeast RAS/ and RAS2 gene products.
Much of this similarity is in the regions of the ras proteins
that have been implicated in GTP binding and hydrolysis
(residues 5-21, 28, 57-64, 114-120, and 143-148; Dever et
al., 1987, de Vos et al., 1988) and the COOH-terminal
modifications leading to membrane association (residues
186-189: Clarke et al., 1988; Hancock et al., 1989, Schafer
et al., 1989). Interestingly, however, the highly conserved
Asn and Lys residues at positions 116 and 117 of ras, which
have been implicated in the guanine specificity of the
nucleotide-binding site, are replaced by Thr and Gln in
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complete cDNA.

CDC42 (see also below). The similarities of CDC42 to the
rho proteins are more extensive and more widely distributed
through the coding regions. In particular, the CDC42 prod-
uct is 53 % identical (~58 % identical or related) to the hu-
man and Aplysia rho gene products, 52% identical (61% iden-
tical or related) to the S. cerevisiae RHOI gene product, and
37% identical (51% identical or related) to the S. cerevisiae
RHO2? gene product, which is itself 53% identical (66%
identical or related) to the S. cerevisiae RHOI gene product.
Although the available data are still limited, it appears that
the closest homologue to CDC42 may be “G25K,” a 25-kD
GTP-binding protein that has been purified from several
mammalian tissues (Evans et al., 1986; Waldo et al., 1987,
Polakis et al., 1989). Of the four peptides for which se-
quence is available, three are very similar to regions in the
CDC42 product (overlined in Fig. 5): p4 is identical in 19/20
positions to residues 47-66 of CDC42; p2 is identical in
10/12 (and similar in 1/12) positions to residues 109-120 of
CDC42; and pl is identical in 14/17 (and similar in 1/17) po-
sitions to residues 167-183 of CDC42. It is worthy of special
note that G25K, like CDC42, has Thr-Gln instead of Asn-
Lys in the putative guanine specificity region (see above and
Discussion).
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Expression of CDC42 under GA L10-promoter Control

Inspection of the CDC42 sequence revealed that the Hpa I
site is at position —67 to —62 relative to the putative initiator
ATG codon (Fig. 3). This suggested that the lack of com-
plementation and unusual marker-rescue results obtained
with the Hpa I-Xba I fragment in plasmid YEp(42)3 (see
above) might have reflected the presence of only an incom-
plete promoter in this fragment, a possibility consistent with
the observation of potential TATA promoter sequences at po-
sitions —112 to —107 and —96 to —91 (see Fig. 3). To explore
this possibility, the Hpa I-Xba I fragment from plasmid
pBR(42)1 was inserted into the Sal I site of plasmid YEp51
so that the 191 codon ORF should be under the control of
the yeast galactose-inducible GALIQ promoter in the result-
ing shuttle plasmid. This plasmid, YEp51(42), complemented
the cdc42-1 mutation in strain DJMD22-3B when cells were
grown on either 2% glucose or 2% galactose as the sole car-
bon source, as judged by the cells’ ability to grow at a normal
rate at 36°C. These results supported our interpretation of
the results obtained with plasmid YEp(42)3 (see Discussion).
However, even at 23°C, YEp51(42)-containing cells growing
on either carbon source displayed abnormalities in their bud-
ding patterns, as revealed by the staining of bud scars with
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Figure 6. Budding patterns of plasmid-containing yeast
cells. Cells were grown on 2% galactose as the sole car-
bon source and stained with Calcofluor to reveal bud
scars as described in Materials and Methods. (4 and B)
Haploid strain DYMD22-3B containing (4) control plas-
mid YEpS51 or (B) plasmid YEp51(42). (C and D) Diploid
strain DJD1 containing (C) plasmid YEp51 or (D) plas-
mid YEp51(42). Bars, 4 pum.

Calcofluor. In contrast to the normal unipolar budding pat-
tern of haploid cells and bipolar budding pattern of diploid
cells (Fig. 6 A and C; Sloat et al., 1981), we observed appar-
ently random budding patterns in ~75% of YEp51(42)-con-
taining DYMD22-3B and DJD1 cells grown under derepressing
conditions (2% galactose) and ~35% of YEpS51(42)-con-
taining DIMD22-3B cells grown under repressing conditions
(2% glucose) (Fig. 6, B and D). (Note that only cells with
two or more bud scars could be included in these counts; 100
such cells were counted in each case.) Only ~10% of the
haploid or diploid cells containing YEp51 itself exhibited
such budding patterns when growing on either galactose or
glucose. However, similar abnormalities of budding pattern
were also observed in ~v50% of DITD2-16D cells containing
the CDC42 gene on a 3.7-kb Bam HI-Sal I fragment (Fig.
1 A) inserted into the high-copy number plasmid YEpl03.

Discussion

The CDC42 gene product is involved in the morphogenetic
steps of the yeast cell cycle. To begin exploring CDC42 func-
tion at the molecular level, we have isolated and sequenced
this gene. All cdc42-complementing clones that we analyzed
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contained overlapping DNA segments, suggesting that the
bona fide CDC42 gene had been isolated. This suggestion
was confirmed by the findings that the isolated DNA segment
could direct integration to the CDC42 locus and that deletion
of this segment yielded a lethal mutation that failed to com-
plement the cde42-I* mutation. Subcloning localized CDC42
to a 1.6-kb segment of DNA, the sequencing of which re-
vealed several ORFs. The longest of these was identified as
CDC42 by several lines of evidence, including the results of
transposon and site-directed mutagenesis, the demonstration
that a plasmid in which this ORF should be expressed under
GALIO control could complement a cdc42-1* mutation, and
the demonstration that the putative CDC42 mRNA was tran-
scribed from the strand appropriate for this ORE. This mRNA
was somewhat longer than expected from the size of the ORF,
and it is conceivable that the actual CDC42 transcript is a
lower abundance species that we did not detect. However, it
seems more likely that the CDC42 transcript has unusually
extensive untranslated regions at the 5’ end, the 3' end, or
both. Further work will be necessary to resolve these issues.

We obtained rather confusing results when we attempted
to use recombination-mediated marker rescue (Patterson et
al., 1986) to confirm that the bona fide CDC42 gene had
been isolated and to localize the cdc42-1* mutation. Plas-
mid YEp(42)3 (Fig. 1 B) failed to complement the cdc42-1+
mutation but yielded Ts* recombinant subclones at the sur-
prisingly high frequency of ~10%. As the insert in YEp(42)3
spans the entire CDC42 OREF, the failure of complementa-
tion presumably results from the absence of an adequate pro-
moter in the 64 bp of sequence 5’ to the initiator ATG in this
clone. This hypothesis is supported by the observation that
the same fragment could complement the cdc42-I* mutation
when linked to the GALIO promoter. Interestingly, this com-
plementation was observed both during growth on galactose
and during growth on glucose, which should repress tran-
scription from the GALIO promoter. Perhaps only a small
amount of CDC42 mRNA is required and repression of the
particular promoter construction used here (the GALIO pro-
moter plus 64 bp of CDC42 upstream sequence) is incom-
plete during growth on glucose. In any event, similar effects
have been observed by others (Broach, J., personal commu-
nication).

The Ts* subclones observed with YEp(42)3 apparently
resulted from integration of the entire plasmid. It is clear that
such integration could generate a complete, normal copy of
the gene, but it is unclear why the event occurred in such high
frequency. Perhaps the DNA segment contains a hot spot for
recombination, or the production of some normal CDC42
product (from a partially functional promoter in YEp(42)3)
allows the cells to survive long enough at restrictive temper-
ature that the chances of rescue by plasmid integration are
increased. Alternatively, there could be selection for such in-
tegrants even during growth at the nominally “permissive”
temperature (see Adams et al., 1990).

In contrast, neither plasmid YEp(42)4 nor plasmid
YEp(42)5 (Fig. 1 B) yielded Ts* recombinant transfor-
mants at a frequency detectably above control values, al-
though the inserts of these plasmids, taken together, span the
entire CDC42 coding region. A possible explanation for this
result is that the cdc42-1 allele actually contains two muta-
tions, such that neither plasmid’s insert contains the wild-
type information corresponding to both mutant sites. This
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hypothesis is consistent with the observation that only the
one cdc42* mutant was isolated in a search that yielded
multiple independent mutants for each of the related genes
CDC24 and CDC43 (Adams et al., 1990). Sequencing of the
cdc42-1 allele should resolve this point.

Our results have provided some additional information
about CDC42 function. First, the finding that overexpression
of CDC42 can lead to mislocalization of budding sites sug-
gests that the CDC42 product is involved in the initial selec-
tion of the budding site as well as in the subsequent emer-
gence of the bud. Interestingly, the same inference has been
made about the CDC24 product on the basis of mutants that
display a similar mislocalization of budding sites (Sloat et
al., 1981). In addition, deletion of RSRI (another ras-related
gene that seems to be involved in bud emergence) produces
a similar mislocalization of budding sites (Bender and Prin-
gle, 1989), and overproduction of ABP (actin-binding pro-
tein) 85 leads to a somewhat different abnormal pattern of
budding (Drubin et al., 1988). It seems possible that these
proteins are involved in marking the site at which bud emer-
gence. should occur, and that mislocalization of an over-
produced or abnormal protein can thus perturb the normal
budding pattern. However, it also remains possible that the
mislocalization of budding sites in these situations simply
reflects a less specific cellular pathology (Hayashibe, 1975;
Thompson and Wheals, 1980).

Second, the finding that the predicted CDC42 protein has
substantial sequence similarity to the ras and rho families of
proteins provides important, though limited, clues to its
function at the molecular level. Much of this similarity is in
the regions that have been implicated in the binding and hy-
drolysis of GTP. In this regard, it is relevant that the Aplysia
rho gene product has been shown to bind and hydrolyze GTP
after expression in E. coli (Anderson and Lacal, 1987), and
that the G25K protein (which shares with CDC42 an unusual
feature in the putative GTP-binding site: see Results) binds
guanine nucleotides avidly (Evans et al., 1986; Waldo et al.,
1987; Polakis et al., 1988). If the CDC42 product indeed
also has GTP binding and hydrolysis activities (a point to be
tested as soon as CDC42-specific antibodies are available),
it is likely also to be involved in signal transduction of some
sort. However, it is important to note that this biochemical
motif has apparently been adapted to a wide variety of pur-
poses in yeast. Confirmed or suspected GTP-binding/hydro-
lyzing proteins identified to date include the RASI and RAS?2
products, implicated in the control of adenylate cyclase and
hence (via the cAMP-dependent protein kinase) in the over-
all coordination of cell growth and macromolecular synthe-
sis (Powers et al., 1984; Tatchell, 1986); the GSTI product,
which may be involved in the Gl-to-S phase transition (Kiku-
chi et al., 1988); the YPTI product (Gallwitz et al., 1983),
which appears to be localized to the Golgi apparatus (Segev
etal., 1988) and is implicated in the control of secretion and
Ca?* flux (Segev and Botstein, 1987; Wagner et al., 1987);
the SEC4 product, which is involved in post-Golgi apparatus
events of the secretory pathway (Salminen and Novick, 1987;
Goud et al., 1988); the SCGI/GPAI product, which appears
to be involved in the pheromone response pathway (Dietzel
and Kurjan, 1987, Miyajima et al., 1987); the GPA2 prod-
uct, which may be involved in regulating cAMP levels (Na-
kafuku et al., 1988); the CIN4 product, which appears to be
involved in ensuring normal chromosome transmission dur-
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ing mitosis (Stearns, T., personal communication); the ARFI
and ARF2 gene products, which are similar to mammalian
ADP-ribosylation factor (Sewell and Kahn, 1988); and the
RHOI and RHO2 products, whose function(s) are unknown
but apparently distinct from those of the RASI and RAS2 pro-
ducts (Madaule et al., 1987). There is no reason to think that
this list is complete.

Thus, the critical step in elucidating CDC42 function is
likely to be determining what signals are transduced, and by
means of what downstream effectors. On these points we
have as yet few clues. The extensive sequence similarities be-
tween the CDC42 product and the RHO gene products of
yeast and animals suggests that there may be common
aspects of function beyond GTP binding and hydrolysis.
However, this clue is not too helpful until more is known of
the function of the other RHO gene products. The similarity
of cdc42 mutants to cdc24 mutants and the evidence that the
CD(C24 product is a Ca**-interactive protein (Ohya et al.,
1986a,b; Miyamoto et al., 1987) suggest that signal trans-
duction by the CDC42 product may also involve Ca**, but
there are no clues yet as to the nature of such possible in-
volvement. Finally, the observation that the CDC42 product
has COOH-terminal sequences similar to those at which ras
and related proteins become modified by hydrophobic pros-
thetic groups (Clarke et al., 1988; Goodman et al., 1988;
Molenaar et al., 1988; Hancock et al., 1989; Schafer et al.,
1989) suggests that the CDC42 product also may be modified
as a mechanism for attachment to the cell membrane. This
is an attractive notion if, as suggested above, one function
of the CDC42 product is to help mark the site on the cell sur-
face at which the new bud should emerge.
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Note Added in Proof. Since submission of this paper, we have learned that
the predicted product of the human rac! gene (Didsbury, J., R. F. Weber,
G. M. Bokoch, T. Evans, and R. Snyderman. 1989. J. Biol. Chem.
264:16378-16382) is ~70% identical to that of CDC42. In addition, two
apparently nonidentical versions of “G25K” (see text) have now been
cloned; their sequences are ~80% identical (~86% including related
amino acids) to the CDC42 product (Polakis, P., personal communication;
Cerione, R., personal communication).

References

Adams, A, E. M., and J. R. Pringle. 1984. Relationship of actin and tubulin
distribution to bud growth in wild-type and morphogenetic-mutant Saccharo-
myces cerevisiae. J. Cell Biol. 98.934-945,

Adams, A. E. M., D. I. Johnson, R. M. Longnecker, B. F. Sloat, and J. R.
Pringle. 1990. CDC42 and CDC43, two additional genes involved in bud-
ding and the establishment of cell polarity in the yeast Saccharomyces cere-
visiae. J. Cell Biol. 111:131-142.

Anderson, P. S., and J. C. Lacal. 1987. Expression of the Aplysia californica
rho gene in Escherichia coli: purification and characterization of its encoded
p21 product. Mol. Cell. Biol. 7:3620-3628.

Beltzer, J. P., L.-F. L. Chang, A. E. Hinkkanen, and G. B. Kohlhaw. 1986.
Structure of yeast LEU4. J. Biol. Chem. 261:5160-5167.

Bender, A., and J. R. Pringle. 1989. Multicopy suppression of the cdc24 bud-

Johnson and Pringle Saccharomyces cerevisiae CDC42 Gene

ding defect in yeast by CDC42 and three newly identified genes including
the ras-related gene RSRI. Proc. Natl. Acad. Sci. USA. 86:9976-9980.

Bennetzen, J. L., and B. D. Hall. 1982. Codon selection in yeast. J. Biol. Chem.
257:3026-3031.

Birnboim, H. C., and J. Doly. 1979. A rapid alkaline extraction procedure for
screening recombinant plasmid DNA. Nucleic Acids Res. 7:1513-1523.
Bloom, K. S., and J. Carbon. 1982. Yeast centromere DNA is in a unique and
highly ordered structure in chromosomes and small circular minichromo-

somes. Cell. 29:305-317.

Botstein, D., S. C. Falco, S. E. Stewart, M. Brennan, S. Scherer, D. T. Stinch-
comb, K. Struhl, and R. W. Davis. 1979. Sterile host yeasts (SHY): A eu-
karyotic system of biological containment for recombinant DNA experi-
ments. Gene. 8:17-24.

Broach, J., Y. Li, L. Wu, and M. Jayaram. 1983. Vectors for high-level induc-
ible expression of cloned genes in yeast. Jn Experimental Manipulation of
Gene Expression. M. Inouye, editor. Academic Press, Inc., New York.
83-117.

Capon, D.J., E. Y. Chen, A. D. Levinson, P. H. Seeburg, and D. V. Goeddel.
1983. Complete nucleotide sequences of the T24 human bladder carcinoma
oncogene and its normal homologue. Nature (Lond.). 302:33-37.

Carlson, M., and D. Botstein. 1982. Two differentially regulated mRNAs with
different 5’ ends encode secreted and intracellular forms of yeast invertase.
Cell. 28:145-154.

Clarke, S., J. P. Vogel, R. J. Deschenes, and J. Stock. 1988. Posttranslational
modification of the Ha-ras oncogene protein: evidence for a third class of
protein carboxyl methyltransferases. Proc. Natl. Acad. Sci. USA. 85:4643-
4647.

Coleman, K. G., H. Y. Steensma, D. B. Kaback, and J. R. Pringle. 1986. Mo-
lecular cloning of chromosome 1 DNA from Saccharomyces cerevisiae: iso-
lation and characterization of the CDC24 gene and adjacent regions of the
chromosome. Mol. Cell. Biol. 6:4516-4525.

Dever, T. E., M. J. Glynias, and W. C. Merrick. 1987. GTP-binding domain:
three consensus sequence elements with distinct spacing. Proc. Natl. Acad.
Sci. USA. 84:1814-1818.

de Vos, A. M., L. Tong, M. V. Milburn, P. M. Matias, J. Jancarik, S.
Noguchi, S. Nishimura, K. Miura, E. Ohtsuka, and S.-H. Kim. 1988. Three-
dimensional structure of an oncogene protein: catalytic domain of human
c-H-ras p21. Science (Wash. DC). 239:888-893.

Dietzel, C., and J. Kurjan. 1987. The yeast SCG! gene: A G,-like protein im-
plicated in the a- and a-factor response pathway. Cell. 50:1001-1010.
Drubin, D. G., K. G. Miller, and D. Botstein. 1988. Yeast actin-binding pro-

teins: evidence for a role in morphogenesis. J. Cell Biol. 107:2551-2561.

Evans, T., M. L. Brown, E. D. Fraser, and J. K. Northup. 1986. Purification
of the major GTP-binding proteins from human placental membranes. J.
Biol. Chem. 261:7052-7059.

Field, C., and R. Schekman. 1980. Localized secretion of acid phosphatase
reflects the pattern of cell surface growth in Saccharomyces cerevisiae. J.
Cell Biol. 86:123-128.

Gallwitz, D. C., C. Donath, and C. Sander. 1983. A yeast gene encoding a pro-
tein homologous to the human c-has/bas proto-oncogene product. Nature
(Lond.). 306:704-707.

Goodman, L. E., C. M. Perou, A. Fujiyama, and F. Tamanoi. 1988. Structure
and expression of yeast DPRI, a gene essential for the processing and intra-
cellular localization of ras proteins. Yeast. 4:271-281.

Goud, B., A. Salminen, N. C. Walworth, and P. J. Novick. 1988. A GTP-
binding protein required for secretion rapidly associates with secretory vesi-
cles and the plasma membrane in yeast. Cell. 53:753-768.

Hancock, J. F., A. 1. Magee, J. E. Childs, and C. J. Marshall. 1989. All ras
proteins are polyisoprenylated but only some are palmitoylated. Cell. 57:
1167-1177.

Hartwell, L. H., J. Culotti, J. R. Pringle, and B. J. Reid. 1974. Genetic control
of the cell division cycle in yeast. Science (Wash. DC). 183:46-51.

Hayashibe, M. 1975. Cytodifferentiation in the cell cycle of yeasts. In Growth
and Differentiation in Microorganisms. T. Ishikawa, Y. Maruyama, and H.
Matsumiya, editors. University Park Press, Baltimore, Maryland. 165-191.

Henikoff, S. 1984. Unidirectional digestion with exonuclease IlI creates tar-
geted breakpoints for DNA sequencing. Gene. 28:351-359.

Hinnen, A., J. B. Hicks, and G. R. Fink. 1978. Transformation of yeast. Proc.
Natl. Acad. Sci. USA. 75:1929-1933.

Johnson, D. I., C. W. Jacobs, J. R. Pringle, L. C. Robinson, G. F. Carle, and
M. V. Olson. 1987. Mapping of the Saccharomyces cerevisiae CDC3,
CDC25, and CDC42 genes to chromosome XII by chromosome blotting and
tetrad analysis. Yeast. 3:243-253.

Kikuchi, Y., H. Shimatake, and A. Kikuchi. 1988. A yeast gene required for
the Gy-to-S transition encodes a protein containing an A-kinase target site
and GTPase domain. EMBO (Eur. Mol. Biol. Organ.) J. 7:1175-1182.

Kunkel, T. A. 1985. Rapid and efficient site-specific mutagenesis without
phenotypic selection. Proc. Natl. Acad. Sci. USA. 82:488-492.

Langford, C. 1., F.-J. Klinz, C. Donath, and D. Galiwitz. 1984, Point muta-
tions identify the conserved, intron-contained TACTAAC box as an essential
splicing sequence in yeast. Cell. 36:645-653.

Lillie, S. H., and J. R. Pringle. 1980. Reserve carbohydrate metabolism in Sac-
charomyces cerevisiae: responses to nutrient limitation. J. Bacteriol. 143:
1384-1394.

Maccecchini, M.-L., Y. Rudin, G. Blobel, and G. Schatz, 1979. Import of pro-

151



teins into mitochondria: precursor forms of the extramitochondrially made
F,-ATPase subunits in yeast. Proc. Natl. Acad. Sci. USA. 76:343-347.

Madaule, P., and R. Axel. 1985. A novel ras-related gene family. Cell. 41:
31-40.

Madaule, P., R. Axel, and A. M. Myers. 1987. Characterization of two mem-
bers of the rho gene family from the yeast Saccharomyces cerevisiae. Proc.
Nati. Acad. Sci. USA. 84:779-783.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular Cloning: A Lab-
oratory Manual. Cold Spring Harbor Laboratory, Cold Spring Harbor, New
York. 545 pp.

Miyajima, 1., M. Nakafuku, N. Nakayama, C. Brenner, A. Miyajima, K.
Kaibuchi, K.-I. Arai, Y. Kaziro, and K. Matsumoto. 1987. GPAI, a haploid-
specific essential gene, encodes a yeast homolog of mammalian G protein
which may be involved in mating factor signal transduction. Cell. 50:1011-
1019.

Miyamoto, S., Y. Ohya, Y. Ohsumi, and Y. Anraku. 1987. Nucleotide se-
quence of the CLS4 (CDC24) gene of Saccharomyces cerevisiae. Gene.
54:125-132.

Molenaar, C. M. T., R. Prange, and D. Gallwitz. 1988. A carboxyl-terminal
cysteine residue is required for palmitic acid binding and biological activity
of the ras-related yeast YPT! protein. EMBO (Eur. Mol. Biol. Organ.) J.
7:971-976.

Nakafuku, M., T. Obara, K. Kaibuchi, I. Miyajima, A. Miyajima, H. Itoh, S.
Nakamura, K.-1. Arai, K. Matsumoto, and Y. Kaziro. 1988. Isolation of a
second yeast Saccharomyces cerevisiae gene (GPA2) coding for guanine
nucleotide-binding regulatory protein: studies on its structure and possible
functions. Proc. Natl. Acad. Sci. USA. 85:1374-1378.

Ohya, Y., S. Miyamoto, Y. Ohsumi, and Y. Anraku. 1986a. Calcium-sensitive
cls4 mutant of Saccharomyces cerevisiae with a defect in bud formation. J.
Bacteriol. 165:28-33.

Ohya, Y., Y. Ohsumi, and Y. Anraku. 1986b. Isolation and characterization
of Ca?*-sensitive mutants of Saccharomyces cerevisiae. J. Gen, Microbiol.
132:979-988.

Patterson, M., R. A. Sclafani, W. L. Fangman, and J. Rosamond. 1986. Mo-
lecular characterization of cell cycle gene CDC7 from Saccharomyces
cerevisiae. Mol. Cell. Biol. 6:1590-1598.

Polakis, P. G., R. Snyderman, and T. Evans. 1989. Characterization of G25K,
a GTP-binding protein containing a novel putative nucleotide binding do-
main. Biochem. Biophys. Res. Commun. 160:25-32.

Powers, S., T. Kataoka, O. Fasano, M. Goldfarb, J. Strathern, J. Broach, and
M. Wigler. 1984. Genes in S. cerevisiae encoding proteins with domains ho-
mologous to the mammalian ras proteins. Cell. 36:607-612.

Pringle, J. R., and L. H. Hartwell. 1981. The Saccharomyces cerevisiae cell
cycle. In The Molecular Biology of the Yeast Saccharomyces. Life Cycle
and Inheritance. J. N. Strathern, E. W. Jones, and J. R. Broach, editors.
Cold Spring Harbor Laboratory, Cold Spring Harbor, New York. 97-142.

Pringie, J. R., S. H. Lillie, A. E. M. Adams, C. W. Jacobs, B. K. Haarer,
K. G. Coleman, J. S. Robinson, L. Bloom, and R. A. Preston. 1986. Cellu-
lar morphogenesis in the yeast cell cycle. In Yeast Cell Biology. J. Hicks,
editor. Alan R. Liss, Inc., New York. 47-80.

The Journal of Cell Biology, Volume 111, 1990

Salminen, A., and P. J. Novick. 1987. A ras-like protein is required for a post-
Golgi event in yeast secretion. Cell. 49:527-538.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with chain-
terminating inhibitors. Proc. Natl. Acad. Sci. USA. 74:5463-5467.

Schafer, W. R., R. Kim, R. Sterne, J. Thorner, S.-H. Kim, and J. Rine. 1989.
Genetic and pharmacological suppression of oncogenic mutations in RAS
genes of yeast and humans. Science (Wash. DC). 245:379-385.

Segev, N., and D. Botstein. 1987. The ras-like yeast YPT! gene is itself essen-
tial for growth, sporulation, and starvation response. Mol. Cell. Biol. 7:
2367-2371.

Segev, N., J. Mulholland, and D. Botstein. 1988. The yeast GTP-binding YPT!
protein and a mammalian counterpart are associated with the secretory ma-
chinery. Cell. 52:915-924.

Seifert, H. S., E. Y. Chen, M. So, and F. Heffron. 1986. Shuttle mutagenesis:
a method of transposon mutagenesis for Saccharomyces cerevisiae. Proc.
Natl. Acad. Sci. USA. 83:735-739.

Sewell, J., and R. Kahn. 1988. Sequences of the bovine and yeast ADP-
ribosylation factors and comparisons to other GTP-binding proteins. Proc.
Natl. Acad. Sci. USA. 85:4620-4624.

Sherman, F., G. R. Fink, and J. B. Hicks. 1986. Methods in Yeast Genetics:
Laboratory Manual. Cold Spring Harbor Laboratory, Cold Spring Harbor,
New York.

Sloat, B. F., and J. R. Pringle. 1978. A mutant of yeast defective in cellular
morphogenesis. Science (Wash. DC). 200:1171-1173.

Sloat, B. F., A. Adams, and J. R. Pringle. 1981. Roles of the CDC24 gene prod-
uct in cellular morphogenesis during the Saccharomyces cerevisiae cell cy-
cle. J. Cell Biol. 89:395-405.

Struhl, K. 1986. Yeast promoters. In Maximizing Gene Expression. W. Rez-
nikoff and L. Gold, editors. Butterworth Publishers, Boston, Massachusetts.
35-78.

Tatchell, K. 1986. Ras genes and growth control in Saccharomyces cerevisiae.
J. Bacteriol. 166:364-367.

Thomas, P. S. 1980. Hybridization of denatured RNA and small DNA frag-
ments transferred to nitrocellulose. Proc. Natl. Acad. Sci. USA. 77:5201-
5205.

Thompson, P. W., and A. E. Wheals. 1980. Asymmetrical division of Sac-
charomyces cerevisiae in glucose-limited chemostat cuiture. J. Gen. Micro-
biol. 121:401-409.

Wagner, P., C. M. T. Molenaar, A. J. G. Rauh, R. Brokel, H. D. Schmitt,
and D. Gallwitz. 1987. Biochemical properties of the ras-related YPT protein
in yeast: a mutational analysis. EMBO (Eur. Mol. Biol. Organ.) J.
6:2373-2379.

Waldo, G. L., T. Evans, E. D. Fraser, J. K. Northup, M. W. Martin, and T. K.
Harden. 1987. Identification and purification from bovine brain of a guanine-
nucleotide-binding protein distinct from G, Gi, and G.. Biochem. J. 246:
431-439,

Wilkinson, L. E., and J. R. Pringle. 1974. Transient G1 arrest of S. cerevisiae
cells of mating type « by a factor produced by cells of mating type a. Exp.
Cell Res. 89:175-187.

152



