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Heterotrimeric guanine nucleotide-binding proteins (G proteins) consisting of o, 3, and vy subunits mediate
signalling between cell surface receptors and intracellular effectors in eukaryotic cells. To define signalling
functions of G, subunits (STE18 gene product) involved in pheromone response and mating in the yeast
Saccharomyces cerevisiae, we isolated and characterized dominant-negative STEI8 alleles. We obtained
dominant-negative mutations that disrupt C-terminal sequences required for prenylation of G, precursors
(CAAX box) and that affect residues in the N-terminal half of Ste18p. Overexpression of mutant G,, subunits
in wild-type cells blocked signal transduction; this effect was suppressed upon overexpression of G subunits.
Mutant G, subunits may therefore sequester G subunits into nonproductive Gy, dimers. Because mutant G,
subunits blocked the constitutive signal resulting from disruption of the G, subunit gene (GPA1), they are
defective in functions required for downstream signalling. Ste18p bearing a C107Y substitution in the CAAX
box displayed reduced electrophoretic mobility, consistent with a prenylation defect. G, subunits carrying
N-terminal substitutions had normal electrophoretic mobilities, suggesting that these proteins were preny-
lated. G, subunits bearing substitutions in their N-terminal region or C-terminal CAAX box (C107Y)
supported receptor-G protein coupling in vitro, whereas C-terminal truncations caused partial defects in

receptor coupling.

Heterotrimeric guanine nucleotide-binding proteins (G pro-
teins), consisting of , B, and -y subunits, transduce signals from
cell surface receptors to various intracellular effectors in
eukaryotic cells. In many organisms, there are multiple sub-
types of G,, Gg, and G, subunits that associate in various
combinations to yield distinct types of heterotrimers. The
properties of different heterotrimers indicate that various
subtypes of G-protein subunits control signalling in several
ways. For example, G, subunit subtypes mediate selective
coupling between receptors and G proteins and act selectively
upon downstream effector molecules, including subtypes of
adenylyl cyclase, phospholipase C, and ion channels (1, 15, 39,
44).

Gg and G, subunits also control signal transduction path-
ways at several steps. Specific Gz and G, subunit subtypes are
required for coupling between certain receptors and effectors
(11, 21, 22), presumably at the level of receptor-G protein
interaction. G, subunits also control signalling pathways by
regulating intracellular effector molecules, including phospho-
lipase CB (2, 6, 7, 20) and type I and type II adenylyl cyclase
(12, 17, 45, 46). Indeed, G, subunit subtypes determine the
ability of G4, dimers to regulate adenylyl cyclase in vitro (17).
However, in general, the structural features of G, and G,
subunits responsible for specific signalling functions have not
been defined. An exception is the CAAX box of G, subunits,
the site of C-terminal prenylation (8, 13, 24, 27, 35), which is
important for G, membrane localization (17, 30, 40) and
efficient rhodopsin-transducin (14, 32, 54) and Gg,-adenylyl
cyclase (17) interactions.
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The mating pheromone response pathway of the yeast
Saccharomyces cerevisiae provides a useful model system for
dissecting the functions of Gz and G, subunits in different
signal transduction steps and for defining structural features of
these subunits that influence their function. Pheromone bind-
ing to cell surface receptors elicits responses that prepare yeast
cells for mating, including arrest in the G, phase of the cell
cycle, induction of specific genes, and elaboration of morpho-
logical changes (23, 43). Genetic and biochemical studies
indicate that pheromone receptors are coupled to a G protein
whose «, B, and <y subunits are encoded, respectively, by the
GPAI, STE4, and STEIS8 genes (5, 10, 29, 52). Biochemical
evidence indicates that G,, G, and G, subunits form G,
heterotrimers that can interact with pheromone receptors (5),
and genetic analysis indicates that Gy, subunits rather than G,
subunits transduce signals to downstream components in the
pathway (3, 9, 31, 53). Dominant-negative forms of yeast G,
and G, subunits that disrupt signalling, albeit by mechanisms
yet to be defined biochemically, have been identified (26, 51).

To determine the functions and structural features of G,
subunits required for different steps in the pheromone signal
transduction pathway, we have isolated and characterized
dominant-negative alleles of the STEI8 gene. Genetic and
biochemical analyses have been used to address the properties
of mutant G, subunits with regard to subunit association,
prenylation, and downstream signalling and receptor-coupling
activities.

MATERIALS AND METHODS

S. cerevisiae strains, media, and transformation. S. cerevisiae
strains used in this study are listed in Table 1. AG39-4C was
derived as a meiotic segregant from a cross between a MATa
derivative of J57D and KMG49-1D. Standard growth media
(YPD and SD) were used (36, 37). YPGal and SGal media were
identical to YPD and SD except that they contained 2% galactose
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TABLE 1. S. cerevisiae strains used in this study

Reference or

Strain Genotype source
RK511-6B MATa ade2 his3-Al his6 ura3-52 4
leu2-3,112 trpl sstl-3
RK511-6B-1 RKS511-6B stel8A::URA3 This study
RK511-6B-12 RK511-6B This study
STE18R33K,E36K::URA3
RKS511-6B-19 RK511-6B STE18Q%ter::URA3 This study
RK511-6B-28 RK511-6B STEI8R47P::URA3 This study
RKS511-6B-38 RK511-6B STEI8R33K::URA3 This study
RKS511-6B-54 RK511-6B This study
STE18R47H,Q48K::URA3
RK511-6B-74 RKS511-6B STE18C107Y::URA3 This study
RKS511-6B-75 RKS511-6B STE18Q98ter::URA3 This study
RKS511-6B-56A RK511-6B This study
adh1A::ADHIpSTEI8R33K::URA3
J57D MATa ade2 his3-11,13 ura3-52 leu2- 15a
3,112 trpl canl
J57D-1 J57D stel8A::ura3 This study
J57D-12 J57D STEI8R33K,E36K::URA3 This study
J57D-28 J57D STE18R47P::URA3 This study
J57D-54 J57D STE18R47H,Q48K::URA3 This study
J57D-56 J57D STEI8R33K::URA3 This study
J57D-74 J57D STEI8C107Y::URA3 This study
J57D-75 J57D STE18Q98ter::URA3 This study
W303-1B MATo ura3 leu2 trpl his3 ade2 canl 47
KMG49-1D MATa gpal::HIS3 clnl::URA3 18
cIn2::LEU2 ura3 leu2 his3 trpl
adel[pG1302]
YPH102 MATa ade2 his3-A200 lys2 ura3-52 P. Hieter
leu2-A1
AG39-4C MATa adel his3 ura3 leu2 trpl This study

gpal::HIS3 [pG1302]

and 0.1% raffinose instead of glucose. Yeast transformations were
done by the alkali cation procedure (19).

Plasmids, mutagenesis, and genetic methods. pBH21 (pro-
vided by D. Jenness) is a 2p.-based plasmid carrying the LEU2
gene and the STE18 gene placed under control of the ADH1
promoter. pL19 (provided by M. Whiteway) carries the STE4
gene fused to the GALI promoter (53). pAG3STE4 is a
pRS313 derivative that carries the GALI-STE4 expression
cassette derived from pL19. Plasmid pVT-HASTE 18 (provided
by F. Tamanoi) is a derivative of the pVT100-U expression
vector (49) containing an influenza virus hemagglutinin (HA)
epitope-tagged form of the STEI8 gene (13). Plasmid
pRS315STE18 was constructed by isolating a PstI-Sacl frag-
ment bearing the entire STEI8 promoter and coding region
from plasmid M70p2 (50) and inserting it into PstI-SacI-cut
pRS315. Yeast genomic DNA for Southern blots and PCR
experiments was purified by published procedures (33). Mu-
tagenesis of pBH21 was performed as described previously
(38) except that hydroxylamine-treated DNA was purified by
precipitation with isopropanol and transformed directly into
yeast cells. Specific mutations in the STEIS gene in pVT-
HASTE18 were constructed by oligonucleotide-directed mu-
tagenesis (Amersham). Mutations in STE18 were confirmed by
sequencing reactions that used primers synthesized according
to the published STE18 sequence (52). For replacement of the
chromosomal STEI8 gene with STE18%" (dn for dominant-
negative) alleles, derivatives of pBH21 carrying STEI8" mu-
tations were linearized with Bcll, which cuts 185 bp down-
stream of the STE 18 coding sequence, and ligated with a 1.1-kb
Bglll fragment of pVT100-U containing the URA3 gene.
Plasmids carrying the URA3 gene inserted between STEIS
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coding and 3’ flanking sequences were isolated and cut with
HindIII and SstI to release a 1.75-kb STE18-URA3 fragment.
This fragment was purified and used for one-step gene replace-
ment (34). The STEI8 coding sequence was disrupted as
described above by using an Sphl-HindIIl fragment from
plasmid M59p7 (52). PCR was used to confirm the structure of
chromosomal replacements. For integration of the ADHIp-
STE18R34K expression cassette at the ADH] locus, a fragment
bearing the URA3 and STEIS8 coding sequences flanked by
noncoding regions of ADH1 was purified and used to replace
the ADH1 chromosomal allele. The resulting replacement was
confirmed by Southern blotting. Other genetic manipulations
were performed by standard methods (36, 37).

Assays of pheromone response. Quantitative mating assays
were performed essentially as described previously (42). Cells
to be tested for mating ability (107 cells) and a fivefold excess
of the mating-type tester YPH102 were mixed and incubated 8
h at 30°C. Mating was scored by complementation of auxotro-
phic markers. Mating efficiencies of cells expressing STEI8"
mutations were expressed relative to the mating efficiency of an
isogenic wild-type control strain. Assays of pheromone-in-
duced growth inhibition (halo assays) were performed as
described previously (42). Assays of pheromone-induced gene
expression used cells carrying pSL307, a plasmid that bears the
pheromone-inducible reporter gene FUSI-lacZ (28). Cells in
early logarithmic phase were treated with various concentra-
tions of a-factor for 2 h, and B-galactosidase activity in
permeabilized cells was determined as described previously
(42).

Immunoblotting methods. Methods used to lyse cells with
glass beads in sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) sample buffer have been described
elsewhere (4, 5). Cells used for these experiments carried
pVT-HASTEIS or its derivatives expressing dominant-nega-
tive mutations. Protein samples from equal numbers of cells
resolved on 20-cm 16% polyacrylamide gels were subjected to
immunoblotting with the anti-HA monoclonal antibody 12CAS
(BAbCO). Immunoblots were developed by using enhanced
chemiluminescence (Amersham).

Assays of receptor-G protein coupling. Derivatives of
RKS511-6B expressing various chromosomal STEI8 alleles
were used as sources of membrane fractions. Methods for cell
growth, extract preparation, and preparation of >S-labeled
a-factor have been described elsewhere (4, 5). Assay mixtures
contained membranes (500 pg of protein) and *°S-labeled
a-factor (10 nM, 50 Ci/mmol). For determinations of nonspe-
cific binding, parallel reaction mixtures also contained excess
unlabeled a-factor (1 wM). After a 1-h incubation, the mixture
was diluted 1:100 into a solution containing 1 pM unlabeled
a-factor and 10 pM GTP+S or into the same solution lacking
GTPS. Aliquots were withdrawn at intervals, filtered through
polyethyleneimine-treated GF/C filters (Whatman), washed,
and analyzed by liquid scintillation spectrometry. Data were
expressed as the fraction of specific binding sites that remained
bound as a function of time.

RESULTS

Isolation and sequence of STEI8 dominant-negative muta-
tions. Because dominant-negative mutations disrupt certain
functions of proteins while leaving other functions relatively
unaffected (16), they may provide useful tools for identifying
regions of G, subunits that influence their ability to associate
with other G-protein subunits, interact functionally with pher-
omone receptors or signalling effectors, or undergo function-
ally important conformational changes. Accordingly, to gener-
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FIG. 1. Sequences altered by STEI8" mutations. Amino acid
sequences of the N- and C-terminal regions of Ste18p affected by
STE18% mutations are displayed in the single-letter amino acid code.
Residues affected by STEI8°" mutations are indicated by asterisks.
The following STE18%" mutations were identified: STE18R34K (three
isolates); STEI8E37K (one isolate); STEIS8R34K,E37K (double mu-
tant, two isolates); STEISR48P (one isolate); STE18R48H,E49K
(double mutant, two isolates); STE18Q9%%ter (one isolate); STE18Q98ter
(one isolate); and STE18C107Y (three isolates). Residues conserved
between Ste18p and bovine transducin vy (52) are underlined. Within
the regions shown, the position of every 10th amino acid residue in
Ste18p is indicated.

ate dominant-negative alleles of the gene encoding G,
subunits (STE18) that are required for mating pheromone
response in S. cerevisiae, we used hydroxylamine to treat a
plasmid (pBH21) in which the STE18 gene is expressed from a
strong constitutive promoter (4DH1). Treated plasmid DNA
was introduced by transformation into wild-type cells (J57D).
Cells expressing putative dominant-negative STE18 alleles that
interfere with pheromone response were selected as colonies
that grew in the presence of pheromone (a-factor, 1 pM).
Thirteen transformants in which the pheromone-resistant phe-
notype was plasmid dependent were identified. Plasmids from
these transformants were recovered in Escherichia coli, and the
entire STE18 coding region of each plasmid was sequenced to
identify lesions responsible for the pheromone-resistant phe-
notype. Sequencing revealed that mutations were obtained
resulting in the following substitutions in Ste18p: R34K (three
isolates): R34K,E37K (double mutant, one isolate); E37K (one
isolate); R48P (one isolate); R48H,E49K (double mutant, two
isolates); Q94ter (one isolate); Q98ter (one isolate); and
C107Y (three isolates). STEI8°" mutations therefore affected
two regions of the G, subunit (Fig. 1): an N-terminal region
containing residues 34 to 49, and the C-terminal region
containing the CAAX box of Stel8p. Mutations affecting the
CAAX box either substituted the essential cysteine residue for
tyrosine (C107Y) or introduced nonsense codons upstream
(QY4ter, Q98ter).

Overexpression of STEI8' mutations in wild-type cells
blocks signal transduction. Overexpression of STEI8" alleles
in wild-type cells could cause pheromone resistance because
they promote recovery from pheromone-induced cell cycle
arrest or because they encode signalling-defective G., subunits
that block signalling, for example, by titrating an essential
signalling component. To address these possibilities, we exam-
ined several signalling-related phenotypes of haploid cells that
overexpressed various STE18°" alleles from the ADHI pro-
moter.

First, we determined if haploid cells overexpressing STE 189"
alleles could undergo pheromone-induced G, arrest. To elim-
inate possible ambiguities arising from plasmid loss, a STE189"
allele (STE18R34K) was integrated and overexpressed at the
ADH]1 locus. Halo assays were used in which control cells
(RK511-6B, an sstl strain) or those overexpressing STE189"
mutations (RK511-6B-56A) were plated in top agar and chal-
lenged with various doses of a-factor applied to disks. As
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FIG. 2. Pheromone-induced growth arrest assays of wild-type cells
overexpressing a STEI8®" allele. Control cells (RK511-6B, an sstl
strain; left) and an isogenic derivative (RK511-6B-56A; right) carrying
an ADHI-driven STE18°" allele (STEI8R34K) integrated at the ADH1
locus were embedded in YPD top agar. Various amounts of a-factor
(10, 2, 0.4, 0.08, and 0.016 pg, decreasing clockwise from the top) were
applied on disks, and the plates were incubated for 2 days at 30°C.
Cells overexpressing the STE189" allele gave rise to zones of growth
inhibition (halos) that were smaller and turbid.

shown in Fig. 2, control cells underwent growth arrest, as
indicated by a zone of growth inhibition (halo) around the
disks. Halos appearing in lawns of cells overexpressing the
STE18°" allele were smaller and turbid. Similar results were
obtained with cells overexpressing any of the STE18°" muta-
tions from plasmids (data not shown). Formation of small
turbid halos indicated that even at high levels of pheromone,
growth arrest was transient or incomplete.

Second, we determined whether overexpression of STE189"
alleles affected pheromone-induced expression of the FUSI-
lacZ reporter gene (28, 48). Cells (J57D) carrying a FUS1-lacZ
reporter plasmid (pSL307), and either a control plasmid or
plasmids that overexpress STE18" alleles, were treated with
various doses of a-factor. Pheromone-induced gene expression
was monitored by measuring B-galactosidase activity in perme-
abilized cells. As indicated by the dose-response curves shown

5

[N

o

o
1

100 1

B -galactosidase activity
(Miller units)
3
<

11 10 - 8 7 6 5
log ([o-factor] M)

FIG. 3. Pheromone-induced transcription in wild-type cells and
cells overexpressing STE18" alleles. Wild-type cells (J57D) carried a
FUSI-lacZ reporter plasmid (pSL307) and either a control plasmid
(YEp13; squares) or a plasmid that overexpresses the wild-type STE18
gene (pBH21; triangles), STEISR34K (pBH21-R34K; circles), or
STE18C107Y (pBH21-C107Y; diamonds). Plasmid-containing cells
were treated for 2 h with the indicated concentrations of a-factor, and
B-galactosidase activity was measured in permeabilized cells. The data
presented are averages of three independent determinations for each
plasmid combination.
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TABLE 2. Mating phenotypes
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TABLE 3. Tetrad analysis”

STEIS allele Chromosomal STE4 Relative mating
overexpressed” STEIS allele overexpressed” efficiency”
STE18 STEIS8 - 1.0
+ 0.7
STE18R34K STE18 - 1.4 %103
+ 0.35
STEI8R34K,E37K  STEIS - 1.2x107°?
+ 0.49
STE18R48P STE18 = 1.1 x 1073
+ 0.36
STEI8R48H,E49K  STEIS - 1.2x107°3
+ 0.44
STE18Q%ter STEI8 - 1.0x 103
+ 0.38
STE18C107Y STEI8 - 20%x 1073
+ 0.41
STEIS8R34K stel8A::URA3 - <10 3
+ <10°?
STE18QY%4ter stel8A::URA3 - <1073
+ <10°°

“STEIS alleles were overexpressed from the ADHI promoter on plasmid
pBH21.

" The STE4 genc was overexpressed from the GAL!I promoter on plasmid
pL19 or pAG3STE4.

< Mating efficiencies were determined relative to the mating frequency of
wild-type cells (J57D) that carried the indicated plasmids. Values shown are
averages of three determinations.

in Fig. 3, overexpression of STEISR34K or STEI8C107Y, but
not wild-type STE]S, interfered at least 10-fold with induction
of FUS1-lacZ expression. FUS1-lacZ expression was blocked to
a similar extent in cells overexpressing any of the other
STE18%" alleles (data not shown). The magnitude of this
apparent signalling defect may be an underestimate because
cells that spontaneously lose plasmids overexpressing STE18"
alleles might induce FUSI-lacZ expression.

As a third means of assessing signalling efficiency, quantita-
tive mating assays were performed. Compared with control
cells (J57D) overexpressing the wild-type STEIS gene, wild-
type cells overexpressing STE18" alleles mated at efficiencies
that were lower by 3 orders of magnitude (Table 2). Because
signal transduction is essential for mating, low mating efficien-
cies indicated that overexpression of STE8" alleles in wild-
type cells caused a strong signalling block.

To determine whether STEI8'™ mutations were formally
dominant, we introduced the wild-type STEIS gene on a
centromere-containing plasmid (pRS315STEI8) into cells
(RK511-6B derivatives) expressing chromosomal STE18" al-
leles from the STEI8 promoter. All of the STE18"™ mutations
were tested in this way. In every case, plasmid-containing cells
displayed wild-type pheromone sensitivity, as judged by halo
assays (data not shown). Therefore, all of the STE/8“" muta-
tions that we have identified were recessive when expressed in
single copy. Nevertheless, we refer to these alleles as STEI8"
mutations because they are dominant when overexpressed in
wild-type cells.

Mutant G, subunits could block signalling in wild-type cells
by sequestering a limited pool of functional G, subunits as
inactive Gg,, dimers. To test this hypothesis, we simultaneously
overexpressed STE18%" alleles and the G subunit gene, STE4,
in wild-type cells (J57D). As predicted, co-overexpression of
STE4 with any of the STE18" alleles resulted in mating at
nearly wild type efficiencies (Table 2), although we have not
determined under these conditions whether the mating path-
way is constitutively activated or dependent on mating phero-

No. of tetrads containing:
STEIS genotype of

parental dip]oid 4 viable 3 viable 2 viable
ascospores ascospores ascospores
STEI8/STEIS 0 0 18
STEI8R34K/STEIS 0 13 1
STEI18R34K,E37K/STE18 3 11 0
STE18R48P/STE18 1 13 0
STE18R48H,E49K/STE18 1 8 2
STEI8C107Y/STE18 2 7 1
STE18Q98ter/STE18 0 6 1

“ Diploids heterozygous for GPAI, gpal::HIS3, STEI8, and STEI8“" were
constructed by crossing AG39-4C (a gpal::HIS3 STE1S strain carrying the GPAI
gene on plasmid pG1302) with JS7D derivatives expressing various STE18"
chromosomal replacements (the wild-type STEI8 gene was carried on plasmid
pBH21 to permit mating). Control diploids homozygous for STE1S8 and heterozy-
gous for GPAI and gpal::HIS3 were constructed by crossing AG39-4C and J57D.
After diploids were cured of plasmids pG1302 and pBH21, they were sporulated
and asci were dissected. Viable ascospores produced colonies after a 2-day
incubation at 30°C on YPD agar. No viable His* Ura~ segregants were found in
these tetrads, and all Ura® segregants were sterile.

mone. We did find that overexpression of STE4 suppressed the
mating defect caused by overexpression of STE18" mutations
only in cells expressing a functional chromosomal STEIS allele
(Table 2). Overexpressed G, subunits were therefore incapa-
ble of directly restoring activity to mutant G, subunits. These
results therefore suggested that mutant forms of G, subunits
may block signalling in wild-type cells by sequestering a limited
pool of G subunits as signalling-defective Gy, dimers.

Replacement of the chromosomal STE18 allele by STE18%"
mutations disrupts signalling. To determine directly whether
STEI8" alleles encode signalling-defective G, subunits, we
replaced the wild-type STEIS allele with various STEI8""
alleles in two different genetic backgrounds (Table 1) and
evaluated the pheromone responsiveness of the resultant
strains. Cells expressing STEI8"" alleles (except the C107Y
allele) exhibited signalling defects similar to those of cells
carrying a stel8 null mutation: the inability to mate (<10~> of
wild-type mating efficiency), undergo pheromone-induced cell
cycle arrest (halo formation), or induce expression of a pher-
omone-responsive reporter construct (FUSI-lacZ) (data not
shown). Cells expressing the C107Y allele did mate at detect-
able efficiencies (0.01 to 0.4% of the wild-type control level,
depending on unknown factors in different strain back-
grounds), although they did not respond significantly to pher-
omone, as judged by an inability to form halos and induce
expression of FUSI-lacZ (data not shown).

As a further means of testing whether STEI8'" alleles
encode signalling-defective G, subunits, we determined
whether they can block the constitutive signal resulting from
disruption of the G, subunit gene, GPA! (3, 10, 29). Consti-
tutive signalling causes a haploid-lethal phenotype because
cells remain arrested in the G, phase of the cell cycle. For
these experiments, we constructed diploids that were heterozy-
gous for both a gpal disruption (marked with HIS3) and a
chromosomal STEI8“" replacement (marked with URA3).
Upon sporulation of these strains, tetrad analysis was used to
monitor the meiotic segregation of a gpal-associated haploid-
lethal phenotype (Table 3). In a control diploid heterozygous
for the gpal::HIS3 disruption and homozygous for wild-type
STEIS, tetrads contained no more than two viable ascospores
that were always His ™, consistent with a haploid-lethal pheno-
type of the gpal::HIS3 disruption. By contrast, tetrads derived
from diploids heterozygous for the gpal::HIS3 disruption and



VoL. 14, 1994
NC
(o)}
X e
© AR o] L
E g 22 5
Z 1 St e O
—21.5
- - —14.3
00

FIG. 4. Electrophoretic mobilities of wild-type and mutant G,
subunits. HA epitope-tagged wild-type (WT) and mutant G,, subunits
were overexpressed from pVT-HASTE!8 derivatives in the haploid
strain RK511-6B. Equivalent amounts of extracts prepared by lysis of
cells in SDS-PAGE sample buffer were resolved by SDS-PAGE.
Immunoblotting was done with anti-HA monoclonal antibody 12CAS
and an enhanced chemiluminescence detection system. Positions of
molecular weight markers are indicated in kilodaltons. The overex-
pressed STEIS alleles are indicated. Reduced mobility of Stel8p
bearing the C107Y substitution indicated a prenylation defect.

a STE18%" replacement frequently contained more than two
viable ascospores. In these tetrads, the His* phenotype always
segregated with a Ura™* phenotype, indicating that segregants
carrying the gpal disruption were viable only if they also
received a URA3-marked STEI8" allele. This analysis indi-
cated that STE18™ mutations affecting either the N-terminal
half or the CAAX box of Ste18p blocked the constitutive signal
that otherwise occurs in the absence of G, subunits. Thus, all
of the mutant forms of G, subunits that we have identified
were defective in functions required for signalling after the
step in the pheromone response pathway controlled by the G,
subunit.

Prenylation of mutant G, subunits. Precursors of yeast G
subunits undergo posttranslational prenylation (13), probably
at cysteine 107, the first residue of the Stel8p CAAX box.
Because this modification is required for downstream signal-
ling by Gg,, subunits in yeast cells (13), prenylation defects
probably account for the phenotypes of the C-terminal class of
STE18™ alleles. In contrast, signalling-defective forms G,
subunits bearing N-terminal substitutions were likely to un-
dergo prenylation because prenyltransferases primarily recog-
nize sequences within or near the CAAX box of their protein
or peptide substrates (8, 35).

To explore whether G, subunits bearing CAAX box or
N-terminal substitutions were prenylated, we examined the
electrophoretic mobilities of wild-type and mutant G, subunits
that were tagged with an influenza virus HA epltope and
expressed from the ADHI promoter in haploid cells (RK511-
6B). Although this method does not determine directly
whether G, subunits are prenylated, it has been used to
demonstrate that Ste18p exhibits reduced electrophoretic mo-
bility in dprl (ram1) mutants (13), which are defective in the 8
subunit of a farnesyltransferase.

The results obtained from immunoblotting experiments are
shown in Fig. 4. Wild-type Ste18p migrated as a single 15-kDa
species. Consistent with prior studies (13), Ste18p bearing a
C107Y substitution migrated more slowly than the wild-type
protein, presumably because it was not prenylated. G, subunits
truncated at posmon 94, proximal to the CAAX box, mlgrated
as a 14.3-kDa species. Because these molecules are truncated,
their mobility does not indicate whether prenylation occurred;
however, because these molecules lack a CAAX box, we
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assume that they are not prenylated. In contrast, G, subunits
bearing N-terminal substitutions (R34K or R48H,E49K) comi-
grated with wild-type G, subunits. Similar results were ob-
tained with other N-terminal substitutions (data not shown).
These results provided indirect evidence that substitutions in
the N-terminal portion of Stel8p probably do not disrupt
prenylation of the protein.

Effects of STE18°" mutations on receptor-G protein cou-
pling. Although G, subunits expressed from STEI8" alleles
were defective in functions required for downstream signalling,
they could also cause defects in coupling between G-protein
heterotrimers and pheromone receptors. Accordingly, we ex-
amined the ability of a-factor receptors to couple with G
proteins in membrane fractions isolated from cells expressing
various STEI8" chromosomal replacements. Assays used for
this purpose rely on the observation that at pH 8.0 and high
ionic strength, the affinity of a-factor receptors for agonist
decreases about 10-fold in the presence of guanine nucleotides
(5). This effect presumably occurs because receptors and
nucleotide-free G proteins form ternary complexes that bind
a-factor with high affinity. Upon binding guanine nucleotides,
G proteins are activated, thereby yielding receptors that bind
a-factor with low affinity. These effects can be observed as
guanine nucleotide-dependent increases in the dissociation
rate of **S-labeled a-factor from receptors.

Figure 5 shows the results of receptor-G protein coupling
assays using membranes prepared from wild-type cells, a stel8
null mutant, and cells expressing various STE18%" chromo-
somal replacements. In membranes prepared from wild-type
cells, GTPyS-dependent increases in pheromone dissociation
rates were observed. In membranes prepared from an isogenic
stel8 null mutant, a-factor dissociated rapidly from receptors
in a GTPyS-independent manner, demonstrating that G,
subunits are essential for supporting receptor-G protein cou’
pling. In contrast, when membranes isolated from cells ex-
pressing STEI8R34K or STE18C107Y were used, pheromone
dissociation rates were similar to those observed in experi-
ments using membranes from wild-type cells (Fig. 5). Similar
results were obtained in experiments using membranes iso-
lated from cells expressing the STEISR34K,E37K, STEI8
E37K, STEISR48P, and STEI8R48H,E49K mutations (data
not shown). These results indicated that missense mutations
affecting either the CAAX box or the N-terminal half of Ste18p
did not significantly perturb receptor-G protein coupling.

Quite different results were obtained in experiments using
membranes from cells expressing nonsense mutations
(STE18QY%4ter and STE18Q98ter) that truncate Stel8p at
points proximal to the CAAX box. Here there was evidence of
reduced coupling between receptors and mutant G proteins. In
the absence of GTPYS, a-factor dissociated from receptors at
intermediate rates, and increases in ligand dissociation rates
following the addition of GTPyS were less pronounced (Fig.
5).

One reason why C-terminally truncated G,, subunits could
cause receptor coupling defects in vitro is that they are
expressed at significantly lower levels. To address this issue, we
used densitometric scanning procedures to analyze immuno-
blots (Fig 4) of extracts prepared from cells (RK511-6B)
expressing HA-tagged forms of wild-type and mutant G,
subunits. Mutant forms of G, subunits bearing the Q94ter
truncation (coupling defectlve) and the C107Y substitution
(coupling proficient) were expressed at similar levels (60 and
70%, respectively, of the levels of wild-type Ste18p). Further-
more, overexpression of C-terminally truncated G, subunits
did not improve receptor-G protein coupling act1v1ty in vitro
(data not shown).



4576 GRISHIN ET AL.

100 £ 100 ste18A

0 5 10 15

8
b
'S
=X

H
o
1

receptor occupancy
(% of intial)
3

o
o

20+ 204

0 L] T 0 T T T
0 5 10 15 (] 5 10 15
time (min) time (min)

FIG. 5. Effects of STE18%" mutations on receptor-G protein cou-
pling activity in vitro. Membrane preparations isolated from wild-type
cells (RK511-6B) or isogenic derivatives expressing the indicated
STE18® chromosomal replacements were analyzed for receptor-G
protein coupling activity in vitro as described in Materials and Meth-
ods. Dissociation of **S-labeled a-factor bound to receptors in the
absence (squares) or presence (diamonds) of GTPyS (10 pM) was
determined. Data were corrected for nonspecific binding (which was
<30% of specific binding). Initial levels of receptor binding were as
follows: STE18, 117 fmol/pg; stel8A, 15 fmol/pg; STEISR34K, 31
fmol/pg; STEI8C107Y, 23 fmol/ug; STE18Q98ter, 19 fmol/pg; and
STE18Q9%4ter, 30 fmol/ug. Data shown are averages of three indepen-
dent determinations for each strain. Vertical bars indicate standard
€erTors.

DISCUSSION

We have isolated eight dominant-negative alleles of the
STEI8 gene, which encodes the G-protein -y subunit that is
required for signal transduction in the mating pheromone
response pathway of the yeast S. cerevisiae. Similar STE18%"
alleles have been described previously (51), but specific bio-
chemical defects of the mutant G, subunits have not been
established. The genetic and biochemical studies that we have
performed suggest that dominant-negative mutations affecting
yeast G, subunits influence coupling between G-protein het-
erotrimers and pheromone receptors and disrupt signalling
between G, complexes and elements downstream in the
pathway. Whether G, subunits physically interact with recep-
tors or downstream signalling components remains to be
established.

STE18°" mutations that we have identified affect two regions
of the G, subunit, in general agreement with a previous study
(51). Three mutations affect the C-terminal CAAX box, a site
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for posttranslational modifications, including prenylation, pro-
teolytic cleavage, and carboxylmethylation (8, 35). Five other
mutations affect the N-terminal half (residues 34, 37, 48, and
49) of Ste18p, which defines a functional region of G, subunits
not yet implicated in other organisms.

All of the STEI8" mutations severely disrupt G, subunit
functions that are required for downstream signal transduction
because cells expressing these alleles as the sole source of G,
subunits are deficient in pheromone-induced growth arrest,
mating, and pheromone-induced gene expression. As discussed
below, the genetic and biochemical tests that we have used
indicate that certain functions of G, subunits are not signifi-
cantly disrupted by these mutations, while other functions have
been perturbed.

Several observations indicate that STEJ8%" mutations pre-
serve the ability of G, subunits to associate with G, and Gg
subunits. First, whereas mutations that completely disrupt
association of Gz and G, subunits should be recessive,
STEI8' mutations are dominant when overexpressed. Sec-
ond, most of the mutant G,, subunits, including those bearing
substitutions in the N-terminal region or a C107Y substitution
in the CAAX box, support relatively efficient receptor-G
protein coupling activity in vitro, which requires all three G
protein subunits functioning presumably as heterotrimeric
complexes (5). Third, because overexpression of STEI8"
mutations in wild-type haploid cells reduces mating efficiency
in a manner that can be reversed by overexpression of G,
subunits, mutant G, subunits may exert their dominant-nega-
tive effects by sequestering a limited pool of G, subunits into
nonproductive G, dimers.

Whiteway et al. (51) suggest that STEI8" alleles may exert
their dominant-negative effects in wild-type cells by means
other than sequestering G, subunits. These investigators re-
port that overexpression of STE18%" alleles (except for STEIS-
Al) suppresses the constitutive growth arrest phenotype
caused by overexpressing G4 subunits in wild-type cells, indi-
cating that STE18™ mutations interfere with signal transduc-
tion even in the presence of high levels of G, subunits. We
suggest that these findings are not necessarily inconsistent with
our demonstration that co-overexpression of G, subunits and
STE18"™ mutations in wild-type cells allows signalling to occur,
as indicated by nearly normal mating efficiencies. Although
other models are possible, we suggest that wild-type cells
co-overexpressing STE18°" mutations and G, subunits experi-
ence a partial signalling block that is suﬂ?cient to prevent
constitutive growth arrest but not mating. A partial signalling
block might occur if the levels of overexpressed dominant-
negative G, subunits exceed the levels of overexpressed Gg
subunits. Alternatively, even if overexpressed Gg subunits are
present in excess, overexpressed dominant-negative G, sub-
units might still interfere with other components of the signal-
ling pathway. Biochemical analysis will be required to deter-
mine the mechanisms responsible for the dominant-negative
phenotypes caused by overexpression of STEI8 mutations.

Our studies indicate that prenylation of G, subunits is not
essential for coupling between G proteins and a-factor recep-
tors in vitro. G, subunits bearing the C107Y substitution in the
CAAX box exhibit reduced electrophoretic mobility, which
based on prior studies (13) is consistent with a block in
prenylation. Nevertheless, G, subunits bearing the C107Y
substitution support relatively efficient coupling between re-
ceptors and G proteins in vitro. However, modest reductions in
receptor-coupling efficiency cannot be excluded because the
sensitivity of the assay that we use may be limiting. With this
limitation in mind, we suggest that coupling between yeast G
proteins and a-factor receptors is relatively insensitive to the
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prenylation state of the G, subunit. Whether a-factor recep-
tors and other G-protein-coupled receptors differ significantly
in this respect is uncertain. However, it is known that rhodop-
sin-transducin interaction is promoted by prenylation of T,
subunits (32, 54).

Interestingly, we find that truncation mutations (Q94ter and
Q98ter) affecting the C-terminal region of yeast G, subunits
cause partial defects in coupling between G,g,, heterotrimers
and a-factor receptors in vitro. Although receptor-coupling
defects could be due to reduced expression of G, subunits,
overexpression of truncated G, subunits does not improve
receptor-coupling efficiency, and mutant forms of coupling-
proficient (C107Y) and coupling-defective (Q94ter) G, sub-
units are expressed at similar levels.

Assuming that truncated G, subunits lacking a CAAX box
are not prenylated, their receptor-coupling defects are proba-
bly not due to lack of this modification per se, because as noted
above, G, subunits bearing a C107Y substitution in the CAAX
box support relatively efficient coupling between receptors and
G proteins. Accordingly, truncated G, subunits may cause
partial defects in receptor coupling because peptide sequences
that normally promote efficient receptor coupling, possibly by
interacting directly with receptors, assuming a conformation
that promotes interactions between receptors and G, or Gg
subunits, facilitating intracellular targeting of G-protein sub-
units, and/or serving as sites for further posttranslational
modifications, are absent. These possibilities are being inves-
tigated.

Our studies also indicate that STE18%" mutations pro-
foundly disrupt signalling between Gg,, subunits and compo-
nents downstream in the pheromone response pathway.
STE18%" mutations affecting either the N- or C-terminal region
of the protein can block the constitutive signal that is otherwise
caused by disruption of the G, subunit gene (GPAI). However,
it remains to be determined if mutations affecting the N- and
C-terminal regions of G, subunits disrupt signalling by similar
or different mechanisms. Substitutions or truncations affecting
the CAAX box may cause signalling defects because G,
complexes are deficient in membrane association (13) or
because prenylation of Stel8p is critical for Gg,-effector
interaction, as has been demonstrated for regulation of mam-
malian adenylyl cyclase by G, subunits in vitro (17).

G, subunits bearing N-terminal substitutions are apparently
defective in essential signalling functions other than anchoring
Gg subunits to the membrane, associating with G, and G
subunits, or coupling to pheromone receptors. Unlike G,
subunits bearing the C107Y substitution in the CAAX box,
those carrying N-terminal substitutions comigrate with wild-
type G, subunits, indicating that they are probably prenylated.
G, subunits bearing N-terminal substitutions do not block
signalling solely by interfering with G-protein activation be-
cause they can block the constitutive signal that otherwise
occurs in cell lacking the G, subunit encoded by GPAI.
Accordingly, we speculate that N-terminal residues affected by
STE18°" mutations (residues 34, 37, 48, and 49) may enable
Gg,, subunits to bind or regulate downstream signalling effec-
tors or control a conformational change of G, subunits that is
required for downstream signalling.

On the basis of alignments between Stel8p and bovine
transducin gamma (52), the N-terminal region of Stel8p
required for downstream signal transduction corresponds ap-
proximately to residues 10 to 30 in mammalian G., subunits.
Because this region of mammalian G, subunit subtypes is
somewhat more diverged than the C-terminal domain (39), we
speculate that the N termini of mammalian G., subunits may
also be required for signalling between Gy, subunits and
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intracellular effectors. Indeed, the N termini of mammalian G,
and G subunits have been proposed to participate in three-
stranded coiled-coil interactions with at least one signalling
target, B-adrenergic receptor kinase (41). Whether signalling
between yeast Gy, subunits and their downstream effectors,
which may include the protein kinase homolog encoded by the
STE20 gene (25), occurs by similar or different mechanisms is
currently under investigation.
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