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Binding of the a-factor pheromone to its G-protein-coupled receptor (encoded by STE2) activates the mating
pathway in MATa yeast cells. To investigate whether specific interactions between the receptor and the G
protein occur prior to ligand binding, we analyzed dominant-negative mutant receptors that compete with
wild-type receptors for G proteins, and we analyzed the ability of receptors to suppress the constitutive
signaling activity of mutant Ga subunits in an «a-factor-independent manner. Although the amino acid
substitution L236H in the third intracellular loop of the receptor impairs G-protein activation, this substitu-
tion had no influence on the ability of the dominant-negative receptors to sequester G proteins or on the ability
of receptors to suppress the GPA1-4345T mutant Ga subunit. In contrast, removal of the cytoplasmic
C-terminal domain of the receptor eliminated both of these activities even though the C-terminal domain is
unnecessary for G-protein activation. Moreover, the a-factor-independent signaling activity of ste2-P258L
mutant receptors was inhibited by the coexpression of wild-type receptors but not by coexpression of truncated
receptors lacking the C-terminal domain. Deletion analysis suggested that the distal half of the C-terminal
domain is critical for sequestration of G proteins. The C-terminal domain was also found to influence the
affinity of the receptor for a-factor in cells lacking G proteins. These results suggest that the C-terminal
cytoplasmic domain of the a-factor receptor, in addition to its role in receptor downregulation, promotes the

formation of receptor—G-protein preactivation complexes.

In the yeast Saccharomyces cerevisiae, the a-factor phero-
mone activates a cell-surface receptor on MATa cells, leading
to cell division arrest and expression of genes necessary for
conjugation (1, 16, 38). The a-factor receptor (encoded by
STE?2) belongs to the large family of G-protein-coupled recep-
tors (GPCRs), which includes receptors for hormones, neuro-
transmitters, and sensory stimuli (11, 57). GPCRs transduce
their signal by activating a heterotrimeric guanine nucleotide
binding protein (G protein) that results in the exchange of
GDP for GTP in the Ga subunit (6, 20). In the case of the yeast
pheromone pathway, the GTP-bound Ga subunit releases the
Gpv subunits, and the free Gy complexes then mediate the
subsequent events in the response pathway (1, 16, 38). Al-
though the yeast pheromone receptors and other GPCRs re-
spond to different extracellular signals and share no significant
sequence homology, they possess a common structural topol-
ogy composed of seven transmembrane domains connected by
intracellular and extracellular loops. In addition, these recep-
tors exhibit a similar organization of functional domains. For
example, as in many GPCRs, the third intracellular loop of the
a-factor receptor functions in G-protein coupling (10, 58).
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Moreover, the cytoplasmic C-terminal domain of both yeast
and mammalian receptors mediates ligand-induced endocyto-
sis (46, 49) and plays a role in desensitization (8). The fact that
some mammalian GPCRs can activate the pheromone-respon-
sive G protein when they are expressed in yeast further under-
scores that distant members of this receptor family activate G
proteins by similar mechanisms (14, 31, 43, 44).

Ligand binding is thought to drive GPCRs from the inactive
(R) state to the active (R*) state (18). The ligand-bound R*
forms a ternary complex with a G protein that leads to guanine
nucleotide exchange on Ga. Current models also predict that
receptors in the R state can associate with G proteins in the
absence of ligand (48). We will use the term “preactivation
complex” to refer to the complex that forms between unligan-
ded receptor and the G protein (RG). Although this complex
is not necessarily a direct intermediate in the formation of the
activated ternary complex, it has been proposed that preacti-
vation complexes may play an important role in regulating the
specificity and efficiency of G-protein signaling (39, 40, 52).
Although receptor—G-protein complexes have been observed
in a few cases (9, 35, 36, 41), the analysis of preactivation and
activated complexes has been hampered by the technical lim-
itations of the copurification methods used in these experi-
ments. Consequently, most studies have relied on indirect cri-
teria for evaluating the interaction between the R* state and
the G protein. These criteria include the ability of mutant recep-
tors to trigger G-protein activation, the ability of G proteins to
modulate the affinity of the receptor for its ligand, and the ability
of receptor-derived peptides to promote post-receptor signaling
events (6, 20, 40, 59). Although these approaches have identified
receptor sequences required for G-protein activation, relatively
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TABLE 1. Yeast strains used in this study

Strain Genotype”

DJ211-5-3 MATa ade2-1 barl-1 cryl his4-580" leu2 lys2° trp1¢
tyr1® ura3 SUP4-3"

DJ925-1-3 MATa ade2-1 barl-1 cryl his4-480 leu2 lys2
ste2-10::LEU2 trpl ura3 SUP4-3

DJ926-10-3 Isogenic to DJ925-1-3 except GPAI-A345T

JK7441-4-2 MATa ade2-1° barl-1 cryl his4-580° leu2 lys2° trp1*
ura3 SUP4-3" ste2-T326

JKY25 MATa ade2-1 his4-580° lys2° trp1° tyrl® leu2 ura3
SUP4-3* barl-1 mfa2::FUSI-lacZ

JKY97 MATa ade2-1 barl-1 his4 leu2 lys2 ura3 trpl tyrl
ste2A SUP4-3"

JKY131¢ MATa ade? barl::hisG farl his3 leu2 ura3 ste2A
mfa2::FUSI-lacZ mfol::LEU2 mfo2::his5™*

JKY136¢ Isogenic to JKY131 except ste2-P258L

MDY2 Isogenic to JK7441-4-2 except gpal::URA3 and
ste4::LEU2

MDY3 Isogenic to DJ211-5-3 except gpal::URA3 and
ste4::LEU2

YLG123 Isogenic to JKY25 except ste2-10:LEU2

“ Combined mutations in the a-factor structural genes (MFal and MFo2)
prevent autocrine stimulation in strains JKY131 and JKY136.

b All strains are isogenic to strain 381G (21) except for strains JKY131 and
JKY136.

little is known about receptor—G-protein complexes prior to ac-
tivation (i.e., RG preactivation complexes) (39, 40).

In yeast, several observations suggest the existence of RG
preactivation complexes. First, the basal level of signaling
through the pheromone pathway is increased in cells lacking
receptors (4, 23), consistent with a role for unoccupied recep-
tors in maintaining the G protein in its inactive heterotrimeric
state. Second, dominant-negative (DN) mutants of the a-factor
receptor inhibit signaling from coexpressed wild-type recep-
tors, apparently by sequestering G proteins (12, 37). Finally,
inactive a-factor receptors inhibit the signaling activity of other
GPCRs that respond to different ligands or that signal in a
ligand-independent fashion (32, 33, 43, 45, 51, 55). In this
study, we examine the structural basis for the formation of
preactivation complexes between receptors and G proteins in
yeast. Our results indicate that sequences within the cytoplas-
mic C-terminal domain of the receptor are required for the
unoccupied receptors to sequester G proteins.

MATERIALS AND METHODS

Yeast strains and plasmids. Yeast strains used in this study are described in
Table 1. Cells were grown in media as described by Sherman (53). Cells were
grown in synthetic medium containing adenine and amino acid additives, but
lacking uracil to select for plasmid maintenance. High-copy-number YEp vectors
for STE2, STE2-Y266C, STE2-F204S, and ste2-T326 and low-copy-number YCp
vectors for ste2-T326, ste2-A297-360, and ste2-A297-391 that were derived from
STE?2 plasmid pJBK-008 have been described (8, 12). Plasmids with STE2 DN
and ste2-T326 alleles under the galactose-inducible promoter were created by
subcloning their corresponding AatII-PstI fragments into pJK57. The ste2-L236H
point mutant was constructed by using the Quick Change Site-Directed Mu-
tagenesis Kit (Stratagene), and the ste2-7345 and ste2-T360 truncation mutations
were generated by PCR and cloned into STE2 plasmid pDB02 (13). To construct
the STE2-A360-390 deletion mutant, two oligonucleotides were designed with a
BspEl site immediately adjacent to the sequences encoding for Ser*® and Gly>*°
and were used to generate two DNA fragments that, when ligated, resulted in the
in-frame deletion of residues 360 to 390. Isolation of the GPA1-A345T mutant
will be described elsewhere (K. A. Schandel and D. D. Jenness, unpublished
data). The ste2-F423L and ste2-L.287S mutations were created by using PCR to
amplify codons 195 through 431 of the STE2 gene. The template was STE2
plasmid pDB02 (13), and the primers were 5'GATGTTAGTGCCACCCAAG 3’
and 5’GCATCTGATGAGCACCTGAATC 3'. The intact plasmid was regener-
ated by using double-strand gap repair (34). Strain DJ926-10-3 was transformed
with the PCR product together with plasmid pDB02 that had been digested with
Clal and Sall. Ura™ transformants were screened for fertility and for the inability
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to correct the 38°C growth defect conveyed by mutation GPAI-A345T. The
phenotype was shown to be plasmid dependent by isolating the plasmid and
retransforming strain DJ926-10-3. DNA sequencing of the two mutant STE2
alleles identified a single mutation (ste2-F423L) and a double mutation (ste2-
L287S8,F394S). The Sall-Sacl fragment carrying the ste2-F423L mutation was
subcloned into pDB02 to eliminate other mutations that may have existed in the
unsequenced portion of plasmid. The Clal-PstI fragment containing the ste2-
L287S mutation was subcloned into pDB02, and the resulting plasmid conferred
the same phenotype as the original double mutation. When the PstI-Sall frag-
ment containing ste2-F394S was subcloned, the resulting plasmid conferred no
detectable phenotype.

Pherc induced resp Halo assays for a-factor-induced cell division
arrest were performed by spreading ~3 X 10° cells from an overnight culture
onto the appropriate solid media. Sterile filter disks containing the indicated
amount of a-factor were placed on the cell lawns and then the plates were
incubated at 30°C for 2 days. Spot assays for a-factor-induced cell division arrest
were carried out by adjusting cells to 10° cells/ml, and then 5-ul aliquots from a
10-fold dilution series were placed on solid medium plates containing the indi-
cated concentration of a-factor. The growth of the cells was recorded after 2 days
for strains incubated at 30°C. Similar results were observed in at least two
independent assays for both the spot assays and halo assays for cell division
arrest. FUSI-lacZ induction was assayed in cells grown overnight to log phase in
selective medium, diluted to 4 X 10° cells/ml, and then incubated with the
indicated concentrations of a-factor for 2 h. B-Galactosidase assays were per-
formed in duplicate by using the colorimetric substrate o-nitrophenyl-B-p-galac-
topyranoside as described previously (33). The averaged value of at least two
independent experiments was reported for each assay, and the standard devia-
tion was always less than 10%.

a-Factor receptor analysis. For Western blot assays, log-phase cells adjusted
to 107 per ml were collected directly or treated with a-factor (final concentration,
5 x 1077 M) for the appropriate time, were poisoned with 10 mM NaNj; and 10
mM KEF to halt endocytosis, and were collected. Analysis of protein production
was carried out by lysing approximately 2.5 X 10® cells with glass beads in 250 .l
of lysis buffer (2% sodium dodecyl sulfate, 100 mM Tris [pH 6.8], 8 M urea).
Protein concentration was determined by using a Bio-Rad Protein Assay kit, and
equal amounts of extract were separated by sodium dodecyl sulfate-9% poly-
acrylamide gel electrophoresis, were transferred to nitrocellulose, and then were
probed with rabbit anti-Ste2p antibodies (32). For analysis of protein stability,
exponentially growing cells were incubated with 20 mg of cycloheximide per ml
for 10 min, and a-factor was added to a final concentration of 10”7 M. Samples
were withdrawn at various times from 15 to 60 min and were processed for
Western blot analysis as described above. 3*S-labeled a-factor was prepared and
assayed for the ability to bind whole cells as described previously (30, 33, 49). In
brief, cells were incubated with radiolabeled a-factor, collected on Whatman
GF/C filters, and washed, and then the bound radioactivity was determined by
scintillation counting. Analysis of a-factor dissociation was performed with slight
modifications to previously described procedures (3). Briefly, membrane frac-
tions from cells expressing full-length or truncated Ste2p were incubated with 15
nM 3°S-labeled a-factor (60 Ci/mmol) in a buffer containing 50 mM Tris acetate
(pH 8.0), 500 mM potassium acetate, 1 mM magnesium acetate, and 0.1 mM
EDTA. After a 30-min incubation at room temperature, the samples were di-
luted 100-fold in the presence of unlabeled synthetic a-factor with or without 10
mM GTPyS (Boehringer Mannheim). Aliquots were removed, filtered, and
washed through polyethyleneimine-presoaked GF/F filters (Whatman), and then
the bound radioactivity was quantified by scintillation counting.

RESULTS

The C-terminal domain is essential for DN mutant recep-
tors to interfere with signaling. DN receptor mutants were
used as a starting point for defining specific interactions be-
tween the a-factor receptor and the G protein. DN mutants
were previously isolated based on their ability to inhibit the
response to mating pheromone in cells that express both the
DN mutant and wild-type receptors (12, 37). We identified 16
DN mutations that mapped to the extracellular ends of trans-
membrane domains (12), defining a region of the a-factor
receptor that is critical for ligand binding and signaling. These
DN mutants apparently form inactive RG complexes that limit
the pool of free G proteins, since the dominant negative phe-
notype is suppressed by overproducing the three G-protein
subunits. DN mutants also inhibit truncated receptors that lack
the cytoplasmic C-terminal domain. Receptors truncated at
residue 326 (T326), lacking the C-terminal region, exhibit de-
fects in endocytosis and adaptation to pheromone, whereas
pheromone binding and G-protein activation are unaffected
(32, 45). These T326 receptors do not signal when coexpressed
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FIG. 1. Effects of C-terminal truncation on the interfering properties of DN
mutant receptors. (A) Assays of pheromone-induced cell division arrest per-
formed with JKY25 cells (STE2) that express wild-type receptors. The cells also
contained multicopy plasmids that carried the indicated full-length or T326-
truncated version of the following receptor genes: wild-type STE2, DN STE2-
Y266C, or DN STE2-F204S. (B) Halo assays performed with YLG123 cells that
lack an endogenous receptor gene (ste2A) but carried the same multicopy plas-
mids described in panel A. Assays of a-factor-induced growth arrest (halo assays)
were carried out by placing filter disks contained 0.6 or 0.1 nmol of a-factor on
agar plates spread with a lawn of the indicated cells derived from strains YLG123
or JKY25 and incubated for 48 h at 30°C to observe the zones of cell division
arrest.

with DN receptors (not shown), suggesting that receptors lack-
ing the C-terminal tail, despite their greater stability and in-
creased signaling activity, are unable to compete effectively
with DN receptors for G proteins.

In the present study, we tested whether the C-terminal do-
main of the receptor plays a role in the formation of inactive
RG preactivation complexes. Plasmids that encode truncated
and full-length versions of the DN receptors were introduced
into a strain that carried a wild-type STE2 gene and into a
control strain that carried the ste2A allele. Consistent with
previous results (12), both the STE2™ (Fig. 1A) and the ste2A
(Fig. 1B) strains were resistant to pheromone-induced cell
division arrest when they contained the plasmids encoding the
full-length versions of Y266C or F204S DN receptors. In con-
trast, STE2™" cells expressing the truncated versions of the DN
receptors (Y266C-T326 or F204S-T326) were sensitive to
a-factor (Fig. 1A). Although the truncated DN receptors re-
sulted in a moderate-to-slight increase in a-factor responsive-
ness when expressed in the ste2A strain (Fig. 1B), the smaller
and more turbid zones of growth inhibition in this strain (Fig.
1B) do not account for the wild-type level of responsiveness
observed in the STE2™" cells (Fig. 1A). Western blot analysis
confirmed that the Y266C-T326 and F204S-T326 receptors
were produced at normal levels (not shown). Together, these
results demonstrate that the C-terminal domain is required for
the DN receptors to interfere with signaling.

The idea that the C-terminal domain is dispensable for G-
protein activation yet important for sequestering G proteins
suggests that different domains of the receptor control these
two activities. The independence of these receptor functions
was explored further by analyzing the effects of the ste2-L236H
mutation. This mutation causes an amino acid substitution in
the third intracellular loop of the receptor and impairs G-
protein activation, but it does not affect cell-surface expression,
ligand binding, ligand-induced internalization, or the ability to
undergo a-factor-induced changes in conformation (7, 49, 58).
These properties suggest that the L236H mutant receptors are
similar to rhodopsin mutants that acquire the R* state without
catalyzing guanine-nucleotide exchange on Ga (15). The
L236H receptors did not result in a DN phenotype when co-
expressed with wild-type receptors (Fig. 2A). The L236H re-
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FIG. 2. Effect of the L236H mutation in the third intracellular loop on the
interfering properties of DN receptors. Growth of (A) JKY25 (STE2) or (B)
YLG123 (ste2A) cells carrying the indicated STE2 alleles on multicopy vector
YEplac195. Serial dilutions of cells were spotted on plates in the presence or
absence of 1077 M a-factor and were incubated for 48 h at 30°C.

ceptors differ from the DN receptors in that they bind a-factor
and undergo the ligand-induced conformational change. The
effect of the L236H amino acid substitution on the DN mutant
receptors was tested by transforming wild-type cells with a
plasmid containing a ste2 allele with both mutations (L236H
and Y266C, or L236H and F204S). Growth of the transformed
cells on plates containing a-factor (Fig. 2A) indicated that the
defect in the third intracellular loop (L236H) did not impair
the dominant inhibitory activity of the DN mutants (Y266C and
F204S). Control studies showed that all L236H mutants were
defective for signaling when present as the only receptors in
the cell (Fig. 2B). Altogether, these results indicate that the
structural determinants involved in sequestration of G proteins
differ from those involved in G-protein activation.

Signal inhibition by unoccupied receptors requires the C-
terminal domain. The ability of DN receptors to interfere with
signaling does not appear to reflect a novel gain of function, as
unoccupied wild-type receptors also inhibit postreceptor sig-
nals under certain conditions. For example, wild-type a-factor
receptors inhibit signaling in yeast cells that express constitu-
tively active a-factor receptors (33, 55), a-factor receptors (26),
or mammalian hormone receptors (43). We tested whether the
C-terminal domain is important for wild-type a-factor recep-
tors to inhibit the signal exhibited by the constitutively active
ste2-P258L mutant. The test strain for these assays carried a
farl mutation that prevented cell division arrest in the ste2-
P258L mutant background and contained a pheromone-re-
sponsive FUSI-lacZ reporter gene for monitoring the basal
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FIG. 3. Effects of coexpressed receptor genes on the basal signaling levels of
constitutively active receptors. Strain JKY136 that carries the constitutive recep-
tor gene ste2-P258L in the genome (A and C) and strain JKY131 that lacks the
chromosomal receptor gene (ste2A) (13) were transformed with a low-copy-
number vector carrying the indicated STE2 alleles. The basal levels of signaling
of the pheromone-responsive FUSI-lacZ reporter gene in the absence of a-factor
were assayed by measuring B-galactosidase activity.

level of postreceptor signal. Interestingly, the high FUSI-lacZ
activity exhibited by the ste2-P258L mutant was reversed when
wild-type, Y266C, or F204S receptors were coexpressed (Fig.
3A). Thus, in the absence of a-factor, wild-type receptors are
similar to DN receptors in that they inhibit the postreceptor
signal. The unoccupied L236H mutant receptors also inhibited
the constitutive signal of the ste2-P258L mutant, indicating that
the inability to activate G proteins does not reflect an inability
to sequester G proteins.

In contrast to the full-length receptors, T326 truncated re-
ceptors did not affect the basal signal in the ste2-P258L mutant
(Fig. 3A), even when the T326 receptors were overproduced
(not shown). The failure of the T326 receptors to reduce the
basal signal in the ste2-P258L mutant was not due to the
truncated receptors directing an additional constitutive signal.
Cells producing T326 receptors in the absence of the ste2-
P258L mutant receptors showed a relatively low basal level of
signaling that was similar to the ste2A control cells (Fig. 3B).
Interestingly, the basal signaling levels for both the ste2A con-
trol cells and the ste2-7326 cells were consistently twofold
higher than for cells producing wild-type receptors. Thus, the
C-terminal domain also specifies reduced basal signaling, a
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property previously attributed to a role of the receptor in
stabilizing the inactive heterotrimeric form of the G protein (4,
23).

Synthetic lethal interaction between alleles encoding the
receptor and the G« subunit. As a second method for detect-
ing receptor-G protein preactivation complexes, we exploited
synthetic lethal interactions that occur between alleles of the
STE2 and GPAI loci. The advantage of this approach is that
the genetic interaction between STE2 and GPAI is evaluated
directly, instead of relying on the ability of G proteins to
influence the genetic interaction between two alleles of the
STE2 gene. The GPAI-A345T mutation was identified origi-
nally based on its ability to suppress the mating defect of the
ste2-L.236H mutant (K. A. Schandel and D. D. Jenness, unpub-
lished data). The suppressor phenotype was dominant. Halo
assays and FUSI-lacZ transcriptional induction assays showed
that the GPA1-A345T mutation resulted in an essentially wild-
type level of pheromone responsiveness of STE2 control cells.
Presumably, the Gpal-A345T protein is activated more easily
than the wild-type Gpal protein, thus the weaker signaling
activity of the ste2-L.236H mutant receptors may be sufficient to
cause G-protein activation in the GPA1-A345T mutant.

A second phenotype of GPAI1-A345T pertains to the physi-
cal association of receptor and G protein. At 38°C, the com-
bination of GPAI-A345T and ste2A resulted in a synthetic
lethal phenotype. As shown in Fig. 4A, GPAI-A345T ste2A
cells grow normally at 30°C, but fail to form colonies at 38°C.
Microscopic images of cells grown at 30°C and then shifted to
37°C (Fig. 4B) revealed that GPAI-A345T ste2A cells were
larger than wild-type cells. In addition, at 37°C, the double
mutant formed cell surface projections similar to the cell sur-
face projections that appear in wild-type MATa cells exposed
to a-factor or in gpalA cells without a-factor. The inhibition of
growth in the double mutant at 37°C does not appear to be a
consequence of Ga degradation since the steady-state level of
the mutant Ga protein in an immunoblot assay was slightly
higher than that of the wild-type protein at 37°C (not shown).
As GPAI transcription is stimulated by pheromone, the in-
creased amount of Gpal-A345T protein is consistent with par-
tial activation of the pheromone response pathway.

Introduction of a plasmid-borne copy of GPAI reversed the
growth defect of GPAI-A345T ste2A cells at 38°C (Fig. 4A).
The synthetic lethal phenotype associated with GPAI-A345T
was completely recessive to GPAI as GPAI restored viability
(Fig. 4A) and normal cellular morphology at 37°C (Fig. 4B).
Significantly, the introduction of STE2 on a plasmid also sup-
pressed the lethality of the GPAI-A345T ste2A mutant cells.
The suppression by STE2 was, however, incomplete, as many
cells still exhibited morphological defects (Fig. 4B). Thus, the
receptor partially corrected a phenotypic defect associated
with a mutant Ga protein, providing additional evidence that
the receptor forms a complex with the G protein in the absence
of pheromone.

To determine whether the C-terminal domain of the recep-
tor is required to stabilize the mutant G protein, we expressed
T326 receptors in GPAI-A345T ste2A cells and then assayed
the cells for their ability to grow at 38°C. The truncated recep-
tors could not suppress the growth defect at elevated temper-
ature (Fig. 4A) or suppress the morphological defects (Fig.
4B), implicating the C-terminal domain in preactivation com-
plex formation. Consistent with the results obtained in the
receptor competition assays, ste2-L236H GPAI1-A345T cells
were able to grow at 38°C (data not shown), indicating that the
receptor domain required for G-protein activation is distinct
from the receptor domain involved in precoupling to the G
protein.
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FIG. 4. Synthetic phenotypes of the GPA1-A345T and ste2A mutations. (A)
Growth was assessed at 30 and 38°C for the GPAI" ste2A and GPAI-A345T
ste2A cells that carried the vector control or carried GPAI or a STE2 allele on a
plasmid. Tenfold serial dilutions of each culture were spotted onto selective
medium, and duplicate plates were incubated at 30°C for 36 h or at 38°C for 72 h.
(B) Microscopic images were obtained for the same strains grown at 30 and 37°C.
The cells were cultured in selective liquid medium for 16 h at 30°C and then for
an additional 18 h at either 30 or 37°C. GPAI and GPA1-A345T shown at the top
of each panel indicate the chromosomal allele (strains DJ925-1-3 and DJ926-
10-3, respectively). Vector, GPAI, STE2, and ste2-T326 indicate the gene present
on the plasmid (pJK67, YCpC3, pDB02, and pJBK023, respectively).

Mutational analysis of the C-terminal domain. Mutational
analyses of the C-terminal domain of the a-factor receptor
(residues 297 to 431) have identified sequence elements im-
portant for pheromone desensitization and for ligand-induced
endocytosis. A well-characterized sequence encompassing
amino acids 331 to 339 (SINNDAKSS) undergoes ligand-stim-
ulated ubiquitination (24) and is sufficient to mediate ligand-
induced endocytosis and degradation of receptors when added
back to truncated receptors that lack the entire C-terminal
domain (46). Sequences distal to amino acid 345 have not been
tested for their ability to promote internalization (46) but may
encode redundant signals for endocytosis (Fig. 5). The se-
quences that mediate receptor desensitization are not re-
stricted to a single motif. Four phosphorylation sites located
within 33 amino acids of the C terminus are partially respon-
sible for regulation of receptor sensitivity (8), and phosphory-
lation sites in other portions of the C-terminal domain may
also contribute to desensitization as well as to ubiquitination
(25, 45). The present study focused on deletion mutants that
affect the C-terminal domain in order to delineate regulatory
elements that control endocytosis, desensitization, and the for-
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mation of RG preactivation complexes. Consistent with previ-
ous reports, cells containing receptors truncated at positions
391, 360, 345, and 326 (T391, T360, T345, and T326, respec-
tively) were more sensitive to a-factor than wild-type cells (Fig.
5). In contrast, a receptor missing amino acids 297 to 391
(designated A297-391) led to nearly normal sensitivity, indi-
cating that residues 392 to 431 are sufficient to mediate some
aspects of pheromone sensitivity. Also consistent with previ-
ously published studies (8, 46), T345, T360, and T391 receptors
were subject to ligand-induced internalization, whereas T326
and A297-391 receptors were not.

As judged by the three genetic assays described in this paper,
the specific sequences within the C-terminal domain that are
important for G protein interaction differ from the sequences
that control endocytosis. In the first assay, the T391, T360,
T345, and A297-360 receptors were unable to suppress the
lethality associated with the GPA1-A345T mutation at 38°C,
even though they were proficient for endocytosis (Fig. 5). Only
full-length and A360-390 receptors resulted in suppression,
suggesting that stabilization of the mutant Gpal protein re-
quires the intact C-terminal domain of the receptor. The sec-
ond and third assays, based on receptor competition, proved to
be less stringent and identified partially functional mutants.
Although the T360 receptors were proficient for endocytosis,
they failed to diminish the constitutive signal in cells containing
P258L mutant receptors (Fig. 3C and 5). In contrast, the A297-
391 receptors failed to undergo endocytosis, even though they
partially inhibited the constitutive signal. The third assay, that
tested whether F204S mutant receptors containing defects in
the C-terminal domain cause a DN phenotype when expressed
in cells containing wild-type receptors, yielded qualitatively
similar results. Interestingly, cells expressing A297-360 recep-
tors were indistinguishable from wild-type cells in both com-
petition assays, indicating that residues 360 to 431 are sufficient
for the formation of preactivation complexes.

Random mutagenesis of the STE2 gene led to the identifi-
cation of single residues that influence RG preactivation com-
plexes. STE2 mutants were isolated that were unable to sup-
port the growth of GPAI-A345T cells at 38°C, and the isolates
were screened for pheromone sensitivity and for accumulation
of cell-surface receptor protein. Two point mutations were
identified, one causing a Leu-to-Phe substitution at position
287 (L287F) and the other causing a Phe-to-Leu substitution at
position 423 (F423L). These L287F and F423L receptors were
also partially impaired in their ability to inhibit the constitutive
signal in ste2-P258L cells (Fig. 3C and 5). The L287F substi-
tution affects a residue within the seventh transmembrane do-
main and may, therefore, influence the C-terminal domain
indirectly. The defects in F423L receptors are consistent with a
role for residues 360 to 431 in RG preactivation complexes.
Taken together, our results indicate that RG preactivation
complexes are largely governed by distal sequences in the re-
ceptor C-terminal tail (residues 360 to 431). This region of the
receptor plays no essential role in ligand-induced endocytosis.
However, it overlaps with sequences that regulate pheromone
sensitivity, suggesting that these functions may be interrelated.

The C-terminal domain of the receptor influences affinity
for ligand. For many GPCRs, including the a-factor receptor,
the affinity for the ligand is greater when the receptor is bound
to the G protein (3). We wished to determine whether the
C-terminal domain plays a role in this aspect of G-protein—
receptor coupling in addition to its role in the preactivation
complex. Two methods were used for judging the effect of the
G protein on a-factor affinity. The first method tested whether
GTP~S stimulates release of a-factor from crude membranes
containing either wild-type or truncated receptors. Consistent
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Diagram of Fold a-Factor Suppression Suppression

STE2 C-Terminus C terminus a-Factor Induced of gpat-A345T of ste2-P258L F204s

Allele Length Structure Sensitivity Endocytosis Lethality Basal Activity (%) DN Effect
wT 134 ‘ o1 1 + + 100 +
T391 94 — " 25 + - 33 +-
T360 63 ——p50 25 + - 0 -
T345 48 —t+——Jp345 3 + - 36 -
T326 29 ——pE 45 - - 0 -
A297-360 71 e _,..-'——> ND + - 100 +
A297-391 40 > 1 - - 29 -
A360-391 103 —_-—b 1 + + 100 +
F423L 134 }—ps31 1 + - 66 +
L287F 134 X P31 ND ND - 74 +

FIG. 5. Functional analysis of the C-terminal domain. The length of the C-terminal domain and a diagram of the structure for each mutant receptor are shown on
the left. The sensitivity to a-factor and the ability to undergo a-factor-induced endocytosis were analyzed in YLG123 (ste2A) cells that expressed the indicated
truncation or in-frame deletion receptors. Sensitivity to a-factor was determined from halo assays and normalized to that of wild-type receptors. a-factor-induced
endocytosis was determined by analysis of receptor stability after treatment with a-factor. Suppression of GPAI1-4345T lethality was assayed as described in the legend
to Fig. 4. Suppression of the high basal signaling activity of ste2-P258L cells was assayed as described in the legend to Fig. 3 and was normalized to 100% inhibition
for full-length wild-type receptors. Shown in the far right column are the effects of the indicated C-terminal deletions or truncations on the dominant-negative properties
of F204S receptors. Receptors containing both the F204S mutation and the indicated deletion or truncation were coexpressed with wild-type receptors in JKY25 cells
and were assayed for their ability to interfere with signaling by wild-type receptors in halo assays (+ indicates that receptors are DN, — indicates that receptors are

not DN, * indicates that receptors are DN only when overexpressed).

with the original findings of Blumer and Thorner (3), the
complexes containing a-factor and full-length receptors disso-
ciated more rapidly when GTPyS was present (Fig. 6A). In
contrast, the complexes containing truncated receptors disso-
ciated at a slow rate that was independent of GTP+S (Fig. 6B).
Thus, the C-terminal domain apparently leads to a reduction in
a-factor affinity when GTPS is present.

The second method employed equilibrium binding assays to
evaluate the effect of G proteins on a-factor affinity (Fig. 7). As
previously reported (32, 45), wild-type cells that produce either
full-length (STE2) or truncated (ste2-7326) receptors bind
a-factor with similar affinity (K, = 4.2 and 4.0 nM, respective-
ly). The fivefold increase in a-factor binding sites observed for
the ste2-T326 mutant is consistent with its endocytosis defect
(46, 49). Cells containing wild-type receptors exhibited re-
duced a-factor affinity (K, = 9.1 nM) and fewer a-factor bind-
ing sites when the Ga and G subunits were absent (STE2
gpalA ste4A), consistent with earlier studies on ste4 mutant
cells (29). In contrast, cells containing truncated receptors
showed no reduction in a-factor affinity (K, = 2.7 nM) when
Ga and GB were absent (ste2-7326 gpal A ste4A). These results
indicate that the C-terminal domain of the receptor promotes
a low affinity form of the receptor in the absence of G protein.

DISCUSSION

Several observations suggest that the yeast pheromone re-
ceptors form preactivation complexes with G proteins (4, 12,
23, 33, 37, 55). In the present study, we used three genetic
assays that yielded strong support for the ability of unoccupied

receptors to interact with G proteins, and we showed for the
first time that the C-terminal tail of the receptor facilitates this
interaction. First, DN mutant receptors, which are defective in
ligand binding, required their C-terminal domain to inhibit
signaling from wild-type receptors. Second, the C terminus was
required for unoccupied wild-type receptors to interfere with
signaling from constitutively active receptors. Lastly, the tem-
perature-sensitive lethal phenotype that resulted from a mu-
tant form of the Ga subunit was alleviated by unoccupied
full-length receptors but not by unoccupied truncated recep-
tors.

The three genetic assays employed different criteria in de-
fining preactivation complexes. In the first two assays, mutant
and wild-type receptors competed for a common pool of G
proteins, providing indirect evidence for receptor—G-protein
interactions. Since overexpression of the G proteins overcomes
the inhibitory activity of DN receptors (12), these two assays
apparently measure the ability of the DN receptors to seques-
ter G proteins. A caveat of the first assay is that the apparent
sequestration of G proteins by DN receptors may be a unique
property of the mutant receptors. However, in the second
assay, unoccupied wild-type receptors interfere with the signal-
ing from constitutively active receptors, thus suggesting that
precoupling is a function of normal receptors. The third assay
provides a more direct genetic test for receptor-G protein
precoupling in that it detects interactions between STE2 and
GPAI alleles, whereas in the first two assays, G-protein seques-
tration is inferred from interactions between different STE2
alleles. Although it could be argued that all three assays mea-
sure the ability of unoccupied receptors to dampen the signal-
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FIG. 6. Analysis of GTP-promoted dissociation of 3°S-a-factor from wild-
type and truncated receptors. Membrane preparations from (A) STE2 strain
DJ211-5-3 and (B) ste2-T326 strain JK7441-4-2 were incubated with *S-a-factor
and then assayed for the a-factor that remained bound in the presence or
absence of 10 uM GTP+S after the indicated periods of time. Values given are
the averages with standard deviations of three independent determinations car-
ried out in duplicate.

ing pathway at a point downstream of the G protein, two
results are inconsistent with this alternative hypothesis: G-
protein overexpression reverses the DN phenotype, and DN
receptors do not overcome signaling in gpalA cells (12). In
sum, our results, together with the results of others (23, 37, 55),
strongly suggest that unoccupied a-factor receptors precouple
with G proteins. It remains to be determined, however,
whether the C terminus of the a-factor receptor interacts di-
rectly with its cognate G protein. Interestingly, the C terminus
of Gprlp, a putative G-protein-coupled receptor involved in
nutritional sensing in yeast, interacts with its Ga subunit
(Gpa2p) in the two-hybrid assay (60). In the case of the a-fac-
tor receptor, the two-hybrid assay has failed to detect interac-
tions with any of the G-protein subunits (unpublished data);
other assays will have to be developed for determining the
mechanism by which the C-terminal domain regulates the for-
mation of preactivation complexes.

In interpreting our results, we also considered the possibility
that receptor oligomerization plays a role in the genetic inter-
actions that we observed. This phenomenon has been reported
for the a-factor receptor (42) and is often invoked to explain
interactions observed when different mutant forms of a protein
are coexpressed. In particular, oligomerization of wild-type
and mutant receptors was previously suggested as a possible
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FIG. 7. Equilibrium binding of 33S-a-factor to wild-type or truncated recep-
tors in the presence or absence of G proteins. Scatchard plot analysis of wild-type
(A) and truncated (B) T326 receptors in yeast cells that contain G proteins and
of wild-type (C) and T326 (D) receptors in strains deleted for both the Ga
(gpalA) and GB (ste4A) subunit genes. The strains for these analyses were
DJ211-5-3, JK7441-4-2, MDY3, and MDY2. The concentrations of cells in the
assays were 5 X 108/ml (for assays in panels A, C, and D) and 1 X 10%/ml (for
assays in panel B) in a final volume of 100 pl.

explanation for the recessive phenotype of the ste2-7326 allele
(32, 45). The ste2-T326 cells are supersensitive to pheromone,
but cells that contain both truncated ste2-7326 and full-length
STE2" receptors show normal sensitivity. However, based on
the information presented in this paper, the recessive nature of
the ste2-T326 allele is also consistent with the C-terminal do-
main of the wild-type receptors being involved in the seques-
tration of G proteins in preactivation complexes. It could also
be argued that protein oligomerization underlies the dominant
nature of the DN mutant alleles of STE2. However, for this
hypothesis to be viable, one must also propose that G protein
overproduction blocks the ability of the receptors to interact
effectively. Moreover, receptor oligomerization does not
readily account for the ability of wild-type receptors to reverse
the growth defect of the GPA1-A345T mutant cells since these
cells express only one form of the receptor. Thus, although
oligomerization of receptors may occur, it is unnecessary to
invoke this phenomenon to explain the interactions among
STE?2 alleles, and it fails to explain the interactions between
STE2 and GPAI alleles.

As for other GPCRs, the C-terminal domain of the a-factor
receptor functions in signal downregulation by promoting li-
gand-induced endocytosis (46, 49) and by mediating desensi-
tization of the receptors that remain at the cell surface (8, 32,
45). The relationships between these regulatory functions and
preactivation complex formation were, therefore, explored by
using deletion mutagenesis. The ability of the receptors to
undergo endocytosis was not sufficient for G-protein seques-
tration. Moreover, the distal C-terminal region of the tail re-
quired for sequestration does not coincide with the well-de-
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fined endocytosis domain spanning residues 331 to 339,
suggesting that endocytosis and sequestration of G proteins are
separate and distinct functions. In contrast, the desensitization
mechanism that is mediated by phosphorylation requires se-
quences that are dispersed throughout the C-terminal domain,
and these sequences partially overlap the regions of the C-
terminal domain that are required for sequestering G proteins.
Thus, it is conceivable that desensitization and sequestration
are linked in some way. For example, receptor desensitization
could be mediated, in part, by a-factor-induced modifications
in the C-terminal domain that prevent the receptor from in-
teracting with the G protein.

The third intracellular loop rather than the C-terminal do-
main of the a-factor receptor is thought to play the major role
in G-protein activation (7, 10, 49, 54). Thus, occupied and
unoccupied receptors may utilize different structural regions to
make the relevant contacts with the G protein. Conformational
differences in occupied and unoccupied receptors reflect li-
gand-mediated changes in both the third intracellular loop and
the C-terminal domain. The third intracellular loop is more
accessible to trypsin cleavage in the occupied receptors,
whereas sites in the C-terminal domain are more accessible in
unoccupied receptors (7). Behavior of the L236H mutant re-
ceptors is also consistent with a role for the third intracellular
loop in G-protein activation. The amino acid substitution in
this loop inhibits G-protein activation, yet, as reported here, it
has no detectable effect on preactivation complexes. Since
trypsin cleavage of the third loop in L236H receptors remains
sensitive to a-factor (7), the loss of G-protein activation ap-
parently reflects a defect in the receptor-G-protein contact site
rather than a failure of this receptor to undergo the confor-
mational change. However, other changes in the third intra-
cellular loop apparently influence preactivation complexes,
since the L236R substitution blocks the ability of wild-type
receptors to inhibit constitutive receptor signaling (55) and
since the ste2-R233K,G237S gpal-A345T double mutant exhib-
its a synthetic lethal phenotype (K. A. Schandel and D. D.
Jenness, unpublished data). The differences between these mu-
tant receptors and the L236H mutant may reflect a role for the
third loop in preactivation complexes, or it is possible that the
L236R mutant receptors may assume a conformational state
inconsistent with G-protein binding. Although the third intra-
cellular loop of the yeast a-factor receptor plays a prominent
role in G-protein activation, other GPCR proteins use addi-
tional regions of the receptor. In some cases, the second in-
tracellular loop or the C-terminal domain has been implicated
in G-protein activation in vitro (6, 40, 59).

Pheromone binding studies were used to determine whether
the C-terminal domain, in addition to its role in precoupling,
also mediates interactions between the G protein and occupied
receptors. The a-factor receptor, like many other GPCRs,
shows higher affinity for ligand when complexed with G protein
(2, 29). Truncated T326 receptors possess the same affinity for
a-factor as wild-type receptors in the presence of G proteins
(32); however, when expressed in cells that lack G proteins,
these truncated receptors did not undergo the distinctive shift
in affinity that is observed for wild-type receptors (Fig. 7).
Apparently, the cytoplasmic tail modulates the conformation
of the ligand-binding pocket. These results suggest that the
C-terminal domain of the a-factor receptor plays a role in the
transition of the inactive RG complex to the activated state
after ligand binding. The C-terminal domains of rhodopsin,
adrenergic receptors, and other GPCRs have also been impli-
cated in coupling to the G protein (6, 40, 59). Moreover,
truncations affecting the C-terminal tail of the prostaglandin
EP3 receptor have been shown to confer ligand-independent
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activity (22), indicating that, in this case, the C-terminal do-
main plays a crucial role in constraining the receptor in its
inactive conformation. Thus, although the C-terminal regions
of many GPCRs are not essential for G-protein activation,
these regions appear to play an important role in the normal
transition to the activated state upon ligand binding.

Altogether, the results of this study have uncovered novel
functions for the C-terminal domain of the a-factor receptor in
regulating the ability of receptors to interact with the G pro-
tein. These results indicate that the receptor has two opposing
roles in governing the intensity of signaling in the pheromone
response pathway and that distinct regions of the receptor are
required for these functions. On one hand, unoccupied recep-
tors, via their C-terminal domains, form preactivation com-
plexes with G proteins and stabilize the heterotrimeric G pro-
teins to ensure low basal levels of signaling (i.e., a negative role
in signaling). On the other hand, occupied receptors, through
sequences involving the third intracellular loop, stimulate G-
protein signaling to promote signal transduction (i.e., a posi-
tive role in signaling). Additionally, the formation of preacti-
vation complexes by unoccupied receptors may contribute to
the spatial regulation of signaling that enables yeast cells to
locate the position of mating partners. Yeast cells locate po-
tential mating partners by polarizing their growth towards the
strongest source of incoming pheromone signal (27, 50). Con-
sistent with this, truncated receptor strains display defects in
mating partner selection (28) and in mating under suboptimal
conditions (17, 19) that may result from a defect in precoupling
in combination with their defect in receptor desensitization.
Interestingly, the fact that some mammalian GPCRs appear to
sequester G proteins suggests that they form preactivation
complexes (5, 39, 47, 56). It has been proposed that these
preactivation complexes could be involved in enhancing the
rate of G-protein activation, in determining G-protein speci-
ficity, and in regulating the balance of signaling between the
different types of GPCRs present in mammalian cells (39, 40,
52). In view of the high degree of conservation among GPCRs,
it will be interesting to determine whether the C-terminal do-
mains of other receptors are required for the formation of
preactivation complexes.
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