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ABSTRACT. Thea-factor receptor (Ste2p) stimulates mating of the y&asticharomyces cerisiae Ste2p

belongs to the large family of G protein-coupled receptors that are characterized by seven transmembrane
o-helices. Receptor activation is thought to involve changes in the packing of the transmembrane helix
bundle. To identify residues that contribute to Ste2p activation, second-site suppressor mutations were
isolated that restored function to defective receptors carrying either an F204S or Y266C substitution which
affect residues at the extracellular ends of transmembrane domains 5 and 6, respectively. Thirty-five different
suppressor mutations were identified. On their own, these mutations caused a range of phenotypes, including
hypersensitivity, constitutive activity, altered ligand binding, and loss of function. The majority of the
mutations affected residues in the transmembrane segments that are predicted to face the helix bundle.
Many of the suppressor mutations caused constitutive receptor activity, suggesting they improved receptor
function by partially restoring the balance between the active and inactive states. Analysis of mutations
in transmembrane domain 7 implicated residues Ala281 and Thr282 in receptor activation. The A281T
and T282A mutants were supersensitiveStacereisiae a-factor, but were defective in responding to a
variant ofa-factor produced by another speci8sccharomyces klugri. The A281T mutant also displayed
8.7-fold enhanced basal signaling. Interestingly, Ala281 and Thr282 are situated in approximately the
same position as Lys296 in rhodopsin, which is covalently linked to retinal. These results suggest that
transmembrane domain 7 plays a role in receptor activation in a wide range of G protein-coupled receptors
from yeast to humans.

TheSaccharomyces carsiaereceptor for-factor mating or with mammalian receptors. Although this could suggest
pheromone (Ste2p) is a member of the large family of G that these GPCRs act by different mechanisms, the fact that
protein-coupled receptors (GPCR¢), 2). Other GPCRs  both yeast pheromone receptors and certain mammalian
transduce the signals for light, taste, olfaction, and a broad GPCRs can all activate the pheromone-responsive G protein
range of medically important hormones and neurotransmitterspathway in yeastf, 7) suggests that the underlying mech-
(3). These receptors function in a similar manner by anisms of GPCR function may be conserved.

activating thea. subunit of a guanine nucleotide binding  comparison of Ste2p with other GPCRs shows that there
protein (G protein) to bind GTP. This promotes the dis- s an overall structural similarity in that they are all composed
sociation of thgx su_bumt from thg3y subunits and Iead_s 0 of seven transmembrane domains (TMDs) connected by
downstream signaling events. In yeast, the figesubunits  gyiracellular and intracellular loop8)( The general func-
then activate a MAP kinase pathway that stimulates conjuga-jona| organization of Ste2p is also similar to that of many
tion (4, 5). Although the G protein subunits are well oher GPCRs in that the core region containing the seven
conserved in structure and function from yeast to mammals T\vps functions in ligand bindingq, 10) and the third
(1), Ste2p does not share recognizable amino acid sequenceg,acelular loop plays a key role in G protein activation
similarity with mamma_lllan GPCRs. Furthermore, the cognate (11-13). Mutational analyses have identified additional
pheromone receptor in yeastfactor receptor (Ste3p), als0  gimjjarities between Ste2p and other GPCRs. For example,
does not share recognizable sequence similarity with Ste2pgpgtitytion of Pro258 in TMD6 of Ste2p causes constitutive
T This work was supported by National Institutes of Health Grant rec_ept(_)r apt|V|ty 14,19, $uglgestlng It fl'lfnCt;]c.mﬁlm receptord
GM55107 awarded to J.B.K. activation in a manner similar to that of a highly conserve
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the activation of Ste2p as it _does in many mammc"_;lllan GPCRsTpie 1- Phenotypes of Intragenic Suppressor Mutants of

(18). This suggests that an important role for the intracellular sTe2-F204s

end of TMD3 is conserved in Ste2p. mating cell division previously identified
To gain additional insight into the mechanisms of GPCR  STE2allele  ability? arrest mutation/phenotyge

activation, a genetic screen for intragenic second-site sup- g type T+ T+

pressor mutations was used in this study to identify function- F204S -

ligand biding defect

ally important residues in Ste2p. The rationale for this ngsE;FFngjg ii+ i “Nﬂgjg}oindiq% ;

. . . . constitutive
approach is that by starting with a strongly defecuye receptor Cr o Eo0as 44 M F1195/constitutive
mutant, second-site mutations that restore signaling activity si41p/F204s  ++ _ S141P/constitutive
should define positions in Ste2p that influence critical aspects E143K/F204S  ++ - E143K/loss of function
of receptor structure and function. One of the defective L146Q/F204S ++ += supersensitive (this study)
receptor genes wWeBTE2-F204Sin which a substitution of ~ Q149R/F204S  + - Q149R/constitutive
Phe204 with Ser at the extracellular end of TMD5 causes a ILISSN/F204S 4+ = I153F/constitutive

= e - I153F/F204S  +++ - I153F/constitutive

strong defect in ligand bindingl@). The other defective N216D/F204S +++ — N216D/constitutive
receptor wasSTE2-Y266Cin which substitution of Tyr266 N216Y//F204S + +— N216D//constitutive

i ; L222P/F204S +-++ + L222P/constitutive
\éwtfh CtZyS neartthe et.)(tr?.cg_”u'asr end .Of -If-MD6 reSU|tStm a K225R/F204S +++ - K225C/loss of function

efect in receptor activatio _9). creening for compensatory  \559v/F204s 44+ _ A229V/binding
mutations that restore mating ability led to the discovery of A229C/sensitivity
35 different suppressor mutations. The phenotypes causedC252G/F204S  +++ +/— o
by the suppressor mutations alone indicated that they affected féggspl/gzzgjg j:i + ?uzssgg:r?sri]tsi\t/neu%ies study)
a range of different properties, including sensitivity, constitu- A5967/F2045  +++ - supersensitive (this study)

tive activity, and ligand binding. The identification of such — - , —

a wide rar)llge of mgutations inga simple genetic screen for a Ability of strain yLG123 carrying the indicated receptor gene
. . . (STEJ to mate on solid agar medium wiMATa strain lystr. Mating

restoration of function suggests that this approach may beetficiency was rated as follows+—++, wild-type level:++, intermedi-

applicable to receptors and other types of multispanning ate; +, weak; —, no detectable matin§.Halo assays were used to

membrane proteins in less genetically tractable organisms.quantify a-factor-induced cell division arrest+—+-+, wild-type size;
++, decreased 46-fold; +, decreased 1912-fold; —, no halo.
¢ Previously identified mutations that affect binding specificity
MATERIALS AND METHODS (24, 25), constitutive receptor activityl®, 22, 23), and loss of function
(23, 26, 40).

Strains and Media Yeast strains used in this study
included yLG123 lATa ade2-T his4-58@ lys2 trp12 tyr1®
leu2 ura3 SUP4-8barl-1 mfa2::FUS1-lacZ ste2::LEU2 of diploids. Cells carrying the parental plasmids (pMD45 or
PMY1 (MATa barl::hisG farl steA mfal:;:LEU2 pMD41) were strongly defective and did not exhibit detect-
mfa2::his5" ade2 his3 leu2 ura3 mfa2::FUS1-laiZand able mating under these conditions. More than 100 potential
lysla (MATa lysl). Plasmids were transformed into yeast, suppressor mutant colonies that exhibited detectable mating
and then the cells were grown in synthetic medium lacking with lysla cells were identified. Plasmids from the mating-
uracil to select for plasmid maintenanc). positive candidates were recovered and retransformed back

Mutagenesis of STEThe STE2-F204&ndSTE2-Y266C  into yeast strain yLG123(ATa ste2A) to confirm that the
genes were randomly mutagenized by performing PCR undersuppression phenotype was plasmid-dependent and not due
error-prone conditions (10-fold lower concentration of either to an extragenic suppressor mutation in the host cell genome.
dATP or dGTP). Plasmids pMD45 (YOPRA3STE2- Plasmids encoding receptors with improved function were
F2043 and pMD41 (YCpURA3STE2-Y266( (19) were subjected to DNA sequence analysis using a Big Dye cycle
used as templates. Different sets of PCR primers were usedsequencing kit (Applied Biosystems Inc.) to identify amino
to target three overlapping regions of tB@E2-F204%nd acid substitutions. Of 38 independent suppressor mutants of
STE2-Y266@enes for mutagenesis. The first set of primers STE2-F204S36 carried a second-site mutation that caused
amplified the DNA sequence between codons 1 and 146;a single-amino acid substitution, including 18 different
the second set of primers amplified codons 4239, and substitution mutations that affected 16 different residues
the third set of primers amplified codons 18295. Mu- (Table 1). In the screen for suppressorsSaE2-Y266(63
tagenized PCR fragments were then cotransformed into yeastndependent mutants were isolated, 53 of which carried a
strain yLG123 [1ATa ste2A) together with either plasmid ~ second-site change that caused a single-amino acid substitu-
pMD45 (YCp-URA3-STE2-F204S) or plasmid pMD41 tion. There were 24 different substitutions that affected 21
(YCp-URA3-STE2-Y266C) that was linearized at a single different residues (Table 2).
site by digestion with eitheiipal, Aatll, or Clal. Selection Subcloning of Intragenic Suppressor Mutations into a
for growth on medium lacking uracil enriched for cells wild-Type STE2 Background selected set of intragenic
carrying plasmids that were repaired by incorporating a suppressor mutations were subcloned into plasmid pDB02
mutagenized PCR fragment via homologous recombination (YCp-URA3STEJ (14). To transfer the suppressor muta-
since linearized plasmids are not maintained in yeast. tions, a 276 bpAatll—Clal fragment from STE2-A212V/

Genetic Screen for Suppressor Mutamgproximately Y266C a 366 bpAatll —Hpal fragment fromSTE2-L146Q/

35 000 independent colonies carrying mutagenized plasmidsY266GC and a 360 biclal —Pst fragment fromSTE2-L289S/
were screened for the ability to mate wittATo cells MATa F204Sand -A296T/F204Splasmids were ligated into the
lysl). Cells were allowed to mate on rich medium and corresponding restriction sites in pDB02 to create2-

replica-plated onto minimal medium to select for the growth A212\V, -L146Q -L289S and -A296T, respectively. The
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Table 2: Phenotypes of Intragenic Suppressor Mutants of Y266C

mating cell division

previously identified

STE2 allele  ability? arrest mutation/phenotye
wild type +++ +++
Y266C - - receptor activation defect
M54T/Y266C ++ - M541/binding
M54V/Y266C  ++ +/—= M54I/binding
F55L/Y266C +++ +/—= F55V/binding
N84S/Y266C  +++ ++ N84S/constitutive
S141P/Y266C  +++ - S141P/constitutive
S145L/Y266C  +++ ++ S141P/constitutive
S145T/Y266C  +++ +/— S145L/constitutive
L146Q/Y266C +++ ++ supersensitive (this study)
Q149N/Y266C +++ +/— Q149R/constitutive
Q149R/Y266C + - Q149R/constitutive
1153F/Y266C  +++ +/— 1153F/constitutive
F154L/Y266C  ++ -
1175V/Y266C  ++ +/—
A212VIY266C +++ + constitutive (this study)
N216D/Y266C +++ ++ N216D/constitutive
L222Q/Y266C +++ ++ L222P/constitutive
K225R/Y266C +++ + K225C/loss of function
L255S/Y266C  +++ +/—=
1260T/Y266C  +++ +/—- 1260M/loss of function
V276A/Y266C +++ - supersensitive (this study)
V280D/Y266C +++ +/— supersensitive (this study)
A281T/Y266C +++ +/— constitutive (this study)
T282A/Y266C  +++ +/— supersensitive (this study)
L284H/Y266C +++ ++ constitutive (this study)

a Ability of strain yLG123 carrying the indicated receptor gene

(STE2 to mate on solid agar medium witMATa strain lystr. Mating
efficiency was rated as followst+++, wild-type level;++, intermedi-

ate; +, weak; —, no detectable mating.Halo assays were used to

guantify o-factor-induced cell division arrest+++, wild-type size;
++, decreased 46-fold; +, decreased 1012-fold; —, no halo.

¢ Previously identified mutations that affect binding specificity

(24, 25), constitutive receptor activitylg, 22, 23), and loss of function

(23, 26, 40).

STE2-V276A/Y266CV280D/Y266C-A281T/Y266CT282A/

Y266C and-L284H/Y266(lasmids were used as a template

for PCR amplification using?fu DNA polymerase (Roche),
and then DNA fragments containing the suppressor mutationswith improved receptor function as judged by the ability to
were subcloned into plasmid pDB02 cut wRist andHpal
to create theste2-V276A, -V280D, -A281T, -T282and
-L284H plasmids.

Ligand-Induced Responsédating assays were carried out

by replica plating patches of strain yLG128ATa steA)
containing the indicated wild-type or mutant versiorSafe2
on a plasmid onto a lawn d#lATa strain lystx cells and

then selecting for the growth of diploid cells on minimal
medium. Halo assays fat-factor-induced cell division arrest

were performed by spreading6 10° yeast cells on solid

medium agar plates and then placing sterile filter disks

containing the indicated amount offactor (Bachem) on
the lawn of cells. The plates were incubated af Gdor 48
h, and then the diameters of the zonesxefactor-induced
cell division arrest were measureBUS1-lacZ induction

assays were carried out by growing PMY1 cells carrying
the indicatedSTEZplasmid to log phase, adjusting the culture
to a density of 4x 1P cells/mL, and then adding the

indicated concentrations of-factor for 2 h. The cells were
permeabilized with 0.05% SDS and CHCland then
[-galactosidase activity was quantified usi@enitrophenyl
[-D-galactopyranoside (Sigma) as a substré#).(The
results represent the average of two or three independentinduced cell division arrest, which is a more sensitive test
experiments, each carried out in duplicate. Assays carriedof receptor function (Table 1). In comparison, 63 independent

Lin et al.

out on different days varied slightly, but the standard
deviation was typically less than 15%. Thefactor ana-
logues were synthesized by Invitrogen Corp.

o-Factor Binding AssaysAssays for the binding of
o-factor to yeast cells were performed essentially as de-
scribed previously 2). Cells grown to logarithmic phase
were collected by centrifugation, washed twice with ice-cold
inhibitor medium (IM) (YEPD medium containing 10 mM
KF and 10 mM Nabl), and resuspended at a density ot 2
1 cells/mL. Competition binding assays were carried out
by mixing 50uL of cells with 50uL of [*°S]-a-factor (20
nM) to which variable amounts of nonradioactiSe cerei-
siae or Saccharomyces klugri a-factor had been added.
Limitations on the solubility of theS. kluyeri a-factor
prevented it from being tested at higher concentrations in
the competition binding assays. Samples were incubated for
1 h; the cells were collected on a Whatman GF/C filter, and
the unbounda-factor was removed by washing using a
Brandel cell harvester. The bound radioactivity was deter-
mined by scintillation counting. Binding data presented in
this study represent the average of three independent assays
each carried out in triplicatéS-labeledx-factor was purified
from the supernatant ofMATa cells labeled with $S]-
methionine (Translabel from ICN, Irvine, CA) by chroma-
tography on a Bio-Rex 70 (Bio-Rad, Hercules, CA) column
as described previously?). The results of the binding assays
were analyzed using nonlinear regression analysis using
Prism (GraphPad Software, San Diego, CA).

RESULTS

Genetic Screen for Suppressor Mutaritie STE2-F204S
and STE2-Y266Cgenes were randomly mutagenized by
performing PCR under error-prone conditions and then
introduced on a plasmid into a yeast strain that lacks the
endogenoust-factor receptor genesteA strain yLG123).
The transformants were then screened to identify revertants

mate withMATa cells and form diploid cells. One hundred
one colonies were identified with improved mating efficiency
relative to the parental cells carrying eitheGaE2-F204S

or a STE2-Y266Cplasmid. Plasmids recovered from each
candidate were retransformed into a fresh culture of yeast
strain yLG123 $te2\) to confirm that the suppression
phenotype was plasmid-dependent and not caused by a
chromosomal mutation. DNA sequence analysis was used
to identify the suppressor mutation and to confirm that the
original mutation was still present.

Intragenic Suppressor Mutation§he F204S substitution
affects a residue near the extracellular end of TMDSTiEE2
and severely weakens its ability to bira-factor (19).
Screening of approximately 17 500 colonies carrying mu-
tagenizedSTE2-F2043dentified 38 independent suppressor
mutants. DNA sequence analysis of the mutants revealed 18
different second-site suppressor mutations that were due to
single-amino acid substitutions (Table 1 and Figure 1).
Eleven of the mutants exhibited strongly improved receptor
function in mating assays, but none of the mutants was
completely restored to wild-type function as they all exhibited
a significant defect in their ability to underge-factor-
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Ficure 1: Topology model of ther-factor receptor (Ste2p) indicating the residues affected by the intragenic suppressor mutations. Sites
of mutations that suppre&TE2-F204%re marked with blue circles. Sites of mutations that supBa&2-Y266@re marked with circles
filled in orange. Phe204 is colored blue, and Tyr266 is colored orange.

revertants o5TE2-Y266Qvere identified after approximately  yeast. The chosen intragenic suppressor mutations were
17 500 colonies were screendthe STE2-Y266Ceceptors subcloned into wild-type receptor plasmids and analyzed as
are strongly defective in activating G protein signaling but single-substitution mutants in the absence of other mutations.
still bind o-factor well (19). DNA sequencing identified 24 Suppressor Mutations Cause Differenveks of Constitu-

different second-site mutations that were due 0 a single- ;e Signaling Cells expressing TE2with one of the selected
amino acid substitution. Many of these sgco_nd—sne mutatlonsSuppressor mutations as the only mutation present were all
compensated well for the Y266C substitution as 19 of the able to mate well. However. the mutants could be divided

suppressor mutant strains mated efficiently (Table 2). Six into three groups based on the basal level of the pheromone-
intragenic mutants oBTE2-Y266Gappeared to be nearly responsiveFUS1-lacZ reporter gene in the absence of

fulfly tsup_p:jesseéj aﬁ (;_he_:y_ coqld_lbetsttirr]mtllaftetzﬁ to_ll(er][dergo o-factor. The group | mutants (L146Q, V276A, V280D, and
(6.0 NBAS/Y2660. Table 2). The second-site mutations were 1 282A) exhibited low basal levels dFUSL-lacZin the
g ' ’ absence ofi-factor and were similar to the wild type (Figure

interesting in that many of them were identical to the o
| - . 2). The group Il mutants (L289S and A296T) exhibited weak
suppressors oBTE2-F2043lescribed above and included 2.7-3.1-fold increased basal levels BUS1-lacZ and the

many mutations shown in previous studies to alter ligand o
binding or to cause constitutive receptor activity (Tables 1 group Ill mutants (A212V, A281T, and L284H) exhibited

and 2). 4.4—9.5-fold higher basal levels diUS1-lacZ

Selection of a Subset of Suppressor Mutations for Analysis ?uppre;sor Mutations Cause Increas_e(cij Sansjtito .
In total, 35 different suppressor mutations caused by a single® Factor. Dose-response assays were carried out to examine

missense substitution were identified that affected 28 dif- OW the mutant receptors responctdactor. Interestingly,
ferent residues (Figure 1). Interestingly, eight of the mutations 2!l Of the mutant strains required lessfactor to give half-
affected residues (Asn84, Phe119, Ser141, Ser145, GIn14gMaximal activation of th&US1-lacZreporter gene (Figure
lle153, Asn216, Leu222, and Ser259) that were previously 3): They were from 2.1- to 6.6-fold more sensitive to
shown to be sites of mutations that cause constitutively active -factor. The ability of the mutant receptors to bindactor
signaling (Tables 1 and 2)L8, 22, 23). In most cases, the ~Was analyzed using radiolabelé#q]-o-factor. Binding was
amino acid changes caused by the substitutions were thg"ot readily detectable for the group Ill mutants, consistent
same as those Shown previous|y to cause ConstitutiveW|th preVIOUS studies in which constitutive mutants often
signaling. This suggests that mutations causing constitutive €xhibited altered trafficking, resulting in lower levels of cell
activity act as global suppressors of t8&@ E2-F204Sand surface receptord g, 15). The relative affinity of the mutant
-Y266Cmutations (see the Discussion). Three other muta- receptors was examined in competition binding assays with
tions affected the same residues identified previously by non-radiolabeledr-factor. These mutants gave ansd@or
mutations that altered ligand binding specificity (Met54, competition that was within-2-fold of that of the wild type,
Phe55, and Ala229)¢, 25), and two mutations affect the indicating that the mutant receptors bouaefactor with
same residues as loss of function mutations (Glu143 andessentially wild-type affinity (Figure 4 and Table 3). Thus,
Lys225) @6, 27). Of the remaining mutations, nine were the increased sensitivity ta-factor seen in these mutants
selected for further analysis (Figure 2) because they affectedappears to be due to greater signaling potential and not just
regions of the receptor that have not been studied extensivelydue to a change in affinity foe-factor. This is consistent
and in some cases, they affect residues that are highlywith the ability of these suppressor mutations to counteract
conserved in the Ste2p homologues from other species ofthe effects of a loss of function mutation.
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reporter gene in selecteBTE2 mutants. (A) Model of Ste2p o 5
indicating positions of residues affected by the selected set of 3

o

suppressor mutations. (B) Relative levels of baBbIS1-lacZ T
PMY1 cells carrying either wild-typeSTE2 or the indicated -9 -8 -7 -6
substitution mutant on a plasmid were grown to log phase in the a-factor (molar)

absence ofx-factor. FUS1-lacZreporter gene activity was deter-  p5,e 3: Induction of FUS1-lacZin response tS. cereisiae
mined by assaying-galactosidase activity as described in Materials , to-tor. Activation of the pheromone-responsivJS1-lacZ

and Methods. The data were normalized to the basal level of the reporter gene was assessed by assafigglactosidase activity in
wild-type cells. The results represent the average of at least Six qg| that were treated with the indicated concentrationsS of

independent experiments, each carried out in duplicate. Error bars.qg isiae o-factor for 2 h. The group 1 (A), group Il (B), and

indicate the standard deviation. group Il (C) mutant receptors were carried orSZE2plasmid
. ) ) _ derived from pDBO02 in strain PMY1. The results represent the
The mutants also displayed greater signaling capabilities average of two independent assays, each carried out in duplicate.

in that eight of the nine mutants exhibited a-130% higher
maximum level of FUS1-lacZthan the wild-type control  S. kluyeri (Figure 5), in agreement with previous studies
(Figure 3). In contrast, the A212V mutant was distinct in (28, 29). For conciseness, the pheromones fi®ncereisiae
that it could only be induced to78% of the wild-type level. ~ andS. kluyeri will be termed c- and kx-factor, respectively.
The lower maximum level of signaling is likely due to low  The majority of the mutants displayed increased sensitivity
levels of A212V mutant receptors since the cell surface to k-o-factor. In contrast, the A281T and T282A mutants
binding site fora-factor were not detectable in binding assays stood out because they had the opposite phenotype and
with radiolabeledu-factor (data not shown). exhibited a>10-fold decreased sensitivity todefactor. The
A281T and T282A Mutants Are Defeetiin Response to  A281T and T282A mutants affect adjacent residues that are
a-Factor from S. kluyeri. Since some of the previously near the extracellular end of TMD7. To examine the basis
studied suppressor mutations were shown to affect ligandof their inability to respond to ke-factor, competition
specificity, the mutants were tested for their sensitivity to a binding studies were carried out usingikfactor to compete
distinct type ofo-factor produced by the yeaSt kluyseri. for the binding of radiolabeled a-factor to the mutant
The amino acid sequences affactor from S. cereisiae receptors (Figure 4 and Table 3). The results for binding to
(WHWLQLKPGQPMY) andS. kluyeri (WHWLSFSKGEP- the A281T mutant were inconclusive since this mutant
MY) differ at five residues. As a resul§. cereisiae Ste2p produced only low levels of cell surface binding sites for
shows greatly weakened ability to respondxtéactor from c-o-factor. However, the T282A mutant exhibited essentially
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Ficure 4. Competition ligand binding assays. PMY1 cells carrying the wild-type or a mutant versi8iB2plasmid pDB02 were
analyzed for their relative ability to bin8. cereisiae a-factor [c-o-factor @)] or S. kluyeri o-factor [k-o-factor (O)]. For comparison,

the competition curves for the wild type are shown as gray lines.

Competition binding assays were carried out by incubating cells with

[®5S]-a-factor (10 nM) to which the indicated concentration of nonradioacHveereisiae or S. kluyeri a-factor had been added. The

results represent the average of at least three independent assays, each carried out in triplicate. Error bars indicate the standard error.

Table 3: Relative Properties of SelectS@E2Mutant$
FUS1-lac FUS1-lacZ c-a-factor k-a-factor

| mutants (L146Q, V276A, and V280D) exhibited slightly
increased sensitivity to k-factor (1.4-3.1-fold) (Figure 5)
and approximately wild-type affinity for kefactor as judged

basal EGso EGso binding  binding
STE2 allele Fusl-lacZ (c-a-factor) (k-o-factor) affinity  affinity by the ability of ke-factor to compete for binding of
wild type 1.0 1.0 1.0 1.0 1.0 radiolabeled ax-factor (Figure 4). In contrast, both the group
group | [ mutants (L289S and A296T) displayed strongly improved
e 32 o o 38 responses to k-factor (14.2- and 8.9-fold stronger, respec-
V280D 13 31 31 13 13 tively), and these mutants also displayed higher affinity for
T282A 1.3 21 0.10 0.6 15 k-a-factor (34.8- and 4.5-fold higher, respectively) as
GTOLUZPS'Q')S 31 66 142 16 348 evidenc_e_d by_ allower 1§ for .binding of k-a-factor in
A29BT 57 51 8.9 5 45 competition binding assays (Figures 4 and 5). Two of the
group Ill group Il mutants (A212V and L284H) showed increased
A212V 9.5 3.9 6.5 ND NDE sensitivity to ke-factor (6.5- and 4.5-fold, respectively) but
62288‘%; 2:‘71 2:2 2:28 k"g mgb displayed too few binding sites for their ability to bindok-

@ Relative functional properties of PMY1 cells carrying the wild-
type STEZplasmid (pDB02) or the indicated mutant allele were assayed
for FUS1-lacZactivity and ligand binding as indicated in Materials
and Methods. To facilitate comparison, values for wild-type STE2 were

factor to be compared.

Response ta-Factor AnaloguesThe surprising inability
of the A281T and T282A mutants to respond taactor
was analyzed further by assaying their response to analogues

normalized to 1.0. Values greater than 1 indicate enhanced basalin which portions of ke-factor were substituted with the

signaling, increased sensitivity tBUS1-lacZ induction (EGg), or
increased affinity fora-factor (1Gs). ® Not determined due to a low
receptor number.

the same affinity for ka-factor as did wild-type Ste2p

corresponding residues fromocfactor (Figure 6). Three
analogues were synthesized, including kbactor (S5Q/
F6L), k78a-factor (S7K/L8P), and kl@-factor (E10Q).
Dose-response assays carried out with wild-type Ste2p

(Figure 4E). This indicates that the T282A substitution affects showed that all three analogues were at least 10-fold more

the agonist potency of &-factor and not the binding affinity.

efficient for induction of theFUS1-lacZreporter gene than

Analysis of the other mutants identified interesting dif- the parental version of k-factor. In contrast, the A281T
ferences between the group | and group Il mutants. To and T282A mutants were still defective in responding to all
facilitate comparison, the relative ability of the mutants to three analogues. These results indicate that the ability of the
function is also summarized in Table 3. Three of the group central region ofx-factor to promote receptor activation is
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FiGure 5: Response of mutants t6. kluyeri o-factor. The FiGURE 6: Response of A281T and T282A mutantsatefactor

indicated group 1 mutants (A), group Il mutants (B), and group Ill analogues. PMY1 cells carrying a plasmid with (A) wild-typ€eE2

mutants (C) were carried on a plasmid derived friéfE2plasmid (B) the A281T mutant, or (C) the T282A mutant were analyzed

pDBO02 in strain PMY1. Cells were induced with the indicated for their ability to respond to different forms offactor. The amino

concentration o8. kluyeri o-factor (k-o-factor) for 2 h. Activation acid sequences of. 8erevisiae a-factor (WHWLQLKPGQPMY)

of the pheromone-responsif&S1-lacZreporter gene was assessed andS. kluyeri o-factor (WHWLSFSKGEPMY) differ in the five

by assayingp-galactosidase activity. The results represent the places that are underlined. The hybeidactor analogues that were

average of two independent assays, each carried out in duplicatetested contained residues froBn cereisiae a-factor substituted
into k-o-factor as underlined: k56-factor (WHWLQLSKGEP-

h MY), k78a-factor (WHWLSFKPGEPMY), and k10-factor (WH-

WLSFSKGQPMY).

strongly influenced by positions 281 and 282, both of whic
are located close to the extracellular boundary on TMD?7.
gggs:ﬁfrﬁtemtgﬂéslé'glr?jﬁ'lmiglg (-lzihrﬁfez76)lreTrF1);iOe“Crteesdult'g plasma membrane but cause a strong defect in either the
. . gure 7). 1 -+ affinity for a-factor (F204S) or receptor activation (Y266C).
alsq suggest a relationship betV\_/een re_S|dues n the r_mddl he approach was successful in that 35 different mutations
portion ofon—factor_anq TMD?7 that is consistent with previous were identified that caused a broad range of phenotypes,
models for the binding ob-factor to Ste2p30). including many types of mutants that were previously
DISCUSSION isol_af[ed in specia_\lized yeast genetic screens for qonstitu_tive
activity, altered ligand binding, and loss of function. This
Suppressor mutations were isolated as a way of identifying suggests that suppressor mutant analysis could also be a
residues that contribute to the function of the G protein- useful general strategy for analysis of GPCRs in mammalian
coupled a-factor receptor (Ste2p). The rationale for this cells and other organisms that are less genetically tractable
approach is that second-site mutations are likely to compen-than yeast.
sate for the defects caused by the first mutation by promoting  Suppressor Mutation®Nearly all of the mutations affected
specific conformational changes that modulate receptor residues in the TMDs of Ste2p (Figure 1), consistent with
signaling activity. Two different starting mutations were the key role of the transmembrane helix bundle in GPCR
utilized that do not affect localization of receptors to the function. The cytoplasmic end of TMD3 was a hot spot;
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B Group |
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B Group 111 (CAM)
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B Ligand Binding
B Loss of function
¥ Not studied

Ficure 7: Helical wheel plots of TMDs in Ste2p. The relative positions of the amino acids in the TMDs of Ste2p are displayed in helical
wheel format as viewed from the cytoplasmic side of the helix bundle. Sites affected by a suppressor mutation are shaded according to
phenotype as indicated. The TMDs were oriented as described previ@u8§) (based on shielding polar residues from the membrane,
genetic inferences for TMD interactiod& 22), and a biochemical cross-link between TMD5 and TMR26)(

suppressor mutations were isolated at seven of 14 residues Intragenic suppressor mutations have often been analyzed
in this region. This provides additional evidence that the in identifying residues that may be capable of interacting
cytoplasmic end of TMD3 plays a key role in regulation of (34). This type of analysis has been applied effectively to
Ste2p as it does in mammalian GPCRS, (18). Another GPCRs in a targeted fashion. For example, interaction
hot spot for mutations was TMD7, as described below. between an Asp in TMD2 and an Asn in TMD7 of the 5HT-
Mapping the mutations onto the predictedhelical structure 2A serotonin receptor was analyzed by showing that a double
of the TMDs showed that most mutations affect residues that mutant that swaps the Asp and Asn residues at these positions
face the helix bundle and not the lipid domain (Figure 7). restored proper receptor function, whereas the single mutants
The inward-facing residues most likely influence the packing were defective35). Interaction between TMD3 and TMD6
of the helix bundle by direct interaction with the other TMDs. in rhodopsin was analyzed by demonstrating that the
The mutation of residues that appear to face the membranephenotype caused by substitution of Gly121 with a large
lipids may have an indirect effect on receptor structure. Most leucine could be reverted by substitution of Phe261 with a
of these substitutions are predicted to adterelical structure small alanine 36). However, many of the suppressor
by introducing proline residues (i.e., S141P or S259P), or mutations identified irSTEZ2in this study are clearly situated
by introducing a polar residue into the hydrophobic lipid too far from the original mutation to affect an interacting
domain (i.e., V280D). However, some residues that appearresidue. In addition, many mutations failed to show allele
to face outward may in fact be involved in interactions with specificity as they suppressed both the F204S and Y266C
other TMDs. The two-dimensional helical wheel model mutations. Allele specificity can also be difficult to establish.
(Figure 7) is useful for comparison of a large set of residues, A previous analysis oSTE2mutations found that Y266C
but not for predicting local structural features of specific and E143K appeared to show a specific suppressor relation-
residues. ship 7), but in our study, E143K was also identified as a
Although the suppressor mutations were found throughout suppressor of F204S. Thus, caution should be applied in
the TMDs, there was a common theme in that the majority predicting physical interaction based on this type of genetic
of the mutations caused constitutive receptor activity. relationship in GPCRs without direct biochemical confirma-
Constitutive mutations are thought to make it easier for tion.
receptors to enter the activated stadd, (32). Thus, these Selected Set of Suppressor MutatioNsne suppressor
mutations could suppress the defects in receptor activationmutations were selected for detailed study because they
by lowering the energy barrier for entering the activated state. affected residues that had not been studied in detail. All of
In agreement with this, the same conclusion was reachedthese mutants exhibited an at least modest increase in
using the opposite approach. Mutations in therMiscarinic o-factor sensitivity, and three mutants exhibited significant
receptor that cause constitutive signaling were suppressectonstitutive activity. One mutation affected a residue in
by second-site mutations that cause a defect in receptorTMD3 (L146Q) and one in TMD5 (A212V), and seven
signaling 83). The ability to restore receptor function through mutations affected residues in TMD?7. Interestingly, Leul146,
so many different compensatory mutations has interestingAla212, and several of the residues mutated in TMD7 are
implications for receptor evolution and suggests a possible all predicted to face TMD6 (Figure 7). Previous studies have
basis for the high degree of sequence diversity across thesuggested that TMDG6 plays a key role in activation of Ste2p
GPCR family. as well as in mammalian GPCRBA-16, 22, 37). TMD6 is
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thought to be restrained in the inactive state by interaction of mutations in TMD3 and TMD?7 highlight similarities

with other TMDs and then is thought to move during receptor between Ste2p and mammalian GPCRs. The cluster of

activation. Thus, mutations of residues that face TMD6 may mutations near the cytoplasmic end of TMD3 in Ste2

directly affect Ste2p function by altering the helix packing suggests that this region functions to regulate signaling

arrangement of TMD6. similar to the role of the conserved (E/DRY) motif at the
Role of TMD7 The cluster of five mutations in the portion  cytoplasmic end of TMD3 in mammalian class A GPCRs.

of TMD7 that is closer to the extracellular boundary (V276A, In addition, the extracellular half of TMD7 appears to be

V280D, A281T, T282A, and L284H) implicates this region involved in receptor activation, and the cytoplasmic half of

in receptor activation. The A281T and T282A mutants were TMD7 contains a conserved proline motif that is similar to

particularly interesting because they confer a dramatic defectthe corresponding regions of TMD7 in other GPCRs. This

in responding to kx-factor fromS. kluyeri that differs at suggests that there are conserved features in GPCR organiza-

five residues fromS. cereisiae c-a-factor. The T282A tion, which are not evident from primary sequence analysis.

mutant exhibited wild-type ability to bind &-factor, indicat-

ing that it is defective in undergoing an agonist response ACKNOWLEDGMENT

(A281T produced too few binding sites for conclusive results

to be obtained). These mutants were also strongly defective

in responding to three hybrids betweedactor and ket-
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