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ABSTRACT: Activation of G protein coupled receptors (GPCRSs) by binding of ligand is the initial event in

diverse cellular signaling pathways. To examine

the frequency and diversity of mutations that cause

constitutive activation of one particular GPCR, the yeagdctor receptor, we screened libraries of random
mutations for constitutive alleles. In initial screens for mutant receptor alleles that exhibit signaling in the
absence of added ligand, 14 different point mutations were isolated. All of these 14 mutants could be
further activated byi-factor. Ten of the mutants also acquired the ability to signal in response to binding
of desTrp[Ala®]a-factor, a peptide that acts as an antagonist toward nawAfattor receptors. Of these

10 mutants, at least eight alleles residing in the third, fifth, sixth, and seventh transmembrane segments
exhibit bona fideconstitutive signaling. The remaining alleles are hypersensitivefector rather than
constitutive. They can be activated by low concentrations of endogenfasor present irMATa cells.

The strongest constitutively active receptor alleles were recovered multiple times from the mutational
libraries, and extensive mutagenesis of certain regions ofitfetor receptor did not lead to recovery

of any additional constitutive alleles. Thus, only a limited number of mutations is capable of causing
constitutive activation of this receptor. Constitutive and hypersensitive signaling by the mutant receptors
is partially suppressed by coexpression of normal receptors, consistent with preferential association of

the G protein with unactivated receptors.

Signaling mediated by G protein coupled receptors
(GPCRs) is responsible for cellular responses to a wide
variety of physical and chemical stimuli. Upon activation
by bound ligand, GPCRs interact with cytoplasmic hetero-
trimeric G proteins, resulting in release of GDP from G
proteina. subunits and binding of GTP. This, in turn, leads
to dissociation of G protein. subunits froms andy subunits
and to activation of downstream effectors either by GTP-
bounda subunits or by the releasgdandy subunits. GPCRs

A number of previously identified mutations in GPCRs
lead to ligand-independent activation of receptors and
constitutive activation of signaling pathways (for review, see
refs3 and4). Such mutations are of interest for the following
reasons: (1) Amino acid residues that can be mutated to
cause constitutive activation of receptors are likely to be
involved in switching between the active and inactive states.
(2) Analysis of the effects of various agonists and antagonists
on constitutive receptors has provided new insights into the

each contain seven hydrophobic segments of amino acidsmechanisms of drug and hormone actions on recepfiors (

that appear to correspond to transmembranbelices

7). (3) Several pathological conditions affecting humans have

arranged so that the amino terminus of the receptor facesbeen linked to constitutive activity of aberrant receptas (

the extracellular medium and the carboxyl terminus faces
the cytoplasm (see refsand?2).
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8, 9). (4) Some GPCRs exhibit significant levels of ligand-
independent signaling that may be important for maintaining
basal activation of downstream effectobs 6, 10).

The pheromone response of yeast provides a convenient
system for using genetics to study GPCR functibh (2).
Haploid yeast cells detect potential mating partners by
sensing the presence of the peptide pheromarstor and
a-factor that are secreted, respectively, by cells ofMAeTa
andMATa mating types. The pheromones secreted by cells
of one mating type act by binding to receptors on the surface
of cells of the opposite mating type. These receptors contain
the seven hydrophobic segments typical of GPCRs and they
signal via a cytoplasmic G protein composedof3, andy
subunits encoded by th@PAL STE4 and STE18genes,
respectively. The downstream target of this G protein is a
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pMD149, the mutatedte? alleles were transferred to the

Table 1: Plasmids Bearin§TE2Alleles f - -
integrating plasmid pMD364 aBsfE1—-Ecdrl fragments

integrating CEN multicopy . .

STE2allele plasmid plasmid plasmid extendmg from _theBspEl site 4_81.bp upstream from_ the
STEZ VD381 VD149 VD240 STEZ2coding region to th&caRl site in the multiple cloning
Sean P P P region 3 to the STE2gene in pMD149Plasmid pMD364

pMD147 pMD228 i o
Gly56—~Arg pMD387 pMD283 was derived from pMD310 by excising a 354 bipal —
Cys59—~Arg pMD388 pMD248 Stu fragment from theSTE2gene and religating the blunt
AsnB4—Ser pMD316 pMD489 pMDA420 ends. Deletion of thisipal —Stu fragment from this parent

:‘Ie“ms_'Pro PMD385 pPMD272 PMD419 plasmid allowed unambiguous identification of plasmids in

el42—Thr pMD321 pMD282 ;

Glu143—~Gly pMD313 which the full-length mutatedte2allele had subsequently

Serl45-Leu pMD314 been ligated.

flnlzézj#rg pmgiig pMD274 pPMD452 Multicopy plasmids containing various mutaste2alleles
eu p p i _

Pro258-Leu bMD384 pMD251 pMD416 were _c.reated by transferring thSaq SpH .fragment.s

GIn253—Leu pMD386 pMD252 pMD449 containing the alteredte2genes from integrating plasmids

Ser259-Pro pMD389 pMD253 pMD450 (see above) to the multicogyRA3" vector pMD228 20).

Ser288-Pro pMD390 pPMD255 pMD451 The multicopy plasmid containing the HA-tagg&ITEZ

Leu289—Ser pMD413 pMD278

gene was pMD24020).

, To create theCEN LEU2plasmid pMD357 containing a
MAP kinase pathway that leads to cell cycle arrest, changes¢-myc-tagged version @TE2 theNotl fragment containing

in cell morphology, and transcriptional activity of pheromone- e HA tag was excised from the carboxyl terminus of the
responsive gened$—15). The yeast receptors and G protein a3gged version 08TE2in pMD240 @0) and replaced by a
subunits are in some cases functionally interchangeable withnog fragment containing three tandem copies of the c-myc
components of mammalian G protein signaling systetBs ( tag (18). The c-myc-tagged allele was then transferred as a
17). o . Sad—SpH fragment to a similarly cut.EU2-marked,CEN

We have screened for constitutive mutations of the plasmid pMD292. pMD292 was, in turn, created by inserting
o-factor receptor encoded by the ye&3tE2gene. The ease 4 Bglll fragment containing th& EU2 gene from pFL46L

of genetic manipulation of yeast and the availability of assays (21) as a replacement for ttRglll fragment containing/RA3
that allow screening or selection for mutant pheromone j, hvmp149.

receptors make it possible to search through large random  yeast StrainsA summary of the yeast strains used in this
mutational libraries to study the spectrum of mutations syqy is presented in Table 2. Screening for constitutive
capable of causing constitutive activation. We report here ytations was conducted farl-A BART host strain A266.
that, despite extensive mutagenesis, we have recovered onlyrys strain was derived from strain A170 (200ATa ste2-

a limited set of constitutively active mutations in théfactor 10:LEU2 cryR ade2-1 his4-580 lys2 trplam tyrlec
receptor residing in the third, fifth, sixth, and seventh trans- gyp4-% leu2 ura3 FUS1p[FUS1-lacZ TRP]) by use of
membrane segments. Most of these constitutive mutants haveyasmid pMD150 20), containing flanking regions from
simultaneously acquired a new ability to signal in response paR1with an inserted hisG URA3-hisG cassette2Q). The

to the pheromone analogue desTAfa’Ja-factor (dATA)that  geletion cassette was integrated and then removed by
acts as an antagonist toward normaactor receptors. Con-  recombination, using medium containing 5-fluororotic acid
stitutive signaling by each mutant receptor could be partially (FoA) to screen for the desired clones as described previ-
suppressed by coexpression of normal receptors. ously @0). Characterization and retesting of constitutive
mutations was conducted by integrating the mutant allele
into the chromosome of thiarl-A barl™ host strain A268
(20). Integration was accomplished by cleavstg2encoding
plasmids withPmll just 3 to the STE2coding region. Ura
transformants were selected, and then the unwanted allele
was popped out by plating to medium containing FOA.
Retention of the mutant allele was confirmed by testing for
colonies that had lost tHeEU2 gene inserted into the original
directed mutagenesis of tH&TE2gene essentially as de- chromosomaSTE2ocus, by verifying that the colonies were
scribed previouslyX2, 19). The sequences of the particular at least partially pheromone-responsive, and by PCR analysis
oligonucleotides used for mutagenesis are available onof the STE2locus with primers outside the region encoded
request. The template used for site-directed mutagenesis waby the integrated plasmid.

either the integrating plasmid pMD310 or ti&N plasmid The KEX2 gene was deleted from strains containing
pMD149 (18). Plasmid pMD310 was created by ligating a various mutations by one-step gene replacement using a
4.3 kbSphH—EcaRlI fragment containing thETE2gene from plasmid pKX11::hisG-URA3-hisG kindly provided by
plasmid pMD104 19) into SpH—EcodRI-cut integrating Alison Bevan and Robert S. Fuller of the University of
vector pMD297. This vector was derived from the previously Michigan (see re£3). TheURA3marker was recovered by

EXPERIMENTAL PROCEDURES

Plasmids.Plasmids used in this work are presented in
Table 1.

Random mutagenesis of thefactor receptor was con-
ducted using th€ EN plasmid pMD149 encoding th8TE2
gene with aURA3marker (L8).

Potentially constitutiveste2alleles were recreated by site-

described pMD14120) by cutting pMD141 withBanHl
and religating to remove th&TE2encoding insert to create
pMD207, then cutting pMD207 witlelal and re-ligating to
remove the yeast origin of replicatioffor chromosomal
integration of ste2 alleles recreated in th€EN plasmid

plating on FOA. The resultingex2A alleles were confirmed
by their cold sensitivity and by PCR amplification of the
KEX2locus.

Random Mutagenesis of STERandom mutagenesis
targeted to particular regions of t8F E2gene was conducted
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Table 2: Yeast Strains Containing Vario83 E2Alleles

strains containing a chromosomal

strains containing the indicat&TE2 STEZ strains containing a
allele on the chromosome with the chromosomaste2A
with the with the indicated with the
indicatedSTE2 with STEZ with a indicatedSTE2 STEZ2alleleon indicated  with the indicated
with no allele on a onCEN  URA3vector allele on multicopy  STEZ2allele on  STEZ2allele on
STEZ2allele plasmid multicopy plasmifl  plasmid  withoutinserf CEN plasmic plasmid CENplasmid multicopy plasmid
STEZ A529 A742 A740 A742 A1238 A1143
ste2A A575 A1238 A1239 A1239
Gly56—Arg  A535
Cys59—~Arg  A536
Asn84—Ser A508 A585 A586 Al1242 A875 A739 A876 A866
Leul03—~Pro A533 A583 A584
llel42—Thr A515 A976
Glul43—~Gly A505 A974
Serl45-Leu A506 A975 A1116
GIn149—~Arg A540 A734 A735 A1129 A1126 A1135 A1132
Leu226-Trp A712 A980
Pro258-Leu  A532 AB31 A632 A1118 A860 A736 A862 A863
GIn253—Leu A534 A728 AT729 Al1243 A1139 A1140 Al141 Al142
Ser259-Pro  A537 A730 A731 A1120 A1127 Al124 A1133 A1130
Ser288-Pro  A538 A732 A733 Al1122 A1128 Al1125 Al134 Al1131
Leu289—Ser A635 A979

aThe host strain for transformation of the relevant integrating plasmids bearing consttiet®adleles (see Table 1) was A268These strains
were created by transforming the relevant multicopy plasmids (see Table 1) into yeast strains containing integrated copies of the s&TE2nutant
allele (see previous column of this tablé)lhese strains were created by transforming @N plasmid pMD149 into yeast strains containing
integrated copies of the indicat&TE2allele. These strains were created by transforming the multicopy plasmid pMD228 containing no insert
into yeast strains containing integrated copies of the indicg&feRallele.® These strains were created by transformir@EN plasmid containing
the relevaniSTE?2allele (see Table 1) into strain A529These strains were created by transforming a multicopy plasmid containing the relevant
STE?2allele (see Table 1) into strain A529These strains were created by transformin@EN plasmid containing the relevasTE?2allele (see
Table 1) into strain A575" These strains were created by transforming a multicopy plasmid containing the resd\E2dllele (see Table 1) into
strain A575.

Table 3: Mutagenesis of the-factor Receptor

region mutagenized technique oligonucleotides used

Asn10-Val86 PCR-+ recombination wittHpal-cut pMD149 ON32(5 + ON26(3)
Ile80—Asn157 PCRt recombination withXba-cut pMD149 ON56(5 + ON12(3)
Glu143-11e230 PCR+ recombination witiNhd-cut pMD149 ON34(5 + ON29(3)
Ser214-Asp317 PCR+ recombination witiKpnl-cut pMD149 ON57(5 + ON37(3)
lle169—Vall86 (TM4) oligonucleotide-directed mutagenesis ON16
Ser207Ala229 (TM5) oligonucleotide-directed mutagenesis ON95
Val224—Leu238 (IC3, NH) oligonucleotide-directed mutagenesis ON133
Leu236-11e249 (IC3, COOH) oligonucleotide-directed mutagenesis ON135

Val68—1le82 (IC1) oligonucleotide-directed mutagenesis ON134
1le150-Thrl67 (IC2) oligonucleotide-directed mutagenesis ON132

essentially as described previoush?2(19) by error-prone The ligand binding properties of mutant receptors were

PCR and oligonucleotide-directed mutagenesis with oligo- determined wittfH-[Nle!?|o-factor (specific activity 30 Ci/
nucleotides containing a low percentage of incorrect base atmmol) as described previoush2®). To obtain adequate
each position. Initial mutagenesis of the gene was performednumbers of receptors expressed on the cell surface, assays
by the PCR technique over four regions of the gene (seewere performed on cells expressing relewvgtaRalleles both
Table 3). Additional searches for mutants were conducted from the chromosome and from multicopy plasmids. In each
by oligonucleotide-directed mutagenesis of intracellular loops assay, the amount of ligand bound to the strain expressing a
and of the fourth and fifth transmembrane segments (seeparticular receptor was corrected by subtracting the binding
Table 3), with “spiked” oligonucleotides as described previ- to an isogeniste2A strain measured at the same time.
ously (12, 19).

Other MethodsAssays of FUS1-lacZ induction were RESULTS
performed as described by Sommers and Dumbgt 19). Mutagenesis and Screening for Constitety Active
As indicated in the figures, the effects of mutations on ReceptorsThe initial strategy for isolation of constitutive
receptor signaling were assayed simultaneously with control mutations in theSTE2gene, encoding the-factor receptor,
strains because of a day-to-day variability in the assays.was to randomly mutagenize the receptor by a combination
Immunoblotting with anti-HA antibodies was performed as of low-fidelity PCR and in vivo recombinatior2{). Mu-
described by Leavitt et al2(). Yeast transformations were tagenesis was targeted to the amino-terminal and transmem-
conducted as described by Chen et aH) (for replicating brane regions, comprising approximately the first 300 out
plasmids and by Gietz and Wood&5 for integrating of the 431 residues of the wild-type sequence, because the
plasmids and introduction of mutant libraries into yeast.  carboxyl-terminal tail has been shown to be dispensable for
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signaling @8 29). Linear products of low-fidelity PCR 15516 4: Isolation of Mutations Exhibiting Increased Signaling in
amplification corresponding to regions of t8&@ E2gene were the Absence of Added-Factor

cotransformed into yeast witBTE2encoding centromere-

" . . ) e mutation no. of isolates mutation no. of isolates
based plasmids that had been linearized at unique restriction Pro258-Len Z Gly56-Arg® n
sites within _the region targeted for mutagenesis (_see '_I'able GIN253—Leu 4 Cys59-Arga 1
3). Recombination of the PCR product with the linearized sgro59-pro 4 Asn84-Sep 1
plasmids leads to introduction of the altered regioi®oE2 Leu226-Trp 2 lle142-Thr 1
into the replicating plasmidi@, 19, 30). f'”ll‘(‘r)%:éf% % gefégg:;eg i
. . . . eu I er I
The host strain A266 used for screening contains a deletion Glu143-Gly2 5 Leu289-Sef 1

of the chromosomabTE2gene, making it dependent on a aThese mutations could not be confirmed as constitutive because
plasm|d—encodeST_E2rec_eptor for aCtI_Vatlon of the phero- of the low level of constitutive signaling and their failure to respond
mone response. This strain also contains a chromosomal CopY, antagonist® This mutation appears to be predominantly hypersensi-
of a fusion of theEscherichia coli-galactosidase gene tive rather than constitutivé. This mutation may be constitutive or
(lac?), to FUS], a yeast gene that is transcriptionally induced hypersensitive.
by activation of the pheromone response pathway. This
allows the detection of activating receptor mutations as blue was greater than 0.5 substitution per 100 base pairs. At this
colonies on plates that laak-factor but contain th¢-ga- mutation rate, assuming that the mutational libraries are
lactosidase substrate 5-bromo-4-chloro-3-indghg-galac- completely random, one would expect to find any of the 750
toside (X-gal). Expression of the normaifactor receptor possible single-base substitutions at least once in every 1000
in this genetic background leads to blue colonies on this PCR products, which corresponds to one in every 1000
culture medium only in the presence of addedactor. colonies. Thus, the 24 000 colonies screened for each library
Strain A266 also contains a deletion of tRAR1 gene, should represent a significant excess over the number re-
which mediates induction of cell cycle arrest in response to quired to achieve complete coverage of all possible muta-
activation of the pheromone response pathway (se€liefs  tions. This is consistent with the recovery of the strongest
and 15). This deletion was introduced into the strain to constitutive alleles up to seven times (Table 4).
prevent strong constitutive mutations from causing permanent Mutations identified by screening of the PCR-generated
cell cycle arrest and lethality. A266 also contains a normal libraries were recreated by site-directed mutagenesis to
copy of the BAR1 gene, which encodes a protease that separate the multiple substitutions that were present in most
degradesi-factor (see ref&3, 14). The normaBAR1" allele alleles and to confirm that the identified sequence alterations
was used in the initial screen for constitutive mutants to were responsible for the altered phenotype. Recresttei
provide discrimination between true constitutive receptor alleles were integrated into th8TE2 locus of the host
mutations and hypersensitive alleles, sinceBAR 1protease chromosome to reduce variations in signaling that could be

should reduce levels of endogenously produeefdctor in caused by different plasmid copy numbers. Signaling by
culture medium. Althouglx-factor is normally secreted only  strains with the integrated site-directed alleles was then
by MATa cells, low levels ofo-factor in a culture oMATa assayed by quantitative liquid assayd-tfS1—lacZ expres-
cells can arise from rare spontaneous mating-type switchingsion.

or low-level secretion byv/ATa cells (see below). Adarl™ Table 4 includes 13 activating mutations that were isolated

background was used for testing and characterization ofin the initial rounds of screening. Six of these alleles were
recreated putative constitutigée2alleles, since the absence isolated multiple times as alleles that usually also contained
of the protease allows for more reproducible assays of various additional mutations, confirming that the mutant
receptor signaling function. clones arose from independent events in which PCR products
Two initial rounds of screening were conducted. In each recombined with linearized plasmids. In addition to the
round, at least 12 000 colonies were screened from each ofmutations indicated in Table 4, several other alleles causing
four PCR-generated mutant libraries encompassing the severslight increases in ligand-independ&tiS1—lacZ expression
transmembrane segments of the receptor (see Table 3)were isolated. However, because constitutive signaling by
Plasmids were isolated from colonies that exhibited blue these other mutants was no greater than the leveit)8fl—
color on X-gal plates lackingo-factor and were then lacZ expression seen iate2A strains, and because these
retransformed into the host to eliminate the possibility that mutant receptors did not respond tofactor or cause
the phenotype arose from a spontaneous chromosomakdditional phenotypes (see below), they were not considered
mutation in a gene other thé®TE2 Typically, more than  further.
half the initial isolates exhibiting signaling in the absence  The limited number of alleles recovered in the initial
of added ligand were found to have resulted from such screens was surprising in view of reports that constitutive
chromosomal mutations. Plasmids that gave rise to amutations are common in some other GPCRs. Thus, more
reproducible phenotype following retransformation were extensive mutagenesis was targeted to certain regions of the
sequenced over the region targeted for mutagenesis. Theeceptor in which no alterations had been recovered, includ-
alleles sequenced from each of the PCR-generated librariesng the fourth and fifth transmembrane segments and each
all contained averages of-1..5 nucleotide substitutions per of the intracellular loops (see Table 3). This was ac-
100 sequenced base pairs or about 3 substitutions per 25@omplished by site-directed mutagenesis with “spiked”
base pair region targeted for mutagenesis. This implies thatoligonucleotides that had been synthesized so as to contain
the activating mutation in each isolated plasmid was, on an average of one incorrect base per molecule as described
average, accompanied by two additional silent substitutions previously (2, 19). After screening of approximately 12 000
and that the average frequency of unselected mutation ratecolonies from each of these oligonucleotide-directed mu-
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been previously reported to cause weak constitutive pheno- _ _
types B1) were recreated by site-directed mutagenesis. FIGURE2: Response of strains expressing mutesflictor receptors

: T - : . to various concentrations of-factor. Strains shown in each panel
Neither of these substitutions caused constitutive signaling of the figure were assayed simultaneously. The assayed yeast strains

in our host strain at a level that was significantly different contained a single chromosomal copy of the indicatie@alleles
from that of the normal receptor (results not shown). (see Table 2).

Signaling Actiity of the Mutant Receptord.evels of
activation of receptors were determined in liquid assays of in strains with this particular genetic background. It also
f-galactosidase to quantitate induction of fleS1-lacZ raises the question of whether any strains that exhibit a level
reporter construct (see Figure 1). In the absence of addedof ligand-independent activity that is less than 1.7 times that
ligand, the levels of signaling by the strongest two mutant of the ste2A control could contain a receptor allele that
alleles, Pro258-Leu and GIn253-Leu, were approximately  simply fails to be expressed. However, 10 of the std2
7-fold and 5-fold greater, respectively, than the basal level alleles we isolated exhibit an additional phenotype, respon-
of signaling by the normal receptor. Other mutations that siveness to the-factor analogue dTA (see below), indicating
gave clear phenotypes when assayed on X-gal platesthat their constitutive phenotype did not simply result from
exhibited levels of activation that were barely above basal poor expression. The positions of these 10 mutations in a
levels in the liquid assay. The amino acid substitutions topological model of the receptor are indicated in Figure 3.
causing the strongest phenotype were also the substitutionsThe four additional alleles that were recovered, Gly2gg,
that were the most frequently recovered as multiple isolates Cys59—Arg, Leul03—-Pro, and Glul43-Gly, exhibited
from the screens of the mutational libraries (Table 4). Even slightly elevated levels of ligand-independent signaling and
these strongest alleles do not activate the pheromone responsgignificant responses ta-factor but no response to dTA.
at saturating levels, since larger responses are detected ilBecause of the possibility that the apparent constitutive
the presence ofi-factor (Figure 2). Furthermore, stronger activity of these four alleles might be the result of low levels
ligand-independent signaling can be obtained by combining of receptor expression, they were not studied further. The
two mutations conferring constitutive activation in the same use of X-gal-containing plates appears to be an extremely
STE2allele or by combining constitutive mutants with a sensitive way of detecting low levels of signaling activity,
carboxyl-terminal truncation of the receptor after Ser303, since it allowed identification of mutants that exhibit an
which renders the receptor hypersensitive to pheromoneincrease in basal signaling that is less than 2-fold when
(results not shown). guantitated in liquid assays. The reliability of the method is

In comparing ligand-independent signaling by a yeast confirmed by the observation that most of the mutants that
strain containing normal receptors with signaling by an exhibited ligand-independent signaling on X-gal plates
isogenic strain containing a deletion of the entB&E2 simultaneously acquired a second phenotype, the ability to
coding region, the strain with the deletion reproducibly respond to dTA, ana-factor analogue that acts as an
exhibits basaFUS1-lacZ expression that is 1.7-fold greater antagonist toward the wild type-factor receptor.
than that of the strain with normal receptors (Figure 1). This  The 10 mutantste2 alleles selected for further study
suggests that the presence of normal receptors may inhibitretained the ability to respond to addedactor (see Figure
low-level spontaneous activation of the G protein, at least 2). At saturating concentrations of-factor, some of the
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Ficure 3: Schematic diagram of a proposed topological arrangement of the transmembrane regions of thdaaastreceptor. The
positions of mutations identified in this study are indicated. The indicated restriction sites refer to unique cutting sit&3 E2ene that
were used to linearize plasmids for recombinational insertion of mutagenized PCR products (see Experimental Procedures and Table 3).

mutant receptors induced levels of expressiorFofS1— tive behavior could actually be the result of autocrine
lacZ that were similar to maximal levels induced by normal stimulation. To resolve this question, thd&EX2 gene was
receptors (Figure 2). However, five of the mutants, deleted from strains expressing some of the mutant receptors
lle142—Thr, GIn149~Arg, GIn 253—Leu, Ser259-Pro, and (Figure 4).KEX2encodes a protease involved in processing
Ser288-Pro, exhibited diminished maximal responses to the polyprotein precursor ta-factor. Deletion of this gene
o-factor. Several of the mutants, Asn8&er, Leu226>Trp, leads to a severe reduction in the level of secretddctor
Pro258-Leu, and Leu289-Ser, exhibited decreased &€ (23). In the absence of added ligand, deletiork@&X2 did
(concentrations of agonist required for 50% activation) for not cause any significant reduction in most of the strains
a-factor, compared with normal receptors. tested (Figure 4A,C,D). However, signaling by the Asn®er

To determine whether the level of expression of the mutant gjlele was substantially decreased in Kex2 background
receptors affected levels of ligand-independent signaling, (see Figure 4B). One additional mutant, Leu2&Ser, that
some of the mutant alleles were transferred to multicopy showed slight hypersensitivity t@-factor was not tested in

plasmids and expressed in a host strain that also containedy kex2- background, so signaling by this mutant in the
the same mutant allele integrated into the chromosome. Thegpsence of added ligand could also be the result of

increased gene dosage had little effect on the constitutiveypersensitivity rather than constitutive activation.
signaling of most of the mutations (results not shown. Also,
compare the constitutive signaling by single-copy chromo-
somalste2alleles in Figure 1 with the level of signaling by
the same alleles on multicopy plasmids irs@2A host
strain; open bars, Figure 7).

The ability of kex2 deletions to deplete endogenous
o-factor from cultures oMATa cells has been confirmed in
our system by use of a carboxyl-terminal truncation of the
o-factor receptor. It has previously been reported that cells

Effects of Deletion of the KEX2 Gene Responsible for expressing suph trunc.ation.s are hypersensit_ive to phgromone
Maturation ofa-Factor on Signaling by Mutant Receptors. (28, 29). Consllstent with this, we fouqd that_mtroductlon of
Production ofa-factor is normally repressed MATacells, @ Stop codon into th&TE2gene at amino acid residue 304,
but low levels ofa-factor can be present in culturesiATa st following the seventh transmembrane segment, caused
strains, either because of infrequent mating-type switching C€llS to be hypersensitive to addeefactor, reducing the
or because of low-level basal production @ffactor by ~ EGso for pheromone approximately 20-fold. In the absence
normalMATa cells. In some hypersensitive strains, these low Of addeda-factor, thebarl™ strain expressing the truncated
levels of pheromone are sufficient to activate the pheromone receptor exhibited levels of tHeUS1-lacZ activity that were
response pathway®; L. M. Leavitt, C. M. Sommers, and higher than those observed for any of the constitutive
M. E. Dumont, unpublished results). For mutant receptors receptors. However, deletion of th&EX2gene reduced this
that exhibit near-normal Bg and normal or reduced Signaling to a level that was the same as the basal level in
maximal responses ta-factor, autocrine stimulation by  cells expressing normal receptors (results not shown). Thus,
endogenous-factor is not a plausible explanation for the deletion of KEX2is sufficient to eliminate the response to
ability to signal in the absence of added ligand. However, endogenous-factor by a receptor that makes cells much
for mutants with decreased Ef&, such as Asn 84Ser, more sensitive too-factor than any of the constitutive
Leu226—Trp, and Leu289-Ser, and for those with the mutations we have isolated, confirming that deletioKBX2
strongest constitutive phenotype (GIn25Beu and provides a rigorous test for distinguishing hypersensitive from
Pro258—~Leu), we determined whether the apparent constitu- constitutive alleles.
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Ficure 4: Effects of deleting th&EX2 gene on expression of th8JS1—lacZ reporter gene in strains containing either normal or mutant
STEZ2alleles. Strains shown in each panel of the figure were assayed simultaneously. The assayed yeast strains contained a single chromosomal
copy of the indicatedte2alleles (see Table 2). The magnitudes of B#S1—lacZ activities detected in the absence of addefhctor are

indicated in each panel. THEEX2" strains are listed in Table 2. THex2 strains used for the assays were ASSHEZ), A1224
(Pro258—-Leu), A1225 (GIn253-Leu), and A1109 (Leu226Trp).

While deletion of theKEX2 gene did not affect signaling  other than gene copy number is limiting synthesis of this
of most of the mutants in the absence of added ligand, mutant.
deletion of this gene did significantly reduce the response To determine the relative abundances of mutant receptors
to addeda-factor of some of the strongest constitutive at the cell surface, we assayed the binding of radiolabeled
receptors (Figure 4). This effect BEX20n the responseto  a-factor to selected mutant receptors. The number of
ligand cannot be directly explained by the low levels of receptors expressed on the cell surface was severely dimin-
a-factor secreted bATa cells, as the reduced signaling ished for all the mutants tested (see Table 5). However, for
persists at micromolar concentrations of addedactor, each of the mutant alleles listed in Table 4, the existence of
representing several orders of magnitude excess over ensome population of mutant receptors on the cell surface was
dogenous levels. No such reduction in the response to addedlemonstrated by the sensitivity of strains expressing these
o-factor was observed in strains expressing norSiEHEZ receptors to exogenous-factor. In addition, as discussed
receptors (Figure 4D). One explanation for this effect might below, 10 of the mutants also respond to externally added
be that unprocessegtfactor precursors that accumulate in dTA. There was no correlation between the numbers of
the absence of thEKEX2 protease inhibit the response to ligand binding sites at the cell surface and the constitutive
o-factor by the mutant receptors. Thus, in Kex2A strains, activity of the mutant receptors. For example, the strongest
constitutive receptors (but not normal receptors) may non- constitutive allele, Pro258Leu, yielded a relatively low
productively bind the unprocessed precursors, rendering thenumber of binding sites fow-factor.

cells less able to be activated by maturéactor added to In cases where the number of binding sites was sufficient
the medium. to allow calculation of a dissociation constant, the affinities
Expression Leels and Ligand Affinities of Constitwgly of the constitutive receptors were higher than that of the

Active ReceptorsAll the tested mutant receptors were normal allele. The measured dissociation constant of the
present in crude cell extracts at near-normal levels. This wasSTEZ allele was somewhat higher than has been reported
determined by immunoblotting with antibodies directed in some studies33). However, as discussed previousbg),
against the influenza hemagglutinin HA epitope fused to the this may be the result of conducting the assay on a strain
carboxyl termini of the variouste2alleles (see Figure 5A).  that expresses abnormally high levels of receptor. Since
Immunoblotting was also used to determine whether expres-association with G protein has been reported to lead to
sion of ste2alleles from multicopy plasmids in fact led to increased ligand affinity, overexpression may reduce the
increased expression of receptors in cells (Figure 5B). While apparent affinity by increasing the fraction of cell-surface
expression of the GIn253Leu and Asn84-Ser mutants receptors that cannot associate with G proteins. Conversely,
from multicopy plasmids clearly increased cellular levels of the observed decrease in the level of cell-surface expression
these mutant receptors, little or no increase was seen in theof the constitutive receptors may explain why they exhibit
case of the Pro258Leu mutation, implying that some factor increased apparent affinities farfactor, since the fraction
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> Table 5: Binding ofa-Factor to Mutant and Normal Receptors
mutatior? Kp (nM) no. of binding site%
STEZ 21+7 50000+ 7000
Asn84—Ser 5+ 7 8600+ 900
— 107 Leul03—Pro 8+3 6800+ 800
GIn149—Arg ND¢ <5000
—76 GIn253—Leu 2+2 5200+ 1400
Pro258-Leu ND*F <5000
44— Ser259-Pro ND? <5000
— 5 Ser288-~Pro ND»F <5000

aBinding assays were conducted with strains expressing the indicated
mutant or normaSTE2alleles both from the chromosom&I E2locus

- 37 and from multicopy plasmids (see Table 2)'lhe number of binding
sites per cell is indicated. Binding assays for 8iEEZ2 strain were
conducted with Ix 107 cells/assay. Binding assays for the Pro2%&u
and Ser259-Pro alleles were conducted with 8 10’ cells/assay.
Binding assays for the Asn84Ser, Leul03-Pro, GIn149~Arg, and
Ser288-Pro, mutants were conducted with 3:2 107 cells/ assay.
The binding assay for the GIn25%ro allele was conducted with
3 x 10 cells/assay¢ ND, not determined; low levels of binding made
it impossible to calculate a reliable dissociation constant for these

mutants.
- 107
& —76 response to thia-factor analogue (Figure 6). Such signaling
g s“ & occurred at concentrations of dTA that were similar to those
o o <4+ at which this peptide exhibits antagonist behavior toward
— 52 normalSTEZ receptors. Maximal responses to dTA binding
ranged from approximately 10% to 60% of the maximal
e response of normal receptors tofactor and from ap-

BRSO o e 2 proximately 15% to 100% of the maximal response of the

12 8 4 5 8 7 8 9 10 particular mutant allele to-factor (compare Figure 6 with

FiGure 5: Immunoblot analysis of total cellular levels of normal  Figure 2; note that the concentrationaffactor applied to
and mutanti-factor receptors by use of antibody against the HA  {he STEZ strain in Figure 6A is subsaturating). The strength

epitope tag. The arrow indicates the mobility of the family of bands .
comprising of monomeria-factor receptor. Note that the-factor of the response to the dTA was not correlated with the level

receptor has previously been reported to migrate as differentially Of constitutive signaling by a particular mutant receptor but
glycosylated bands in various oligomeric states (see 18f20, did appear to be related to the level of signaling in response
and62). (A) Cellular levels of receptors expressed from chromo- to o-factor by each receptor. For example, two mutants,
somalSTE2alleles. Each lane of the gel was loaded with extract |n253—Leu and lle142-Thr, that are the weak responders

derived from 8x 1P cells of each strain. (B) Lanes, 1, 3, and 5: . . .
The indicatedste2alleles were expressed both from a chromosomal to a-factor exhibited the lowest absolute levels of signaling

copy of the gene and from a multicopy plasmid. (Note that less iN response to dTA, although one of these mutants,
extract was loaded on these lanes than on the other lanes in thisGIn253—Leu, exhibits one of the strongest constitutive
figure.) Lanes 2, 4, and 6: The indicated constitutive alleles were phenotypes.

expressed only from a chromosomal copy of the gene. Lanes ; ;
7—11: The indicated constitutive alleles were coexpressed with a Suppression of Mutant Phenotypes by Coexpression of

normal STEZ2 allele that was tagged with a c-myc epitope and S1E2 ReceptorsExpression of a normai-factor receptor
lacked an HA epitope. Thus only the constitutive allele is detected from a centromere-based plasmid in cells that also contained
on the blot. For samples derived from strains containing only a constitutive or hypersensitive mutant receptors substantially
&T{ﬁ“;gtsrggaég?;ﬁ’lgét}f}ggarf%iue'?g'fgg:i‘:}ghige('jl‘é\’r?vsegaf?;ﬂ reduced both basal and dTA-stimulated signaling by the
strains containing th&TE?2allele on a muIticopF))/ plasmid, the gel muta_nt receptprs (Flgur(_es 6 and 7). To test the dependence
was loaded with extract obtained fromx2 106 cells. The strains ~ Of this recessive behavior of the mutant receptors on the
used in this figure are listed in Table 2, except for lane4.7 of relative gene dosages of the normal and mutant alleles, we
panel B, which contained extract from strains A867, A877, A878, also examined signaling by mutant alleles expressed from
Qs?fa{nir}grﬁﬁﬁg’trheépéﬁﬁﬁz'n%adﬂfgégisiﬁtégi?iﬁ W?hsecgnrﬁ"g‘:te%ulticopy plasmids in a host strain containing a single
tayggedSTEZ ggne (see Experim(fntal Pro'cedures) i%to a hos¥with Ch.rom.osoma'l copy of a'no.rmal—factor receptor. E".e” at
an integrated copy of the indicatete2allele. this high ratio of constitutive to normal alleles, ligand-
dependent signaling was suppressed (Figure 7). An increase
of the mutant cell-surface receptors that can associate within the overall cellular levels of the mutant receptors expressed
G proteins may be increased. from multicopy plasmids was demonstrated by immuno-
Constitutve and Hypersensite Mutants Can Be Partially  blotting (Figure 5B); however, low numbers of binding sites
Activated by then-Factor Analogue dTA, Which Acts as an detected for the mutant receptors (Table 5) make it difficult
Antagonist toward Normal Receptots.aSTEZ strain, the to confirm that overexpression in fact leads to increased
a-factor antagonist dTA elicits no detectable pheromone numbers of receptors on the cell surface.
response and inhibits the response to agonist (see Figures 6 The constitutive and hypersensitive mutants were not
and 7). However, most of the constitutive and hypersensitive completely recessive. Coexpression of normal receptors with
mutant alleles we isolated acquired the ability to signal in the strongest constitutive mutant, Pro288eu, resulted in
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Ficure 6: Mutant constitutive and hypersensitive receptors are
capable of responding to thefactor antagonist dTA. The graph
shows levels of induction of thEUS1—lacZ reporter in response
to theoa-factor antagonist dTA. Where indicated, signaling by the
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Ficure 7: Expression of a single copy GTEZ can suppress
signaling by constitutive receptors expressed from multicopy
plasmids. The mutant alleles indicated above the bars were present
on multicopy plasmids. Labels below the bars indicate whether the
host strain contained a chromoson8IEZ or a deletion of the
chromosomaBSTE2gene (see Table 2). Assays/halactosidase
activity were performed with no additions (open bars) or in the
presence of M dTA (solid bars).

over the basal level seen with normal receptors. Five
additional alleles exhibited weaker, though unambiguous,
constitutive phenotypes. Of this total of eight constitutive
mutants, five, including the three alleles with the highest
constitutive activity, were recovered multiple times from the
random mutational libraries. These statistics indicate that the
screen for single-base mutations that cause strong constitutive
activation of the a-factor receptor is nearly saturated.
Recovery of mutations causing weak constitutive activation
of the a-factor receptor, on the other hand, did not reach
saturation in the screens we conducted, since several alleles
were recovered only a single time. This is most likely

indicated mutant receptors was tested in a strain that COGXpreSSGQ}Xmained by the weakness of the phenotype, |eading to

a normal STEZ allele from theCEN plasmid pMD149 in the
presence and absence oftB! dTA (in the absence ofi-factor).
Also shown is the response of a norn&®IEZ strain (A529) to
dTA, to a subsaturating level ef-factor (10 nM), and to dTA in
the presence of 10 nM-factor. The indicated mutant alleles were

inefficient detection on X-gal plates. However, only a limited
number of mutations appears to be capable of causing weak
constitutive activation of the receptor, since the total number
of weak alleles recovered was low and several were

present as single chromosomal copies in strains listed in Table 2.recovered more than once.

residual levels of constitutive signaling that were more than

twice the level of basal signaling of an isogenic strain
expressing normal receptors alone (Figures 6 and 7)

Similarly, responses of the mutant receptors to dTA in the

presence of a coexpress8dEZ gene were as much as 5

times greater than the response of normal receptors to simila
concentrations of dTA. This incomplete recessiveness was
dependent on the gene dosage of the coexpressed norm
STEZ receptor. Residual signaling by the mutant receptors
was greatest in strains expressing only a single chromosomal

copy of the normalSTEZ gene (see Figure 7), was
somewhat weaker in strains express8itE2 from a CEN

plasmid (Figure 6), and was weakest in strains expressing

STEZ from a multicopy plasmid (results not shown).

DISCUSSION

Screening of libraries of random mutations in the trans-
membrane regions and loops of thdactor receptor yielded
only three constitutive mutations, Pro258eu, GIn253-Leu,
and Ser259-Pro, that activated signaling more than 2-fold

r

These results indicate that the spectrum of single-base
mutations capable of causing constitutive activation of the
o-factor receptor is severely restricted. The failure to recover
additional constitutive alleles is striking in view of the fact
that the number of colonies screened in each PCR-generated
mutational library should have been sufficient to include
multiple examples of every single-base mutation in the
targeted regions of the receptor (see Results). Furthermore,

e were unable to recover more than a single additional allele

y using oligonucleotide-directed mutagenesis to intensively

utagenize particular regions of the receptor in which no
constitutive mutations were recovered from the initial PCR-
generated libraries. Still more evidence for the scarcity of
mutations capable of causing constitutive activation of this
receptor is provided by overlap between mutations that we
recovered and alleles identified in independent mutational
studies conducted by other laboratories:

(1) The two strongest constitutive mutations we recovered,
Pro258-Leu and GIn253-Leu (recovered in seven and four
different isolates, respectively) have also been identified by
other groups using different methods for screening and
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mutagenesis36—37). These other groups have also used receptor 48, 49). In endocrine signaling systems, low levels
site-directed mutagenesis to create two weaker alleles,of constitutive activity of some receptors may play important

Pro258—Ala (37) and Ser254-Phe B6) that were not

physiological roles in maintaining basal levels of response.

recovered in the present screen. We would not expect toln contrast, inappropriate activation of yeast receptors would
recover any of the additional site-directed mutants createdbe expected to be detrimental to yeast cells, since the
by these groups, as they are detected only in supersensitivggheromone response induces growth arrest. Iratfector

sst2” strains or they require multiple base substitutions, which receptor of yeast, which interacts with the same trimeric G

would be rare in random mutational libraries.
(2) The substitution Ser259Pro, the third strongest

constitutive mutations we recovered, was previously identi-

fied in a screen folSTE2mutations capable of conferring
responsiveness to dTA®). This same screen recovered three
additional candidates for dTA-sensitive mutants, Asn@&p,
Asp, GIn149-Arg, and lle142-Asn, that are the same as,

protein as then-factor receptor, constitutive mutations in
the third intracellular loop appear to be commadi2)( but
the frequency of such mutations in the rest of the molecule
is not known.

Aside from the lack of constitutively activating alleles in
the third intracellular loop, the clustering of constitutive
mutations in the third, sixth, and seventh transmembrane

or are mutated at the same residue as, mutations that wesegments of ther-factor receptor matches the locations of

recovered by screening for constitutive activati@s)(

(3) Two weak constitutive mutations we recovered,
Serl45-Leu and Ser288Pro, were previously identified
in a screen for mutanBaccharomyces cersiae a-factor
receptors that had acquired the ability to respond-factor
from the related specieSaccharomyces klugri. These

constitutive mutations found in other receptors. Activating
mutations in the third transmembrane segment have been
found in angiotensin Il receptor8@), a,g-adrenergic recep-
tors 61), f-adrenergic receptors?), bradykinin B recep-

tors (@4), 6-opioid receptorsg3), thyrotropin receptors9),

and rhodopsin 4). Constitutive mutations in the sixth

mutations were also previously shown to confer responsive-transmembrane segment have been found in the bradykinin

ness to dTA 89).

B, receptors 44), luteinizing hormone receptorgl), m5

While it has not been possible to conduct complete screensmuscarinic acetylcholine receptods), parathyroid hormone

of mutant libraries to isolate constitutive mutations in

receptors46), thyrotropin receptorsdj, and rhodopsin47).

mammalian receptors, the-factor receptor appears to be The existence of activating mutations in the third and sixth
less likely to be activated by mutations than other GPCRs, transmembrane segments is consistent with independent
such as the thyrotropin receptor, in which more than a dozenevidence that relative motion of these transmembrane seg-
constitutive alleles have been identified from studies of ments is important for receptor activatios¥( 55). Constitu-
human thyroid abnormalities9). This resistance of the tive mutations have been found in the seventh transmembrane
o-factor receptor to constitutive mutations is particularly segments of the luteinizing hormone recep#i)( 5-opioid
striking in examining the third intracellular loop of the receptor$3), rhodopsin4), and the thyrotropin receptod)(
receptor. Constitutive mutations in this loop have been found The constitutive, hypersensitive, and dTA-sensitive phe-
in the oyg-adrenergic receptord(), in the S,-adrenergic notypes of the mutant receptors we have isolated are all at
receptor 9), in luteinizing hormone receptors4y), in least partially recessive. In addition, deletion of tB€E2
thyrotropin receptors (9), and in yeastactor receptors42). gene encoding ther-factor receptor causes a small but
In the thyrotropin 43) and a-factor @2) receptors, the  reproducible increase iFUS1-lacZ expression in the
constitutive alleles in this loop include deletions. drg- absence ofr-factor. Taken together, these results indicate
adrenergic receptors, substitution of each of 19 different that the presence of unactivated receptors can inhibit either
amino acids at Ala293 in the third loop leads to increased basal levels of G protein signaling or signaling caused by
ligand-independent activation of these receptd®.(The coexpressed activated receptors. Such inhibition of signaling
ease of generating activating mutations in the third intrac- by unactivated receptors is also consistent with previous
ellular loop suggests that GPCRs act as negative regulatorydemonstrations of recessive properties of hypersensitive and
elements preventing inappropriate association of activating constitutive receptors2g, 29, 35, 37, 42) and dominant
regions of intracellular loops with G proteins. Since there negative effects of certain receptors in ye&q, 66).

should be many ways of interfering with a negative regula-  In the case of dominant negative receptors, the most likely
tory element, this leads to the prediction that constitutive explanation for the dominant effects appears to be sequestra-
mutations should be common. The scarcity of constitutive tion of inactive G proteins by association with unactivated
ste2mutations argues against the applicability of this picture receptors20, 56). In theory, this single mechanism can also
to thea-factor receptor. Both the present study and a previous explain the recessive behaviors of the hypersensitive, con-

screen of the third intracellular loop of tleefactor receptor
by Clark et al. 81) failed to find any strongly constitutive

mutations in this region, though Clark et al. uncovered loss-

of-function alleles. The mutations that we and oth&gi(,

stitutive, and dTA-sensitive mutant receptors, since in each
of these cases, expression of a less active receptor inhibits
signaling by a more active one. Dominant decreases in
signaling caused by expression of a particular class of

44—47) have recovered in the fifth and sixth transmembrane receptors could also conceivably be caused by interference
segments could, however, be acting indirectly to affect the in the biosynthesis or targeting of the more recessive class
properties of the third intracellular loop. of receptors or by co-oligomerization of normal and mutant

These results suggest that different receptors may havereceptors. However, at least in the case of hypersensitive
different stringencies of regulation of activation. Mutations mutant receptors, this is unlikely because expression of
that cause constitutive activation of one type of GPCR have substoichiometric numbers of normal receptor are capable
previously been found to produce different effects when of suppressing signaling by large numbers of hypersensitive
introduced at the homologous position in a different, related receptors at the cell surfac2g, 29).
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Most of the mutations that we isolated on the basis of their
ability to signal in the absence of added ligand also
simultaneously acquired the ability to signal in response to
the a-factor analogue, dTA, which acts as an antagonist
toward normalo-factor receptors. Several previous studies
have also identified activating mutations that allavfactor
receptors to signal in response to dT32(38, 57, 58); thus,
mutations rendering the-factor receptor sensitive to dTA
represent a common class of alleles. Deletion of 31892

gene, encoding an RGS protein that stimulates the GTPase
activity of the yeast G protein and decreases the potency of

o-factor signaling $9), also allows thex-factor receptor to
respond to dTA §0).

There are several possible explanations for the fact that
S0 many activating mutations make the receptor sensitive to
dTA: (1) Some of the conditions that make it easier to 13,

activate the receptor may also lower a kinetic or thermody-
namic barrier that prevents dTA from activating normal

o-factor receptors. (2) The same portions of the receptor that

are

responsible for the specificity of ligand discrimination

may also be involved in the conformational switch regulating

receptor activation so that mutations that affect one function 17

necessarily also affect the other. (3) Conditions that favor
receptor activation may destabilize a particular nonsignaling

state of the receptor that is induced by binding of the 18.

antagonist dTA binding (see réfl).
In summary, following extensive screening, we have

identified a set of mutations in transmembrane segments that 2q.

confer constitutive signaling on the GPCR encoded by the
yeast STE2 gene. The number of mutations capable of
causing constitutive activation of the-factor receptor

appears to be very limited, and it is likely that no single-

constitutively activen-factor receptors are present at the cell
surface in diminished numbers compared with the normal
abundance of wild-type receptors. In addition to their

constitutively active behavior, the mutants we have charac-
terized are also capable of signaling in response to a ligand 54

that acts as an antagonist toward noridactor receptors.

The effects of these mutations are all partially suppressed 27.

by coexpression of normal receptors.
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