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SST2 plays an important role in the sensitivity of yeast cells to pheromone and in recovery from pheromone-
induced G, arrest. Recently, a family of Sst2p homologs that act as GTPase-activating proteins (GAPSs) for Ga
subunits has been identified. We have identified an interaction between Sst2p and the previously identified
Mpt5p by using the two-hybrid system. Loss of Mpt5p function resulted in a temperature-sensitive growth
phenotype, an increase in pheromone sensitivity, and a defect in recovery from pheromone-induced G, arrest,
although the effects on pheromone response and recovery were mild in comparison to those of sst2 mutants.
Overexpression of either Sst2p or Mpt5p promoted recovery from G, arrest. Promotion of recovery by
overexpression of Mpt5p required Sst2p, but the effect of overexpression of Sst2p was only partially dependent
on Mpt5p. Mpt5p was also found to interact with the mitogen-activated protein kinase homologs Fus3p and
Ksslp, and an mpt5 mutation was able to suppress the pheromone arrest and mating defects of a fus3 mutant.
Because either mpt5 or cln3 mutations suppressed the fus3 phenotypes, interactions of Mpt5p with the G,
cyclins and Cdc28p were tested. An interaction between Mpt5p and Cdc28p was detected. We discuss these
results with respect to a model in which Sst2p plays a role in pheromone sensitivity and recovery that acts

through Mpt5p in addition to a role as a Ga GAP suggested by the analysis of the Sst2p homologs.

The yeast Saccharomyces cerevisiae has two haploid cell
types, a and «, which mate to produce the a/a diploid. a and «
cells secrete the peptide pheromones a- and «-factor, respec-
tively, which bind and activate specific receptors on cells of the
opposite mating type (reviewed in references 41 and 48). Re-
sponse to pheromone results in the transcriptional activation
of a set of genes, morphological changes, and cell cycle arrest
in G,.

Pheromone response occurs through a highly conserved
pathway. The a- and «a-factor receptors Ste3p and Ste2p, re-
spectively, act through a heterotrimeric G-protein composed
of Gpalp («), Stedp (B), and Stel8p (7y) subunits (20, 50, 70).
In this pathway, free By activates the downstream pathway.
This downstream pathway involves several kinases, including
Ste20p (42, 58) and members of a mitogen-activated protein
(MAP) kinase cascade, Stellp (MAP kinase kinase kinase),
Ste7p (MAP kinase kinase), and the functionally redundant
MAP kinase homologs, Fus3p and Ksslp (reviewed in refer-
ence 44). Recent results have suggested that Ste5p acts as a
scaffold for components of the MAP kinase cascade (11, 47,
57). The transcription factor Stel2p acts downstream of the
MAP kinase cascade to induce pheromone-responsive genes
(26, 31, 65). Fus3p also phosphorylates and activates Farlp
(32, 55, 67), which inactivates Clnlp-Cdc28p and Cin2p-
Cdc28p activity, leading to cell cycle arrest in G, (56).

Growth arrest after exposure of cells to pheromone is tran-
sient; after a time, cells resume growth through a process
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known as desensitization or recovery (7, 8, 51). Several com-
ponents of the pheromone response pathway, including the
pheromone receptors, G-protein subunits, and the MAP ki-
nase homolog Ksslp, have been implicated in desensitization
(reviewed in reference 41).

An important role for the SST2 gene in desensitization was
originally indicated by mutant phenotypes (7, 8); sst2 muta-
tions result in a >100-fold increase in sensitivity to phero-
mone, which is referred to as supersensitivity, and a defect in
recovery from pheromone arrest. sst2 mutations have similar
effects in a and « cells, and Sst2p acts in a cell-intrinsic manner.
SST2 expression is haploid specific and pheromone inducible
(21). Recently, a family of proteins with sequence similarity to
Sst2p has been identified in nematodes and mammals (re-
viewed in references 24 and 37). Members of the mammalian
family have been shown to act as GTPase-activating proteins
for Ga subunits, consistent with indications that Sst2p may act
at the level of Gpalp (22, 23). In this paper, we characterize
the role for the Sst2p-interacting protein Mpt5p and discuss
implications for Sst2p function.

MATERIALS AND METHODS

Strains. The MAT« strain N435-2A (his7 lys7 met6 argl gal4) was used for the
mating assays. The two-hybrid assays were done with strains Y190 (MATa leu2-
3,112 ura3-52 trp1-901 his3-A200 ade2-101 gal4A gal80A GAL-lacZ GAL-HIS3
cyh") and Y187 (MAT«a leu2-3,112 ura3-52 trp1-901 his3-A200 ade2-101 gal4A
gal80A GAL-lacZ met™), both of which were provided by S. Elledge, or with
Y187 with a farl::ADE2 deletion to prevent growth defects resulting from some
of the two-hybrid constructs containing fusions to components of the pheromone
response pathway. All other S. cerevisiae strains used were isogenic to W303-1A
(MATa ade2-1 canl1-100 ura3-1 leu2-3,112 trpl-1 his3-11,15). The disruption
strains used were RAKA40 (sst2::HIS3), TCK9 (kss1::HIS3), RAK29 (fus3::LEU2),
TCK21 (farl::ADE2), TCK13 (mpt5::HIS3), TCK14 (mpt5::URA3), TCK19
(mpt5::URA3 sst2::HIS3), TCK24 (mpt5::HIS3 fus3::LEU2), TCK31 (cIn3::URA3),
TCK28 (fus3::LEU2 cIn3::URA3), and TCK25 (mpt5::HIS3 farl::ADE2). Esche-
richia coli TG-1 was used for plasmid analysis and subcloning.
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TABLE 1. Oligonucleotides used in this study

Oligonucleotide® Gene Sequence® Restriction site
U SST2 5'-AGATAGAGTTGTACCATGGTGGATA-3’ Ncol
1D 5'-GAGTAAGACTCTGGATCCAATTAGC-3’ BamHI
2M 5'-CTATCTGAGGCGTTAAGGCTTCAA-3’ HindlIll
3U MPT5 5'-CGGGATCTTCTAACAACAAATAGC-3'

3D 5-GGAGGATTTTGGATACGTGTTCGG-3'

4U 5'-TCAAATAACTCCCATATGTCTTACA-3' Ndel
5U 5'-CCGCCTTTGGGCCATATGAAT-3’ Ndel
6U67 5'-CAACCATGGATTCTGCTAAC-3’ Ncol
6U362 5'-AAACCATGGTAAGCGTTTG-3’ Ncol
6U569 5'-AAGCCATGGCTTATGCAGAAGC-3’ Ncol
6D 5'-AAACTCGAGTTATGGCAAAGTG-3' Xhol
™ 5-TTGGAGCCCGTGGCCCCTCCG-3’

10U 5-AATGCTGCTAGCAACTCC-3’ Nhel
FLAG 5'-CCGCTCGAGTTACTTG TCATCCTTGTAGTCTGGCAAAGTGAATTG-3' Xhol
8uU STE21 5'-GGAAGAAAAAGCCATGGATTCC-3' Ncol
8D 5'-GGCACCTCGAGATCAGTTGTC-3' Xhol
9uU CDC28 5-TTCGACCATGGGCGGTGAATTAGC-3’ Ncol
9D 5'-GATTAGGATCCTTATGATTCTTGG-3' BamHI
H1 HAL tag 5'-GATGTACCCATACGACGTCCCAGACTACGCTACTAGTGCCAT&BGACCA Spel, Ncol
H2 3'-CGCTACATCGGTATGCTGCAGGGTCTGATGCGATGATCACGGTAGETGGTAT

2 U represents the upstream oligonucleotide and D indicates the downstream oligonucleotide used for PCR mutagenesis; M indicates a mutagenic oligonucleotide,
and H1 and H2 are a complementary oligonucleotide pair used to insert an HA1 epitope tag.

b Bold letters indicate nucleotides that differ from the wild-type sequence; single underlines indicate the resulting restriction sites, double underlines indicate an ATG
initiation codon in upstream oligonucleotides or a termination codon in the reverse strand of downstream oligonucleotides, and a dotted underline indicates an epitope

tag sequence (HA or FLAG).

Two-hybrid screen. All plasmids used in the two-hybrid system and the cDNA
library in pACT were provided by S. Elledge (34), and the genomic library in
pGAD1, pGAD2, and pGAD3 was provided by S. Fields (10). To construct a
Gal4p DNA binding domain (BD)-Sst2p fusion construct, which includes the
HAL epitope tag, the SST2 open reading frame was amplified by PCR with
oligonucleotides 1U and 1D (Table 1). The Ncol-BamHI-cleaved PCR product
was subcloned into Ncol-BamHI-cleaved pAS2 to produce pAS2-SST2. pAS2-
SST2 (TRP1) was transformed into Y190 and shown not to activate the Gal4p-
regulated lacZ reporter gene. Expression of the fusion protein was confirmed by
Western blot analysis of yeast extracts with antibody against the HA1 epitope
(data not shown).

Y190[pAS2-SST2] was transformed with the yeast cODNA and genomic librar-
ies (LEU2) of activation domain (AD) fusions. About 107 transformants from
each library were plated on medium lacking leucine and tryptophan to select for
the plasmids and lacking histidine but containing 25 mM 3-aminotriazole (Sig-
ma) to enrich for colonies in which BD-Sst2p and an interacting AD fusion allow
growth due to expression of the Gal4p-regulated HIS3 gene (34). His™ colonies
were screened for B-galactosidase activity by a colony lift assay (5). Blue colonies,
which appeared at times varying from 30 min to overnight, were analyzed further.

To test the specificity of the interactions, the His™* colonies were streaked on
leucineless plates to allow the loss of pAS2-SST2, crossed to « strains containing
several BD fusions, and tested for activation of the lacZ reporter gene (34). In
addition, AD fusion plasmids were recovered in E. coli, transformed into haploid
strains (Y187 or Y190) along with BD-Sst2p or the control fusions, and tested for
GAL-lacZ activation.

Construction of mpt5 disruptions and deletions. Transposon mutagenesis was
performed as described previously (21, 63). The 0.9-kb Xhol fragment from the
original AD-Mpt5p[64-362] plasmid was subcloned into the pHSS20 vector
(provided by S. Siefert) and subjected to insertional mutagenesis with a
Tn3::URA3 minitransposon. Plasmids arising from independent groups of trans-
positions were pooled, linearized with Notl, and transformed into the a strain
W303-1A. Ura™ transformants were tested for a phenotype, and gene replace-
ments were confirmed by Southern analysis. To obtain a mpt5::URA3 disruption
mutants, the a mpt5:URA3 disruption mutants were transformed with a
pGAL-HO plasmid (36), grown on galactose to allow mating-type switching,
plated on glucose, and tested for mating.

The mpt5::HIS3 disruption plasmid was constructed by inserting a HIS3
BamHI fragment into the Bglll site in MPT5, resulting in an insertion at amino
acid 188 of the open reading frame. The mpt5::ADE2 deletion plasmid was
constructed by replacing a 1.9-kb Nhel-Bsgl fragment within MPT5 with a Bglll
ADE2 fragment by blunt-end ligation, resulting in deletion of amino acids 79 to

713 of the 834-amino-acid open reading frame. These fragments were used for
one-step gene replacements in W303-1A and W303-1B (60).

Plasmid constructions for overexpression studies. To allow the expression of
SST2 under the PGK promoter, a Hindlll site was constructed 30 bp upstream
of the SST2 ATG initiation codon by site-directed mutagenesis (72) with oligo-
nucleotide 2M (Table 1). The resulting 3.6-kb HindIll SST2 fragment was sub-
cloned into the Hindlll site of the YEpPGK vector (38) to produce YEpPGK-
SST2.

The AD-Mpt5p[64-362] plasmid isolated in the two-hybrid screen contained a
0.9-kb Xhol fragment from within MPT5. This fragment was labeled with
[«-32P]dCTP by using an oligolabeling kit (Pharmacia) and used to screen the
genomic pGAD libraries (10) by hybridization to obtain the intact MPT5 gene.
DNA sequencing determined that the sequence was identical to the sequences in
the databases (accession no. D25541 and D26184).

An MPT5 fragment, including about 600 bp upstream of the initiation codon
and 200 bp downstream of the termination codon, was amplified from a pGAD-
MPT5 plasmid with oligonucleotides 3U and 3D (Table 1) and subcloned into
Srfl-cleaved pCR-ScriptSK(+) (Stratagene) by blunt-end ligation to create
pCR2-MPT5. A Sacl-Xhol fragment of pCR2-MPT5 was subcloned into the
Sacl-Xhol sites of pRS425 and pRS315 (12, 64) to create YEp-MPT5 and Y Cp-
MPTS5 plasmids, respectively, with MPT5 expressed from its own promoter.

To express MPT5 under the control of the PGK promoter, pPGAl (LEU2)
(62) was first modified; the unique Accl site was replaced with a Xhol linker to
produce pPGAX, and the 0.7-kb EcoRV-BstEII fragment from within LEU2 in
pPGAX was replaced with a 1.6-kb TRP1 Nael-Aatll fragment from pRS304 (64)
to produce pPGAW. The MPT5 open reading frame was amplified by PCR with
oligonucleotides 4U and 3D (Table 1) and subcloned into Srfl-cleaved pCR-
ScriptSK(+) to create pCR1-MPT5. To create YEpPGK-MPTS5, a Sacl-Xhol
fragment from pCR1-MPT5 (the Sacl site is within the multiple-cloning site of
the vector, 40 bp upstream of the MPT5 initiation codon) was subcloned into
Sacl-Xhol-cleaved pPGAW. The Sacl-Xhol fragment from pPGAW was deleted
to produce pPGAWA, which was used as a control vector. To make the
MPT5[29-834] construct, oligonucleotides 5U and 3D were used for PCR am-
plification and the fragment was subcloned into Srfl-cleaved pCR-ScriptSK(+)
to create pCR-MPT5[29-834]. The Sacl-Xhol fragment of this construct was
then subcloned into Sacl-Xhol-cleaved pPGAW to create YEpPGK-MPT5[29-
834].

Construction of Mpt5p plasmids for two-hybrid assays. The Gal4p AD and
BD fusions to intact Mpt5p were constructed by subcloning the Ncol-Xhol
fragment from pCR1-HA-MPT5 (see below) into Ncol-Xhol-cleaved pACTII
and pAS2, respectively (34). The BD-Mpt5p construct gave strong activation of
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the GALA4-lacZ reporter gene; therefore, the assays were done with AD-Mpt5p
constructs.

AD fusions in pACTII to various portions of Mpt5p were constructed. AD-
Mpt5p[1-234] was created by deleting an internal BamHI fragment from AD-
MPT5. AD-Mpt5p[29-834] was created by subcloning the Ndel-Xhol fragment
from pCR-MPT5[29-834] into Ndel-Xhol-cleaved pACTIl. To create AD-
Mpt5p[1-569], an internal Hindlll fragment from pCR1-MPT5 was deleted and
the Ndel-Xhol fragment from the resulting plasmid was subcloned into Ndel-
Xhol-cleaved pACTII. AD-Mpt5p[234-834] was created by subcloning a BamHI
fragment from pCR1-MPTS5 into BamHI-cleaved pACT-MPT5[64-362], the orig-
inal isolate from the two-hybrid screen.

AD-Mpt5p[67-834], AD-Mpt5p[362-834], and AD-Mpt5p[569-834] were cre-
ated by amplifying fragments from pRS315-MPT5 by PCR with the upstream
oligonucleotides 6U67, 6U362, and 6U569, respectively, and the downstream
oligonucleotide 6D (Table 1). The Ncol-Xhol-digested PCR products were sub-
cloned into Ncol-Xhol-cleaved pACTII to produce AD-Mpt5p[67-834], AD-
Mpt5p[362-834], and AD-Mpt5p[569-834].

Other constructions for two-hybrid assays. BD-Ste20p (pKB84.7), BD-Ste5p
(pSL2019), BD-Stellp (pSL2121), and BD-Ste7p (pSL1962) were provided by J.
A. Printen and G. F. Sprague (57). BD-Gpalp (pAS2-GPAL) was created by
subcloning a 1.8-kb Ncol-BamHI fragment from pSK-OM1A, which has an Ncol
site at the initiation codon of GPAL (provided by S. DeSimone), into Ncol-
BamHlI-cleaved pAS2. BD-Fus3p was created by subcloning the 1.1-kb FUS3
BamHI fragment from pSL2175 (57) into BamHI-cleaved pAS2. BD-Ksslp was
created by subcloning the 1.1-kb KSS1 BamH| fragment from pSL2120 (57) into
BamHlI-cleaved pAS2. To create BD-Ste21p, the STE21 open reading frame (1)
was amplified by PCR from p316-12 (provided by R. Akada) with oligonucleo-
tides 8U and 8D (Table 1); the Ncol-Xhol-digested PCR product was subcloned
into Ncol-Sall-cleaved pAS2. To create BD-Cdc28p, the CDC28 open reading
frame was amplified by PCR from yeast genomic DNA with oligonucleotides 9U
and 9D (Table 1); the Ncol-BamHI-digested PCR product was subcloned into
Ncol-BamHI-cleaved pAS2.

Plasmid constructions for biochemical assays. Mpt5p with an N-terminal
epitope tag (HA) was produced by annealing oligonucleotides H1 and H2 (Table
1) and ligating the resulting fragment into Sacll-Ndel-cleaved pCR1-MPT5 to
create pPCR1-HA-MPTS5. To construct a glutathione S-transferase-Mpt5p fusion
(GST-Mpt5p), the Ncol-HindlIl fragment from pCR1-HA-MPT5 was subcloned
into Ncol-Hindll1-cleaved pEG(KG) (49) to give a GST-Mpt5p fusion expressed
under galactose control (pGAL-MPT5). Mpt5p with a C-terminal epitope tag
(FLAG) was produced with oligonucleotides 10U and FLAG (Table 1) to am-
plify MPT5 by PCR with YEp-MPT5 as a template. The PCR amplification
product was cleaved with Nhel and Xhol and used to replace the corresponding
Nhel-Xhol fragment in YEp-MPT5 to produce YEp-MPT5-FLAG. To construct
epitope-tagged Sst2p, the Ncol-Hindlll fragment from pAS2-SST2 was used to
replace the MPT5 sequence in pCR1-HA-MPTS5 to create pCR1-HA-SST2. A
Sacl-Hindlll fragment from pCR1-HA-SST2 was subcloned into YEpPGK to
create YEpPGK-HA-SST2.

Biochemical assays of Mpt5p interactions. To test for an interaction of Sst2p
with Mpt5p, yeast cells (W303-1A) containing YEpPGK-HA-SST2 and either
pGAL-MPT5 or pGAL-GST(pEG[KG]) were grown at 30°C to an optical density
at 600 nm (ODgy,) of 0.6 to 0.8 in 2% raffinose medium selective for the
plasmids, collected, resuspended in selective medium with 2% galactose, grown
for 4 h, divided in two, and then incubated for an additional 1 h with or without
100 nM «-factor. Yeast extracts were prepared with modified H buffer (25 mM
Tris-HCI [pH 7.4], 15 mM EGTA, 15 mM MgCl,, 1 mM dithiothreitol, 0.1%
Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 5 g each of pepstatin A,
leupeptin, and aprotinin per ml) containing 10% glycerol (30). Protein concen-
trations were determined by the Bio-Rad protein assay as specified by the
manufacturer. GST or GST-Mpt5p was affinity purified with glutathione-agarose
(Sigma) as described by Kranz et al. (40) with a volume of extract containing
about 1 mg of yeast protein in 400 pl of modified H buffer containing 150 mM
NaCl and 1% bovine serum albumin. Samples were denatured in Laemmli
sample buffer, electrophoresed on sodium dodecyl sulfate (SDS)-6% polyacryl-
amide gels, and transferred to nylon membranes (2). The GST-Mpt5p fusion
protein and HA1-tagged Sst2p were detected with the enhanced chemilumines-
cence (ECL) system (Amersham) as specified by the manufacturer, with mouse
monoclonal anti-GST antibody (Santa Cruz) and monoclonal anti-HA antibody
12CAS5 (Boehringer Mannheim), respectively, as primary antibodies. Horserad-
ish peroxidase-conjugated anti-mouse immunoglobulin (Amersham) was used as
the secondary antibody.

To test for interactions of Mpt5p with Fus3p and Cdc28p, yeast cells (W303-
1A) containing either YEpMPT5-FLAG or the control plasmid YEp-FLAG-1
BAP (bacterial alkaline phosphatase expressed under the ADH2 promoter
[Kodak]) were grown at 30°C to an ODgg, Of 0.6 to 0.8 in 2% glucose medium
selective for the plasmids. Half of each culture was induced with 100 nM «-fac-
tor, and yeast extracts were prepared as described above. Volumes of extract
containing 300 pg of protein were aliquoted to tubes containing modified H
buffer without glycerol to a final volume of 0.5 ml. Then 15 pl of 5 M NaCl and
50 pl of anti-FLAG M2 affinity gel (Kodak) were added, and the extracts were
incubated overnight at 4°C with rotation. Immune complexes were pelleted and
washed as described by the manufacturer, resuspended in 100 pl of Laemmli
buffer, boiled for 5 min, electrophoresed on SDS-10% polyacrylamide gels, and
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transferred to nylon membranes. Mpt5p-FLAG and the FLAG-BAP control
were detected as described above with the mouse monoclonal anti-FLAG anti-
body M2 (Kodak). Endogenous Fus3p and Cdc28p were detected with rabbit
polyclonal anti-Fus3 (Upstate Biotechnology Inc.) and polyclonal anti-Cdc28
antibody 182 (provided by B. Futcher [69]), respectively. Horseradish peroxi-
dase-conjugated anti-mouse (FLAG M2) or anti-rabbit (Fus3p and Cdc28p)
immunoglobulins (Amersham) were used as secondary antibodies.

B-Galactosidase assays. Strains were grown to an ODgy, 0f 0.2 to 0.5 in
medium selective for plasmids and harvested. For pheromone induction, cells
were induced with various concentrations of a-factor for 2 h before being har-
vested. The cells were prepared and permeabilized, ONPG (o-nitrophenyl-B-p-
galactopyranoside) was used as the substrate, and B-galactosidase units were
calculated as described previously (2).

Pheromone response and mating assays. Halo assays to test pheromone re-
sponse and recovery were performed as described previously (21). Thin lawns of
cells (about 5 X 10° mid-log-phase cells) were spread directly onto plates or
suspended in 5 ml of soft agar and spread onto plates. a-Factor was spotted
either directly onto the nascent lawn or onto sterile filter disks, which were
placed on the nascent lawn. The plates were incubated at 30°C, and the zone of
growth inhibition was scored. To assay the induction of a pheromone-inducible
reporter gene, the FUS1::lacZ Ncol fragment from pSB234 (66) was subcloned
into pYSK136 (YEp-TRP1 [27]) to construct pTCFL1. pTCFL1 was transformed
into the strains to be tested, various concentrations of a-factor were added, cells
were incubated for 2 h at 30°C, and B-galactosidase activities were determined.
Mating assays were done by replica plating yeast strains onto lawns of tester cells
(N435-2A) in 0.3 ml of yeast extract-peptone-dextrose (YEPD) medium on
minimal plates and incubating at 30°C for 48 h.

RESULTS

Identification of a protein that interacts specifically with
Sst2p. To identify proteins that interact with Sst2p, we used the
yeast two-hybrid system (10, 34). A Gal4p BD-Sst2p fusion was
able to complement an sst2 mutation but did not induce re-
porter gene expression (data not shown), indicating that it
maintained function and that it could be used in a two-hybrid
screen.

A haploid strain (Y190) expressing BD-Sst2p was trans-
formed with yeast cDNA and genomic libraries expressing
fusions to the Gal4p AD. The His™ LacZ™ clones isolated
corresponded to six genes (Table 2) as determined by DNA
sequencing of the fusion boundaries of the plasmids followed
by database searches. The genes isolated included two novel
genes (called ORF1 and ORF2), RIF1 (33), CDC23 (25), TyA
(13), and a gene that has been called HTR1 (39) or MPT5
(accession no. D26184). Because the name HTR1 had previ-
ously been used for a different gene (53), we will refer to this
gene as MPT5.

The specificity of the interactions with BD-Sst2p was tested
by assaying the AD fusion constructs in combination with sev-
eral BD fusion constructs (4). In a/a diploids, all of the con-
structs showed a specific interaction with BD-Sst2p, with the
exception of AD-Orf2p, which also showed an interaction with
BD-Snflp (data not shown). In a haploid strain, however, most
of the AD fusions showed an interaction with at least one BD
fusion in addition to BD-Sst2p (Table 2). AD-Mpt5p was the
only fusion that showed a specific interaction with BD-Sst2p.
The AD-Mpt5p isolate contained a 0.9-kb insert from within
MPTS5 that could encode amino acids 64 to 362 of the 834-
amino-acid open reading frame (15, 39); we will therefore call
the original AD-Mpt5p isolate AD-Mpt5p[64-362].

To be certain that the Sst2p-Mpt5p interaction observed in
the two-hybrid assays represented a true interaction, we con-
structed tagged proteins for biochemical analysis. Sst2p with an
N-terminal HAL epitope tag was expressed from the PGK
promoter. YEp plasmids that contained the intact MPT5 gene
(39) were isolated, and a fusion of GST to intact Mpt5p (GST-
Mpt5p) was constructed; GST-Mptb5p and the GST control
were expressed from the GAL1 promoter. The HA1-Sst2p and
GST-Mptbp constructs complemented sst2 and mpt5 muta-
tions, respectively (data not shown). HA1-Sst2p copurified
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TABLE 2. Two-hybrid screen

B-Galactosidase activity with BD construct®:

AD construct®

No. isolated from library®

SST2 SNF1 Lamin p53 CDK2 cDNA Genomic
MPT5 ++++ - - - - 1 0
ORF1 +++ +++ - - +++ 4 0
ORF2 ++++ ++++ - - - 2 0
RIF1 ++++ + - - ++ 1 3
CDC23 ++++ - - - ++ 1 0
TyA ++++ ++ - - +++ 1 0
Vector - - NT NT NT NR NR
SNF4 - ++++ NT NT NT NR NR

2 Fusions to the Galdp AD were in pACT. The MPT5 construct isolated in the screen (AD-Mpt5p[64-362]) contains an internal portion of the gene.
b BD fusions were in pAS2, which contains the Gal4p BD and the HA1 epitope. B-Galactosidase activities were determined by the colony lift method. +, blue (the

number of plus signs indicates the intensity); —, white; NT, not tested.

¢ AD constructs that could interact with BD-Sst2p were isolated from cDNA or genomic libraries. NR, not relevant.

with GST-Mpt5p in either the presence or absence of a-factor,
whereas it did not copurify with GST (Fig. 1), indicating either
that there is a direct interaction between Sst2p and Mpt5p or
that the two proteins are present in the same complex.
MPT5 probes were used to analyze RNA expression by
Northern analysis. A faint band of about 2.6 kb was detected
(data not shown), consistent with the predicted size of the
MPT5 open reading frame (834 amino acids [39]). This RNA
was present at similar levels in a and « cells, in either the
presence or absence of pheromone, and in a/a cells.
Phenotypes of mpt5 mutants. MPT5 was previously identi-
fied by complementation of a mutant with a temperature-
sensitive growth defect, but mpt5 gene disruptions were ob-
served to result in a slight increase in sensitivity to pheromone
and a defect in recovery from pheromone arrest (39). These
effects on pheromone response and recovery suggested that
the interaction of Mpt5p with Sst2p was functionally impor-
tant. To confirm the previously observed mpt5 phenotypes,

A GST GST-Mpt5p
o-factor + PN -
—190
GST-Mpt5p —» _— - 105

— 38
— 88
HA-Sst2p — _—-—

FIG. 1. Copurification of HA1-Sst2p with GST-Mpt5p. Wild-type (W303-
1A) cells containing YEpPGK-HA-SST2 and either pGAL-GST or pGAL-GST-
MPTS5 were grown in selective medium containing raffinose and shifted to ga-
lactose medium for 4 h to induce the expression of GST or GST-Mpt5p, and half
of the cells were treated with 100 nM «-factor for 1 h. GST-Mpt5p or GST was
affinity purified from yeast extracts, run on an SDS-polyacrylamide gel, and
immunoblotted with either anti-GST antibody (A) or anti-HA antibody 12CA5
(B). The results were reproduced in three independent experiments.

several disruptions and deletions were constructed. All of the
disruptions and deletions resulted in the same set of pheno-
types, which were similar to the phenotypes observed previ-
ously (39). The mpt5 mutations resulted in temperature-sensi-
tive growth in a/a diploids homozygous for an mpt5 disruption
(data not shown) as well as in haploids (Fig. 2).

The effects of the mpt5 and sst2 mutations on pheromone
response and recovery were compared. The a mpt5 mutants
were about fourfold more sensitive to a-factor than was the
wild type in plate pheromone-spotting assays of growth arrest
and assays of induction of a pheromone-inducible reporter
construct (Fig. 3). This increase in pheromone sensitivity is
considerably milder than the 200-fold increase in sensitivity of
the sst2 mutant (Fig. 3) (8). In the pheromone-spotting assay,
the zone of growth arrest of wild-type strains was initially clear;
however, with additional incubation, cells from the edges of
the zone began to grow and the zone of growth arrest became
turbid (Fig. 3A). The sst2 mutant showed a larger zone of
growth arrest that remained clear due to the defect in recovery
from pheromone arrest (21). The zone of growth arrest of the
mpt5 mutants remained mostly clear (Fig. 3A), consistent with
a defect in recovery, although the phenotype is more subtle
than observed with sst2 mutants. The mpt5 mutations did not
affect mating (Fig. 4B) and had similar effects in a and « strains
(data not shown). An sst2::HIS3 mpt5::URA3 (TCK19) double
mutant showed the temperature-sensitive growth defect (Fig.
2) and the same pheromone response phenotype in halo assays
as the sst2 mutant (Fig. 3A), indicating that there was no
synergistic effect between the two mutations.

Overexpression of SST2 or MPT5 increases recovery from
pheromone arrest. In wild-type cells, expression of SST2 under
the control of the PGK promoter, which provides high-level,
constitutive expression, resulted in halos that quickly became
turbid (Fig. 5), suggesting that overexpression of Sst2p in-
creases recovery from pheromone arrest. An mpt5::HIS3 mu-
tation reduced the promotion of recovery by YEpPGK-SST2,
indicating that the effect of overexpression of Sst2p is partially
dependent on the function of Mpt5p. The effect of a kssl
mutation was also tested due to the suggested role of Ksslp in
desensitization (16) and evidence that Ksslp can interact with
Mpt5p (described below). The kss1 mutation did not affect the
phenotype resulting from YEpPGK-SST2 (Fig. 5).

The MPT5 putative open reading frame contains potential
ATG initiation codons at positions 1 and 29 (39), making the
site of initiation uncertain. Constructs that should express ei-
ther the 834- or 806-amino-acid protein from the PGK pro-
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mpt5 wild-type

sst2 sst2

mpt5 sst2

37°C

FIG. 2. mpt5 growth defect. Wild-type (W303-1A), mpt5::URA3 (TCK14), sst2::HIS3 (RAK40), and sst2::HIS3 mpt5::URA3 (TCK19) strains were streaked on

YEPD medium and grown at 18, 30, or 37°C.

moter were made (PGK-MPT5[1-834] and PGK-MPT5[29-
834], respectively). Transformation of a wild-type strain with
YEpPGK-MPT5[1-834] resulted in poor growth of transfor-
mants; small colonies were observed only after a long incuba-
tion period (Table 3). Unlike the temperature-sensitive mpt5
growth defect, this transformation defect was observed at all
temperatures. Transformation with YEpPGK-MPT5[29-834]
gave rise to colonies of normal size with the same timing as the
control vector. The PGK-MPT5[29-834] construct was unable

A

wild-type

mpt5

sst2

sst2 mpt5

20 hrs

40 hrs 65 hrs

to complement the temperature-sensitive growth or phero-
mone response defects of an mpt5::URA3 mutant, suggesting
that MPT5[29-834] was not functional. The transformation
defect complicated assays of YEpPGK-MPT5[1-834] function;
however, the growth of wild-type strains and of mpt5::URA3
transformants containing YEpPGK-MPT5[1-834] at the re-
strictive temperature were similar, suggesting that PGK-
MPT5[1-834] complements the temperature-sensitive growth
defect of the mpt5::URA3 mutation (Table 3). These results

’g 30 — sst2
5 4
% 20 —| mpt5
B i
(=} i
c Wild-type
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10" 10710 1070 108
a-factor (mol)
C 2000
2 i sst2
E 1000 —
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_§ 00 ] 40—
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FIG. 3. Pheromone response and recovery assays. Wild-type (W303-1A), mpt5::URA3 (TCK14), sst2::HIS2 (RAK40), and sst2::HIS3 mpt5::URA3 (TCK19) strains
were tested for their response to pheromone. (A) Halo assays. A 5-ug aliquot of a-factor on filter disks was applied to nascent lawns of cells, which were incubated
at 30°C for the times indicated. (B) Quantitation of halo diameters. Filters containing various amounts of a-factor were applied to lawns, and the diameters of the zones
of growth inhibition were measured at 30 h; the data are averages of three independent assays. (C) Reporter gene activation assays. Cells containing a pFUS1-lacZ
plasmid (pTCFL1) were induced with various concentrations of a-factor for 2 h at 30°C, and B-galactosidase activities were determined. The data are averages of three
independent transformations, and differences between strains were statistically significant. n, no a-factor.
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suggest that Mpt5p[1-834] is the intact, functional protein and
A that overexpression of Mpt5p is detrimental.

20 hrs 40 hrs This inhibition of growth prevented the use of PGK-MPT5 to
test the effect of overexpression of Mpt5p on recovery from
pheromone arrest, necessitating the use of a multicopy plasmid
containing MPT5 expressed from its own promoter for these
assays. The wild-type strain containing YEp-MPT5 showed a
turbid zone of growth arrest (Fig. 5), suggesting that Mpt5p
promotes recovery from pheromone arrest. YEp-MPT5 did not
increase recovery in an sst2::HIS3 mutant (Fig. 5), indicating
that Sst2p is essential for this effect. A kssl::URA3 mutation
had little or no effect, suggesting that Kss1p is not required for
this effect.

Overexpression of Ksslp has previously been shown to result
in a turbid halo in sst2 and wild-type strains, suggesting a role
for Ksslp in recovery (16). This effect was greatly reduced in
the mpt5::HIS3 mutant (Fig. 5), indicating that the ability of
Ksslp overexpression to promote recovery depends partially
on Mpt5p function but not on Sst2p function.

Mpt5p interacts with Fus3p and Ksslp. To determine
whether Sst2p or Mpt5p interacts with known components of
the pheromone response pathway, AD-Sst2p and a fusion con-
taining intact Mpt5p (AD-Mpt5p[1-834]) were tested for in-
teractions with BD fusions to Gpalp, Ste20p, Ste21lp, Ste5p,
Stellp, Ste7p, Fus3p, and Ksslp. No interactions were de-
tected between AD-Sst2p and any of the BD constructs (data
not shown). AD-Mpt5p showed interactions with BD-Fus3p
and BD-Ksslp (Fig. 6) but not with the other BD-fusion pro-
teins tested (data not shown). To determine whether this two-
hybrid result represented a true interaction, the Mpt5p-Fus3p
interaction was tested biochemically. Immunoprecipitation of
Mpt5p with a C-terminal epitope tag (FLAG) resulted in co-
immunoprecipitation of endogenous Fus3p, whereas Fus3p did
not coimmunoprecipitate with a control FLAG construct (Fig.
7). The Mpt5p-Fus3p interaction was not affected by phero-
mone induction.

To investigate the functional relationship between Fus3p/
Ksslp and Mpt5p, double mutants were constructed. A kssl
single mutation does not result in changes in pheromone re-
sponse or mating (16). The phenotype of the kss1 mpt5 double
mutant was similar to that of the mpt5 single mutant in assays
of temperature-sensitive growth, pheromone response, and
mating; therefore, no synergistic effects of the two mutations
were observed (data not shown).

fus3 null mutations result in decreased mating and response
to pheromone and a defect in G, arrest in response to pher-
omone (Fig. 4) (28, 29). The fus3 mpt5 double mutant showed
the mpt5 temperature-sensitive growth defect (data not
shown). Surprisingly, the mpt5 mutation restored pheromone-
induced arrest to the fus3::LEU2 null mutant (Fig. 4A); recov-
B ery of the fus3 mpt5 double mutant from pheromone arrest was
intermediate between those of the wild-type and mpt5 strains.
The mpt5 null mutation also partially suppressed the mating
defect of the fus3 strain (Fig. 4B). Suppression of the fus3
pheromone response defect by mpt5 was similar to the sup-

wild-type

fus3

fus3 mpt5

cin3

fus3 cIn3

far1

far1 mpt5

wiId-type wild-type pression previously shown for a cIn3 mutation (Fig. 4A) (29).
Also, the cIn3 single mutant showed an increase in size of the
mpt5 mpt5 zone of growth arrest by pheromone similar to that of the mpt5
mutant.
fus3 far1
fus3 mpt5 far1 mpt5

FIG. 4. Epistasis tests of mpt5 fus3 and mpt5 farl double mutants. Wild-type
(W303-1A), mpt5::HIS3 (TCK13), fus3::LEU2 (RAK29), mpt5::HIS3 fus3::LEU2
(TCK24), cIn3::URA3 (TCK31), cIn3::URA3 fus3::LEU2 (TCK28), farl::ADE2
(TCK21), and farl:ADE2 mpt5::HIS3 (TCK25) strains were tested for phero-
mone response by halo assays (A) and for mating (B).
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sst2 kss1

FIG. 5. Overexpression of Mpt5p, Sst2p, and Kss1p. Wild-type (W303-1A), sst2::HIS3 (RAK40), mpt5::HIS3 (TCK13), and kss1::HIS3 (TCKJY) strains containing
either the YEp vector (pRS425), YEp-MPT5 (pRS425-MPT5), pPGK-SST2, or YEp-KSS1 (pXT1) were spread on plates, 5 png of a-factor was spotted on the nascent

lawns, and the plates were incubated at 30°C for 40 h.

Because the role of Fus3p in G, arrest acts through phos-
phorylation of Farlp (32, 55, 67), the functional relationship
between Mpt5p and Farlp was also investigated. A farl::ADE2
mpt5::HIS3 double mutant showed the mpt5 temperature-sen-
sitive growth defect (data not shown) and did not suppress the
farl pheromone arrest or mating defects (Fig. 4).

Mpt5p interacts with Cdc28p. The ability of either an mpt5
or a cIn3 mutation to suppress the fus3 defect in pheromone-
induced arrest (Fig. 4A) (17, 28, 29) was intriguing because G,
arrest by pheromone occurs through inhibition of G, cyclin-
Cdc28p activity (56, 67). We therefore tested interactions of

TABLE 3. Activities of Mpt5p constructs

Complementation

MPT5 ) Growth of of mpt5°
construct? Plasmid transformants®
Halo®  37°C growth®
None Vector +++ — -
Mpt5p[1-834]  YCp +++ +4++ 4+
YEpPGK + NT +
Mpt5p[29-834]  YEpPGK +++ - -

2 MPTS5 was expressed either under its own promoter (YCp) or under the PGK
promoter (YEpPGK).

b The plasmids were transformed into the wild-type strain (W303-1A). +++,
wild-type growth; +, colonies that were first visible 1 day after the wild type and
remained small.

¢ The plasmids were transformed into the mpt5::URA3 mutant (TCK14).

d +++, wild-type phenotype; —, mpt5 phenotype; NT, not tested.

¢ +++, wild-type growth at 37°C; +, reduced growth; —, mpt5 phenotype.

Mpt5p with the G; cyclins or Cdc28p kinase by using the
two-hybrid system. No interaction was detected between AD-
Mpt5p and BD fusions to Cinlp, CIn2p, or CIn3p, although
BD-CIn2p and BD-CIn3p showed high basal activation, which
could mask an interaction (data not shown). Interestingly, an
interaction between AD-Mpt5p and BD-Cdc28p was observed
in both wild-type and farl strains (Fig. 6). This interaction was
confirmed by coimmunoprecipitation of endogenous Cdc28p
with Mpt5p-FLAG (Fig. 7). The Mpt5p-Cdc28p interaction
was not affected by pheromone induction.

Characterization of Sst2p- and Fus3p/Ksslp-interacting do-
mains of Mpt5p. To delineate regions of Mpt5p involved in the
interactions with Sst2p, Fus3p, Ksslp, and Cdc28p, deletion
derivatives of AD-Mpt5p were tested (Fig. 6). The original
Mpt5p[64-362] construct identified the smallest fragment suf-
ficient for the interaction with BD-Sst2p, although the inter-
action with intact Mpt5p[1-834] was severalfold stronger. Re-
moval of the N-terminal 28 amino acids, which were shown to
be necessary for Mpt5p function, as described above, increased
the strength of the Sst2p-Mpt5p interaction about 10-fold.
Removal of amino acids 29 to 66 (Mpt5p[67-834]) reduced
activity, indicating that this region contributes to the interac-
tion. Removal of C-terminal sequences (compare Mpt5p[64—
362] and Mpt5p[67-834]) had no significant effect. Thus, the
Sst2p interaction domain is between amino acids 67 and 362 of
Mptb5p, with sequences between amino acids 29 and 66 facili-
tating the interaction and amino acids 1 to 28 inhibiting the
interaction.

The similar patterns of interaction observed for BD-Fus3p
and BD-Ksslp suggest that these two MAP kinase homologs
(28) interact with the same region of Mpt5p (Fig. 6). The
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AD-fusion BD-fusion

Sst2p Fus3p Ksslp Cdc28p
MptSp(1-834) 31 5 4 27
Mpt5p(29-834) Cmmmmm——— 295 9 11 1
Mpt5p(64-362) Cmmm 8 <0.1 <0.1 <0.1
Mpt5p(1-234) —m <0.1 <0.1 <0.1 1
MptSp(1-569) C— ) 30 6 4 2
Mpt5p(67-834) —emw—  — 11 5 4 1
Mpt5p(234-834) —_— <0.1 <0.1 <0.1 1
Mpt5p(362-834) -—— <0.1 <0.1 <0.1 1
Mpt5p(569-834) — <0.1 <0.1 <0.1 <0.1

FIG. 6. Analysis of Mpt5p binding regions. Various AD-Mpt5p fusion con-
structs, with the region containing the conserved eight tandem repeats (15)
shown in black, were tested for interactions with BD-Sst2p, BD-Fus3p, BD-
Kss1p, and BD-Cdc28p fusions in the farl::ADE2 mutant. -Galactosidase units
were averages of assays of at least three independent transformations; the stan-
dard deviations varied from <10 to 20% of the mean values. For comparison, the
activity of AD-Snf4p with BD-Snflp was 7 U in these assays. BD-Kss1p had a low
basal induction of B-galactosidase activity (1.0 U), which has been subtracted
from the activities for the interactions with the various AD-Mpt5p fusions; the
other constructs had no detectable background.

N-terminal 66 amino acids and the C-terminal 266 amino acids
of Mpt5p (constructs Mpt5p[67-834] and Mpt5p[1-569], re-
spectively) were not essential for the interactions with Fus3p or
Ksslp, whereas longer truncations did prevent these interac-
tions. Therefore, Fus3p and Ksslp interact with the region of
Mpt5p between residues 67 and 569. The N-terminal 28 amino
acids may have a mild inhibitory effect on these interactions.
Thus, the regions of Mpt5p involved in the interactions with
Sst2p and Fus3p/Ksslp may overlap, although more detailed
analysis is necessary to define the interacting domains pre-
cisely.

The assays of the various AD-Mpt5p constructs for interac-
tions with BD-Cdc28p did not define a particular region in-
volved in the interaction; both N- and C-terminal truncations
greatly reduced the interaction (Fig. 6). However, it is inter-
esting that the N-terminal 28 amino acids of Mpt5p, which
inhibit the Sst2p interaction and possibly the Fus3p and Ksslp
interactions, are essential for a strong interaction with BD-
Cdc28p.

DISCUSSION

Mpt5p may play multiple roles. We identified Mpt5p by its
ability to interact with Sst2p in the two-hybrid system, consis-
tent with its playing roles in both pheromone sensitivity and
desensitization to pheromone. MPT5 has also been identified
by complementation of a temperature-sensitive mutant (39)
and as a multicopy suppressor of a pop2 mutation (accession
no. D26184), which results in a defect in derepression by glu-
cose and a temperature-sensitive growth defect (61). mpt5 mu-
tations result in several phenotypes including a temperature-
sensitive growth defect (Fig. 2), which has been shown to occur
at the G,/M phase of the cell cycle (39). The interaction of
Mpt5p with Cdc28p (Fig. 6) may play a role in the arrest at
G,/M as well as the proposed role in pheromone sensitivity and
recovery discussed below.

Consistent with our discovery of an interaction between
Sst2p and Mpt5p, previous analysis of mpt5 disruption muta-
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tions had indicated an increase in pheromone sensitivity and
recovery from G, arrest by pheromone (39). Both of these
effects are much milder in mpt5 mutants than in sst2 mutants
(Fig. 3). However, the promotion of recovery by overexpres-
sion of either Sst2p under PGK control or Mpt5p on a high-
copy plasmid (Fig. 5) provides additional evidence for a role of
Mpt5p as well as Sst2p in recovery.

Very high level expression of Mpt5p under PGK control was
detrimental to growth (Table 3). Whether this phenotype is
related to the other phenotypes associated with mpt5 is un-
clear.

Mpt5p is a member of a family of proteins from yeast,
Drosophila, and humans that contain a conserved motif of eight
tandem repeats (15). Most members of this tandem repeat
family, including the yeast gene YGL023 (9), were identified in
genome-sequencing projects, and their functions are unknown.
The only member of this tandem repeat family for which func-
tional information is available is the Drosophila Pumilio gene,
which is involved in formation of abdominal segments during
early embryogenesis and is implicated in translational regula-
tion (3, 46, 52).

What is the role of Mpt5p in pheromone sensitivity and
recovery? The ability of Mpt5p to interact with the MAP ki-
nase homologs Fus3p and Ksslp (Fig. 6 and 7) could indicate
either that the MAP kinases are targets for Mpt5p or that
Mpt5p is a MAP kinase substrate. Mutation of a perfect MAP
kinase consensus sequence (14, 54) in the MPT5 N terminus
did not affect the temperature sensitivity or pheromone re-
sponse phenotypes (data not shown).

The mild increase in the sensitivity to pheromone of mpt5
mutants is similar to the phenotype resulting from overexpres-
sion of Fus3p (29) or dominant gain-of-function FUS3 mutants
(6), suggesting that Fus3p and Mpt5p may have opposite func-
tions. Interestingly, fus3 mutants show reduced pheromone-
induced arrest and mating, and either an mpt5 or a cIn3 mu-
tation can partially suppress the pheromone arrest (Fig. 4A)
(28, 29) and mating (Fig. 4B) (data not shown) defects. Also,
both the mpt5 and cIn3 mutants showed a mild increase in
pheromone sensitivity in the pheromone-spotting assay. There-

FLAG-BAP Mpt5p-FLAG

a-factor + - + -
—103.1
A |mpisp-FLacee| —
| —
—67.5
FLAG-BAP 4 -
445
B Fus3p-1 -
Cdc28p-ae —
C P 291

FIG. 7. Coimmunoprecipitation of Mpt5p-FLAG with Fus3p and Cdc28p.
Wild-type (W303-1A) cells containing either YEp-MPT5-FLAG or YEpFLAG-1
BAP were grown in selective medium, and half of the cells were treated with 100
nM a-factor for 1 h. Mpt5p-FLAG or FLAG-BAP was immunoprecipitated from
yeast extracts with anti-FLAG M2 affinity gel, run on an SDS-polyacrylamide gel,
and immunoblotted with either anti-FLAG antibody (A), anti-Fus3p antibody
(B), or anti-Cdc28p antibody (C). The results were reproduced in at least three
independent experiments.
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FIG. 8. Speculations on Mpt5p function. Standard arrows indicate a positive
role, and blunt arrows indicate a negative role. Because either cln3 or mpt5
mutations suppress fus3, we show Mpt5p acting below Fus3p. Based on the
interaction of Mpt5p with Cdc28p and the similar suppression and pheromone
sensitivity phenotypes of cIn3 and mpt5 mutants, we propose that Mpt5p acts
through CIn3p-Cdc28p. Although Cinlp, CIn2p, and CIn3p were originally
thought to have equivalent, functionally redundant roles (18, 59), numerous
differences have led to a model in which the role of CIn3p is to positively regulate
Clinlp, CIn2p, and possibly other G, cyclins (45, 68). The opposite phenotypes of
fus3 and mpt5 suggest that they play opposite roles; in this diagram, we show
Fus3p acting negatively on Mpt5p. An sst2 mutation prevents the effect of
overexpression of MPT5, indicating that Sst2p is necessary for promotion of
recovery by Mpt5p. An mpt5 mutation only partially reduces the effect of over-
expression of SST2. We propose that this partial effect is due to two roles for
Sst2p; one role would act through Mpt5p, and the second role would act on the
Ga subunit Gpalp, based on the identification of a family of Sst2p homologs that
act as GAPs for Ga subunits.

fore, we suggest that both Mpt5p and CIn3p act downstream of
Fus3p and that Mpt5p acts in the same pathway as CIn3p (Fig.
8). Kikuchi et al. (39) showed that an mpt5 mutation does not
affect the pheromone resistance resulting from the CLN3-2
dominant mutation (17), consistent with CIn3p acting down-
stream of Mpt5p.

Based on the similar effects of mpt5 and cIn3 mutations in a
fus3 mutant, we tested the ability of Mpt5p to interact with the
G, cyclins and Cdc28p. Based on the ability of Mpt5p to
interact with Cdc28p (Fig. 6 and 7), we speculate that the role
of Mpt5p is to activate CIn3p-Cdc28p, which in turn would
increase Clnlp-Cdc28p and CIn2p-Cdc28p activity (Fig. 8). In
an mpt5 mutant, CIn3p-Cdc28p activity would be reduced,
resulting in lower CInlp-Cdc28p and ClIn2p-Cdc28p activity
and allowing cell cycle arrest at lower pheromone concentra-
tions. The role of Mpt5p in recovery could also act through
ClIn3p-Cdc28p.

Because Farlp plays an important role in cell cycle arrest by
the inhibition of Clnlp-Cdc28p and CIn2p-Cdc28p (56), we
also considered the possibility that Mpt5p could promote re-
covery through Farlp. We have not detected an interaction
between Farlp and Mpt5p in the two-hybrid system, although
this assay was complicated by the ability of fusions of the Gal4p
BD to either Farlp or Mpt5p to activate reporter gene expres-
sion. Unlike the results with the fus3 mutant, mpt5 mutations
did not restore G, arrest to a farl mutant (Fig. 4A), which is
consistent with a role for Mpt5p through either Farlp or
CIn3p-Cdc28p. Farlp is not required for the interaction be-
tween Mpt5p and Cdc28p in the two-hybrid system, indicating
that Farlp is not acting as a bridging protein. The complexity
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of regulation of the components that act in transit through the
G, phase of the cell cycle and in cell cycle arrest during pher-
omone response means that many mechanisms for Mpt5p ac-
tion are possible. However, the model shown in Fig. 8 fits the
protein-protein and genetic interactions observed and provides
a working hypothesis useful in approaching the analysis of the
role of Mpt5p.

Is Sst2p a bifunctional protein? Recent results with yeast
have suggested that Sst2p acts at the level of the Ga subunit
Gpalp (22, 23). In addition, a family of Sst2p homologs (called
RGS proteins) that act as GTPase-activating proteins (GAPS)
for Ga subunits has been identified (24, 37). The position of
Sst2p action in our model (Fig. 8) does not fit these other
results. We did not detect an interaction between Sst2p and
Gpalp in the two-hybrid system (data not shown), although a
two-hybrid interaction between Ga;; and the mammalian Sst2p
homolog GAIP was detected (19). However, GAIP has been
shown to act as a GAP for Ge, (35), although an interaction
between Gao, and the RGS protein GAIP was not been de-
tected in the two-hybrid system (19), indicating that not all
Ga-RGS interactions can be detected with this system.

We postulate that Sst2p has two functions in pheromone
sensitivity and recovery. The RGS domain function would act
on Gpalp, and a separate function would act through Mpt5p
(Fig. 8). Most of the RGS proteins are much smaller than
Sst2p and consist mostly of the RGS domain. Unlike most
RGS family members, Aspergillus flbA, which is involved in
conidiophore development and sporulation, shows extensive
sequence similarity to SST2 throughout most of the coding
region (43); both proteins contain a long N-terminal domain in
addition to the C-terminal RGS domain. Interestingly, it has
recently been proposed that flbA has more than one mecha-
nism of action (71). The proposal that Sst2p has two functions,
one through the RGS domain and a second through Mpt5p, is
consistent with the observation that stimulation of recovery by
Sst2p overexpression was only partially dependent on Mpt5p
(Fig. 5). An mpt5 mutation would affect only the Mpt5p-de-
pendent effect of Sst2p overexpression but not the effect of
RGS domain activity. The characterization of the RGS family
as Ga GAPs has helped to elucidate the formerly elusive role
of Sst2p. The further characterization of Mpt5p-dependent
roles of Sst2p, as well as RGS function, and the characteriza-
tion of flbA and other RGS family members for possible func-
tions separate from the RGS GAP function should continue to
provide interesting information on this important regulatory
family.
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