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Midl is a putative stretch-activated Ca?* channel component and is required for the maintenance of
viability in the mating process. In response to mating pheromone, the midl mutant normally forms a pointed
mating projection but eventually dies. This phenotype is called the mid phenotype. To identify a protein
regulating Mid1 or regulated by Mid1, we isolated a multicopy suppressor that rescues the midl-1 mutant from
mating pheromone-induced death and found that it encodes a truncated Spa2 protein lacking an amino-
terminal region responsible for interaction with components of the mitogen-activated protein kinase cascades.
One of these SPA2 alleles was SPA2AN, whose product lacked the region from Ser® to Leu®*°. SPA2AN on a
multicopy plasmid (YEpSPA2AN) complemented the mid phenotype but not another phenotype, low Ca**
accumulation, of the midI-1 mutant. Neither SPA2AN on a low-copy plasmid nor wild-type SPA2 on a multicopy
plasmid had suppressive activity. The SPA2 gene is involved in the formation of a pointed mating projection,
and cells of the spa2A mutant lacking Spa2 are viable and develop a peanut shell-like structure when exposed
to mating pheromone. Like the spa2A mutant, the midl-1 spa2A double mutant and the midI-1/YEpSPA2AN
strain developed the peanut shell-like structure. The midl-1 spa2A double mutant did not have the mid
phenotype, indicating that SPA2 is epistatic to MIDI. Overexpression of Spa2AN abolished the localization of
Spa2-green fluorescent protein to the tip of the mating projection. These results suggest that the Spa2AN
protein interferes with the localization of the normal Spa2 protein and thereby prevents cells from entering the
mating process. Therefore, we suggest that Midl function is influenced by Spa2 function through polarized

morphogenesis.

Polarized cell growth induced by external and internal stim-
uli is important for eukaryotic cells to undergo cell division,
differentiation, and development (5, 16, 27). In the budding
yeast Saccharomyces cerevisiae, polarized growth occurs in re-
sponse to internal stimuli during budding and to external stim-
uli during mating (5, 52). The yeast has two haploid cell types,
MATa and MATo cells. MATa cells synthesize and secrete the
mating pheromone a-factor and receive the mating pheromone
a-factor secreted by MAT« cells. The mating pathway is acti-
vated by the binding of pheromones to specific receptors that
stimulate the receptor-coupled heterotrimeric G protein, lead-
ing to the activation of a mitogen-activated protein (MAP)
kinase cascade. The cascade then activates a transcription fac-
tor stimulating pheromone-responsive genes. This transcrip-
tional activation and the functions of other factors, including
the actin cytoskeleton, polarisome proteins, and cell wall in-
tegrity pathway components, lead cells to differentiate into
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shmoos having a pointed mating projection that emerges from
an edge of the cells (28, 45).

Approximately 30 to 40 min after a-factor binding to MATa
cells, when the polarized mating projection has started to elon-
gate, Ca®" influx is induced (19, 41, 44). When the Ca?”" influx
is restricted by incubating cells in Ca**-deficient medium, the
cells die after differentiating into shmoos (19). The midl mu-
tants have been isolated as those defective in Ca®" influx and
maintenance of viability in low-Ca?* medium and are rescued
from death in millimolar concentrations of extracellular Ca**
(20). The mating pheromone-induced death phenotype is
called the mid phenotype. The MIDI gene product, Midl, is N
glycosylated and present in the plasma membrane (20, 56) and
the endoplasmic reticulum membrane (56) and has been
shown to function as a stretch-activated Ca*>*-permeable chan-
nel when expressed in mammalian cells, including Chinese
hamster ovary (CHO) cells (25, 26). Therefore, Mid1 might be
involved in sensing membrane stretch during projection for-
mation and generating a Ca®" signal.

Mid1 cooperates with Cch1, a homolog of the a1 subunit of
the mammalian voltage-gated Ca®" channel (10, 43). The pu-
tative Mid1-Cchl1 channel constitutes a high-affinity Ca®" in-
flux system (HACS) necessary for cells incubated with mating
pheromone in low-Ca?* medium (39). The channel is also
required for store-operated or capacitive Ca>* entry (31), en-
doplasmic reticulum stress-induced Ca®" uptake (4), and a
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TABLE 1. S. cerevisiae strains used in this study

e

Isogenic derivatives of H207

H207 MATa his3-Al leu2-3,112 trp1-289 ura3-52 sst1-2 20

H301 MATa his3-Al leu2-3,112 trp1-289 ura3-52 sstl-2 midl-1 20

H311 MATa his3-Al leu2-3,112 trp1-289 ura3-52 sstl-2 midl-A5::HIS3 53

H207-SD MATa his3-Al leu2-3,112 trp1-289 ura3-52 sst1-2 spa2A::HIS3 This study

H301-SD MATa his3-Al leu2-3,112 trp1-289 ura3-52 sstl1-2 midl-1 spa2A::HIS3 This study

H313 MATa his3-Al leu2-3,112 trp1-289 ura3-52 sst1-2 cchlA::TRPI 21

H321° MATa his3-Al leu2-3,112 trp1-289 ura3-52 sst1-2 cnb1A::HIS3 This study
Isogenic derivatives of YKT38

YKT38 MATa lys2-801 ura3-52 his3A-200 trpl A-63 leu2A-1 2,36

YKT455 MATa lys2-801 ura3-52 his3A-200 trpl A-63 leu2A-1 BNI1-EGFP::KanMX6 2,36

YKT512 MATa lys2-801 ura3-52 his3A-200 trplA-63 leu2A-1 MYO2-ARG-GFP::HIS3 2,36

YKT570 MATa lys2-801 ura3-52 his3A-200 trpl A-63 leu2A-1 URA3::SPA2-EGFP 2,36

YKM14 MATa lys2-801 ura3-52 his3A-200 trpl A-63 leu2A-1 [P 4or-GFP-BUD6 CEN4 URA3)| 1, 36
Another strain, TYSH1 MATa his3 leu2 trpl ade?2 ura3 spa2A::HIS3 11

“ 8SSTI encodes a protease that degrades the mating pheromone a-factor, and the sst/-2 mutation thus renders cells hypersensitive to a-factor without affecting the

mating reaction (6, 32, 51).

b Strain H321 was constructed by using the gene disruption plasmid pBS3 (gift from T. Miyakawa), and successful disruption of the CNBI gene was confirmed by

tetrad analysis, PCR, and phenotypic analysis.

hyperosmotic stress-induced increase in the cytosolic Ca**
concentration ([Ca“]cyt) (34). Midl1 is also required for the
antiarrhythmic agent amiodarone-induced increase in
[Ca”]Cyt (7, 15) and a hexose-induced transient increase in
[Ca® Ty (54).

Spa2 is a polarisome protein (or a polarity-determining pro-
tein) involved in polarized morphogenesis induced by mating
pheromone, localizes at the polarized growth site (called the
shmoo tip), and is required for efficient mating (13). Polari-
some proteins form a 128 complex, in which Spa2, Pea2, Bud6,
and Bnil assemble (23, 49). The polarisome proteins function
as an apical scaffold for Cdc24-Cdc42 during apical shmoo
formation and regulate the organization of the actin cytoskel-
eton (45). Cdc42 is a Rho GTPase and has an essential func-
tion in polarizing the actin cytoskeleton (8). Cdc24 is the gua-
nine nucleotide exchange factor of Cdc42. Bnil in the
polarisome proteins interacts with profilin, a regulator of actin
polymerization (11), and with Bud6, an actin binding protein.
Bnil also interacts with Rhol, a regulator of polarized growth
in an actin-dependent manner (11, 45). Thus, the polarisome
proteins function in shmoo formation mediated by actin reor-
ganization; the actin patch localizes at the shmoo tip, the actin
cable is reorganized toward the shmoo tip orientationally, and
Bnil is at the center of the polarisome proteins. In the shmoo,
after the reorganization of actin, proteins necessary for mating
and new cell wall materials are synthesized and carried to the
shmoo tip using the secretory pathway and/or actin cable. The
amino-terminal region of Spa2 spanning from Met' to Arg'®,
called the Spa2 homology domain I (SHD-I) region, also in-
teracts with the MAP kinase kinase kinase Stell and the MAP
kinase kinases Ste7 and Mkk1/2 (49). Thus, Spa2 regulates the
MAP kinase cascades. By sensing membrane stretch during
shmoo formation, the protein kinase C cell integrity pathway
containing the MAP kinase cascade is activated (46, 57).

These cumulative observations have led us to speculate that
the polarized growth regulated by the polarisome proteins may
stretch the plasma membrane to activate Midl, resulting in the
generation of a Ca®" signal during the mating process, al-

though no evidence has been presented so far. In the present
study, we isolated a multicopy suppressor of the midl muta-
tions and found that it encodes an amino-terminally truncated
Spa2 protein. Our study on the relationship between Mid1 and
Spa2 in terms of Ca®* uptake and polarization suggests that
Spa2 regulates a Ca** channel composed of Mid1 and Cchl
through polarized morphogenesis.

MATERIALS AND METHODS

Strains, plasmids, and media. The yeast strains and plasmids used in this study
are listed in Tables 1 and 2, respectively.

Rich media and the synthetic medium SD were prepared as described by
Sherman et al. (48). Yeast nitrogen base without calcium sources (CaCl, and
calcium pantothenate) was prepared according to the Difco manual (9) and
supplemented with 1.7 M sodium pantothenate. SD.Cal00 medium was pre-
pared by adding 100 pM CaCl, to Ca®"-deficient SD-Ca medium (20). The
Escherichia coli strain XL1-Blue was purchased from Stratagene (La Jolla, CA).
Competent cells were prepared with CaCl, or by the method of Inoue et al. (22).
Luria-Bertani medium and Terrific broth were prepared as described by Sam-
brook et al. (47) and Ausubel et al. (3).

Screening for multicopy suppressors of the midl-I mutant. Strain H301
(MATa midl-1 leu2-3,112) was transformed with 10 pg of a genomic library
carried on YEp13, a multicopy vector marked with LEU2 (gift from Y. Ohya).
After incubation for 3 days at 30°C on SD plates, about 12,000 Leu™ transfor-
mants (about 500 colonies per plate) were obtained, and 0.1 ml of 1 mM «-factor
and 6 ml of SD medium containing 0.5% agar, 0.01% methylene blue, and no
leucine were overlaid on the colonies on each plate. The plates were further
incubated for several days. Eight methylene blue-negative, viable colonies,
namely, Mid" Leu™, were isolated and retested. To ensure that the suppression
of the midl-1 mutation was caused by the plasmids designated pMID101 to
pMID108, the candidate suppressor plasmids were recovered from each trans-
formant, propagated in E. coli, and reintroduced into the midI-1 mutant, and the
transformants were tested for cell viability in the liquid medium SD.Cal00
containing 6 pM o-factor. The results showed that the plasmids, except for
pMID102, suppressed the mid phenotype of the midl-/ mutant.

PCR using a set of primers that hybridize to the MIDI open reading frame
(ORF), restriction analysis of the products, and DNA sequencing of the inserts
showed that five out of the seven candidate suppressor plasmids carried DNA
fragments containing the MIDI gene itself. The remainder, pMID106 and
pMID107, carried an identical DNA fragment containing no MIDI gene, and
thus pMID106 was investigated further. DNA sequences were compared with
those in the S. cerevisiae genome using the Saccharomyces Genome Database
World Wide Web site (http:/genome-www.Stanford.edu/Saccharomyces/). Be-
cause pMID106 contained multiple ORFs, individual or clustered ORFs from
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TABLE 2. Plasmids used in this study

Plasmid Characteristic(s) Source or reference

YEp13 2pm-ori LEU2 48

pMID106 Portion of SPA2 YLL0O20C KNSI COX19 on YEp13 This study

pMID107 Same as pMID106 This study

YEp351 2pm-ori LEU2 17

YEpSPA2“ SPA2 on YEp351 11

YEpSPA2AN SPA2AN on YEp351 This study

YCplac22 ARS1 CEN4 TRPI 14

YCpSPA2AN SPA2AN on YCplac22 This study

YEplac181 2pm-ori LEU2 14

YEpMID1-GFP MIDI-GFP on YEplac181 C. Ozeki-Miyawaki et al.”
YEpGFP GFP on YEplacl81 C. Ozeki-Miyawaki et al.”

“ The original name is YEp351-SPA2 (11).

b C. Ozeki-Miyawaki, Y. Moriya, H. Tatsumi, H. Tida, and M. Sokabe, submitted for publication. YEpMID1-GFP complements the lethality and low Ca®* uptake

activity of the midI-1 mutant.

the plasmid were subcloned into multicopy vectors to identify the specific gene
responsible for the suppression of the midl mutation.

Construction of SPA2AN. To construct the plasmid YEpSPA2AN, a gene
product which lacks the region spanning from Ser® to Leu?" of the Spa2 protein,
two Xhol sites were generated stepwise in the SPA2 coding region on YEpSPA2
with the QuikChange site-directed mutagenesis kit (Stratagene) using the two
sets of primer pairs shown in Table 3: SPA2/Xhol-1F and SPA2/Xhol-1R, and
SPA2/Xhol-2F and SPA2/Xhol-2R. The mutagenized plasmid was digested with
Xhol, and the resulting DNA fragment lacking 15% of the SPA2 coding region
was subjected to self-ligation using Ligation kit version 2 (TaKaRa, Kyoto,
Japan). Successful construction of YEpSPA2AN was confirmed by DNA se-
quencing.

Disruption of the SPA2 locus in strains H207 and H301. Yeast genomic DNA
was prepared from a SPA2-deleted strain, TYSH1 (MATa ura3 leu2 trpl his3
ade2 spa2::HIS3) (gift from Y. Takai), in which nucleotides 1089 to 3099 of the
4,401-bp SPA2 ORF were replaced with a HIS3 cassette (11). Amplification of
the spa2::HIS3 region from TYSH1 was carried out by PCR with the primer pair
SPA2-HIS3-F2 and SPA2-HIS3-R2 (Table 3), and the PCR-amplified
spa2::HIS3 DNA fragment was introduced into strains H207 (MIDI) and H301
(midI-1). Successful disruption of the SPA2 gene was confirmed by PCR as well
as tetrad analysis showing that the Spa~ and His™ phenotypes always cosegre-
gated.

Measurement of the complementing ability of plasmids. Plasmids were intro-
duced into the midI-1 strain (H301) according to the method of Mount et al.
(38). Each transformant was grown to 2 X 10° cells/ml in SD.Cal00 selection
medium and received 6 uM a-factor. The viability of each transformant was
determined by the methylene blue liquid method as described by Iida et al. (19)
to estimate the ability of plasmids to complement the midI-1 mutation.

DNA sequencing. DNA sequencing was performed by an ABI Prism auto-
mated sequencing kit and an ABI 310 automated sequencer (Applied Biosys-
tems, Foster City, CA).

Determination of Ca>* accumulation. The method described by lida et al. (19)
was generally followed. Briefly, yeast cells were grown to 2 X 10° cells/ml in
SD.Cal00 medium and incubated with 6 uM a-factor and 5 wCi/ml **CaCl,
(equivalent to 185 kBg/ml; 1.8 kBg/nmol). Samples (200 pl) were filtered with a
filter (type HA, 0.45 wm; Millipore, Billerica, MA) presoaked in 5 mM CaCl, and

washed five times with 5 ml of the same solution. The radioactivity retained on
the filter was counted with a liquid scintillation counter.

Immunoblotting. Immunoblotting was performed according to the method
described previously (20). Rabbit anti-Spa2-trpE polyclonal antibodies (50) were
used to detect the wild-type Spa2 and Spa2AN proteins.

Fluorescence microscopy. Cells expressing green fluorescent protein (GFP)-
tagged proteins at the exponential phase of growth were exposed to 6 uM
a-factor for 2 h, harvested, and placed on slides. The slides were then sealed
under a coverslip. GFP images were observed using a fluorescence microscope
(Olympus IX71) with UPlanApo 100/1.35 (Olympus) as an objective lens. Images
were processed using Adobe Photoshop 7.0 (Adobe Systems).

RESULTS

Isolation of a multicopy suppressor of the midl-1 mutant.
The midil-1 mutant produces a nonfunctional Midl protein
lacking a carboxy-terminal, cytoplasmic regulatory region (33)
and dies in response to a-factor in the low-Ca** medium
SD.Cal00 (20). To identify proteins that either regulate, are
regulated by, or function in parallel with the Mid1l protein, we
searched for multicopy suppressors of the mid-1 mutant. This
mutant was transformed with a yeast genomic library carried
on a multicopy vector, and approximately 12,000 transformants
were tested for the ability to survive in the presence of a-factor.
Two plasmids, pMID106 and pMID107, derived from survivors
had the ability to suppress the mid phenotype of the midI-I
mutant, although the suppression was not complete (Fig. 1).
Sequence analysis revealed that the two plasmids contained an
identical 8.3-kb DNA fragment of chromosome 12 (101,612 to
109,924) (Fig. 2). This fragment contained three complete
ORFs (YLL020C, KNS1, and COX19) and one incomplete

TABLE 3. Primers used in this study

Primer name

DNA sequence”

For construction of SPA2AN
SPA2/Xhol-1F
SPA2/Xhol-1R...
SPA2/Xhol-2F ...
SPA2/Xhol-2R

For disruption of the SPA2 locus
SPA2-HIS3-F2
SPA2-HIS3-R2

(o)1

5'-GGG TAC GTC ACT CGA GGT TTC TCT CGC ACA TCA TAG-3'
'-CTA TGA TGT GCG AGA GAA ACC TCG AGT GAC GTA CCC-3’
5'-GAC TCC CAA GTG CTC GAG CGT GAT ATC ACA TCA ATG GC-3'
5'-GCC ATT GAT GTG ATA TCA CGC TCG AGC ACT TGG GAG TC-3'

5'-GTC AAG CGA GGT TTC TCT CGC ACA TCA TAG AG-3’
5'-CCA GAG CCA AGC TGT TGA AGC TAT CTT CTIT CG-3’

“ The boldface indicates nucleotides that have been changed to generate an Xhol site (underlined).
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FIG. 1. Suppressor activity of pMID106 and pMID107. The MID1
strain H207 containing the empty vector YEp13 and the midl-I mu-
tant strain H301 containing YEp13, pMID106, or pMID107 were
incubated with 6 pM a-factor in SD.Cal00 medium. The viability of
the cells was examined 0, 4, and 8 h after the addition of a-factor by the
methylene blue liquid method. Open circles, MID1/YEp13; filled cir-
cles, midI-1/YEp13; open triangles, midI-1/pMID106; filled triangles,
midl-1/pMID107. Note that open and filled triangles are overlapped.
Values are the means = standard deviations (SD) of three indepen-
dent experiments.

SPA2 OREF that lacked the first 666 bp of the 4,398-bp ORF as
well as its 5" noncoding region.

The specific gene responsible for the suppression was iden-
tified by subcloning individual or clustered ORFs from
pMID106 into multicopy vectors (Fig. 2). Unexpectedly, a
DNA fragment containing all three complete ORFs did not
have the suppressive activity. This suggests that the incomplete
SPA2 ORF, which encodes a truncated protein spanning from
Asp?*? to the carboxy-terminal amino acid Lys'*%, is respon-
sible for the suppression. In other words, the mutant Spa2
protein lacking an amino-terminal region may have the multi-
copy suppressor activity. To test this possibility, we tried re-
peatedly to subclone the incomplete SP4A2 ORF from
pMID106 but failed for unknown reasons. Therefore, we em-
ployed a different approach as follows.

The amino-terminally truncated Spa2 lacking the SHD-I
region is a multicopy suppressor of the midl mutant. To test
the above-mentioned possibility, the amino-terminal region
spanning from Ser’ to Leu®*°, which contains the SHD-I re-
gion responsible for interaction with Stell, Ste7, and Mkk1/2
(49), was deleted from the complete Spa2 to produce Spa2AN
(Fig. 2). A multicopy plasmid producing this mutant protein
from its own promoter was named YEpSPA2AN. The mid1-1
mutant was transformed with YEpSPA2AN, and the resulting
transformant (midI-1/YEpSPA2AN) was examined for cell vi-
ability after the addition of a-factor by the methylene blue
liquid method. Figure 3A shows quantitatively that the viability
of mid1-1/YEpSPA2AN cells was 58% at 8 h after the addition
of a-factor and that the viability level was comparable to that
of mid1-1/pMID106 and mid1-1/pMID107 cells (Fig. 1). These
results are consistent with the possibility described in the
former section and indicate that Spa2AN has the ability to
partially suppress the mid phenotype. This suppression was
dose dependent. When expressed from a low-copy plasmid,
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FIG. 2. Maps of the insert of the suppressor plasmld pMID106 and
the fragments tested for suppressor activity. Coding regions are shaded
or hatched. Arrows indicate the direction of transcription in each gene.
Fragments having suppressor activity are marked Yes and those having
no activity No. Numbers above the SPA2 and SPA2AN genes are the
positions of nucleotides from the initiation codon. The SPA2AN gene
lacks the region spanning from nucleotides 14 to 692.

SPA2AN did not suppress the mid phenotype at all (Fig. 3B).
In addition, overexpression of intact Spa2 from the multicopy
plasmid YEpSPA2 did not suppress the mid phenotype at all
(Fig. 3A). Thus, the deletion of the amino-terminal region of
Spa2 is important for the multicopy suppressor activity.

Spa2AN is overexpressed from YEpSPA2AN. To examine
whether the Spa2AN protein is overexpressed in midl-1/
YEpSPA2AN cells or missing in these cells because of amino-
terminal truncation that might result in instability of the pro-
tein, we performed immunoblot analysis. As shown in Fig. 4,
the amount of Spa2AN in midl-1/YEpSPA2AN cells (Fig. 4,
lane 5) was more than 50 times as much as that of Spa2 in
control cells (Fig. 4, lanes 2 and 3). In addition, the amount of
Spa2 in mid1-1/YEpSPA2 cells (Fig. 4, lane 6) and that of the
truncated Spa2 protein in midl-1/pMID106 cells (Fig. 4, lane
7) were nearly 50 times as much as that of Spa2 in the control
cells (Fig. 4, lanes 2 and 3). Furthermore, Spa2AN was not
significantly overproduced in midI-1/YCpSPA2AN cells (Fig.
4, lane 4). These results indicate that Spa2AN is definitely
overproduced from the multicopy plasmid YEpSPA2AN.
Therefore, the amount of Spa2AN correlates well with the
viability data shown in Fig. 1 and 3.

Direct interaction of Spa2AN with mutant Midl is unnec-
essary in multicopy suppression. If Spa2AN requires interac-
tion with the mutant Midl protein to suppress the midl-I
mutation, the plasmid YEpSPA2AN must fail to suppress the
mid phenotype of cells lacking the entire Midl protein. To
examine this possibility, YEpSPA2AN was introduced into
cells bearing another midl mutant allele, mid1-A5, which pro-
duces no Midl polypeptide because of the introduction of a
stop codon just after the initiation codon of the MIDI gene
(53), and the resulting transformant midl-AS5/YEpSPA2AN
was examined for cell viability as described above. Figure 3C
shows that the viability of midl-A5/YEpSPA2AN was essen-
tially the same as that of midI-1/YEpSPA2AN. YEpSPA2AN
did not affect the viability of the MIDI strain (Fig. 3A). These
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FIG. 3. Suppressor activity of YEpSPA2AN and YEpSPA2.
(A) The MIDI strain bearing YEp351 or YEpSPA2AN and the midI-1
mutant bearing a multicopy plasmid (either YEpSPA2AN, YEpSPA2,
or YEp351) were incubated with 6 pM a-factor in SD.Ca100 medium
and examined for viability as described in the legend to Fig. 1. Open
circles, MID1/YEp351; filled circles, mid1-1/YEp351; open triangles,
MIDI/YEpSPA2AN; filled triangles, midI-1/YEpSPA2AN; open
squares, midl-1/YEpSPA2. (B) The MID1I strain bearing the low-copy
plasmid YCpSPA2AN and the midl-I mutant bearing either
YCpSPA2AN or empty vector YCplac22 were incubated and examined
for viability as described above. Open circles, MID1/YCpSPA2AN;
filled circles, midI-1/YCpSPA2AN; open triangles, midI-1/YCplac22.
(C) The MID1 strain bearing YEp351 and the midI-A5 mutant bearing
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results indicate that SPA2AN is not an allele-specific suppres-
sor and that the Spa2AN protein does not interact with mutant
Mid1 proteins to partially suppress the midl mutations.

Low Ca’>* uptake activity of midl-1 cells is not remedied by
SPA2AN. To investigate whether the partial suppression of the
midl mutations by SPA2AN is due to an increase in Ca**
uptake activity by Spa2AN, Ca** accumulation in MIDI and
midI-1 cells expressing Spa2AN was measured after the addi-
tion of a-factor. Figure 5 shows that Spa2AN did not increase
Ca?* accumulation in midi-1 cells. This indicates that a pos-
sible increase in Ca®>* uptake does not account for the sup-
pression of the midl mutations by Spa2AN. Interestingly,
Spa2AN markedly decreased Ca®** accumulation in MIDI
cells. The implication of this result will be discussed below.

Cell death associated with the midl mutation depends on
SPA2. To investigate the phenotypes of mutant cells lacking
the entire SPA2 gene (spa2A cells) and double mutant mid1-1
spa2A cells, these cells were subjected to the viability and Ca**
accumulation assays. Figure 6A shows that both spa2A cells
and midI-1 spa2A cells did not die even 8 h after the addition
of a-factor, like MIDI SPA2 cells. This result indicates that
SPA2 is epistatic to MIDI. Therefore, it is likely that Midl
becomes functional after Spa2 has functioned.

Ca®* accumulation significantly decreased in spa2A cells
(Fig. 6B). Furthermore, Ca®>* accumulation in midI-1 spa2A
cells was lower than that in mid1-1 cells and spa2A cells. Thus,
the midI-1 mutation and the spa2A mutation have an additive
effect on the decrease in Ca** accumulation.

Cells overexpressing Spa2AN are unable to develop a well-
polarized mating projection. It has been shown that when
exposed to a-factor, spa2A cells change into incomplete
shmoos that do not have a well-polarized mating projection
(13, 49). We thus examined the morphology of midI-1 or MID1
cells lacking SPA2 or expressing SPA2AN after exposure to
a-factor for 2 h. As shown in Fig. 7A and B, MID1 and mid1-1
cells differentiated into shmoos having a well-polarized mating
projection. In contrast, 7C shows that spa2A cells developed a
peanut shell-like morphology without a mating projection as
reported previously (13). Interestingly, the morphology of
midl-1 spa2A cells was essentially the same as that of spa2A
cells (Fig. 7D), indicating that SPA2 is epistatic to MIDI. This
is consistent with the result of the viability assay shown in Fig.
6A.

MID] and midI-1 cells overexpressing SPA2AN (Fig. 7E and
F) as well as those containing the original suppressing plasmid
pMID106 (data not shown) also changed into cells without a
mating projection. This result suggests that the Spa2AN pro-
tein interferes with the function of the normal Spa2 protein.

Spa2AN overexpression partially interferes with the target-
ing of Midl. As described above, Spa2AN overexpression re-
sulted in a marked decrease in Ca>* accumulation in MID1
cells (Fig. 5). The decrease may be due to Mid1 mislocalization
caused by Spa2AN overexpression. We examined this possibil-

a multicopy plasmid (either YEpSPA2AN, YEpSPA2, or YEp351)
were incubated and examined for viability as described above. Open
circles, MID1/YEp351; filled circles, midI-A5/YEp351; open triangles,
midl-A5/YEpSPA?2; filled triangles, midl-A5/YEpSPA2AN. Values
are the means = SD of three independent experiments.
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6, mid1-1/YEpSPA2 50
7, mid1-1/pMID106 50

FIG. 4. Estimation of the amount of overexpressed Spa2AN. Yeast
strains used were H207-SD (spa2A), H207 (MID1 SPA2), and H301
(mid1-1). Each strain with or without an appropriate plasmid (see the
panel) was grown to the exponential phase, and total cell extracts were
prepared by homogenization with glass beads. The protein concentra-
tion of all samples was adjusted to 2 mg/ml, and the extracts of midI-
I/YEpSPA2AN (lane 5), midIl-1/YEpSPA2 (lane 6), and midl-1/
pMID106 (lane 7) were diluted 50-fold in the extracts of spa2A cells.
Samples (20 pg protein each) were then subjected to 4 to 20% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis followed by immu-
noblotting with antibodies against the Spa2-trpE protein. Note that the
wild-type Spa2 protein with the apparent molecular mass of 192 kDa,
which has been expressed from the chromosomal SPA2 gene, is not
detectable in lanes 5 and 7 because of the 50-fold dilution. Arrows
represent the apparent molecular mass estimated with molecular
weight markers. A representative of three independent experiments
that gave essentially the same results is shown.

ity by observing the distribution of Mid1-GFP in Spa2AN-
overexpressing cells incubated with a-factor for 2 h. The Mid1-
GFP protein used in this study was fully active because this
protein expressed from plasmids complemented the lethality
and low Ca”" uptake activity of the midl mutant (C. Ozeki-
Miyawaki, Y. Moriya, H. Tatsumi, H. Iida, and M. Sokabe,
submitted for publication). Figure 8A shows that in control
cells, Mid1-GFP was present in the plasma membrane and the
endoplasmic reticulum membrane as reported previously (56).
By contrast, in Spa2AN-overexpressing cells a considerable
amount of Mid1-GFP was accumulated in the cytoplasm, al-
though a part of Mid1-GFP was duly present in the plasma
membrane (Fig. 8B). GFP was distributed throughout the cy-
toplasm (Fig. 8C). These results indicate that Spa2AN overex-
pression results in a partial retardation of the membrane tar-
geting of Midl.

Spa2AN overexpression results in mislocalization of normal
Spa2. Spa2 is localized at the tip of the mating projection of
a-factor-treated cells (13). Spa2AN may interfere with the lo-
calization of wild-type Spa2 when overexpressed and thus re-
strict Spa2 function. To examine this possibility, we analyzed
the effect of Spa2AN overexpression on the localization of
Spa2-GFP produced from the chromosomal SPA2-GFP gene
(2) by fluorescence microscopy. Cells expressing Spa2-GFP
with or without YEpSPA2AN were grown to the exponentially
growing phase and incubated with a-factor for 2 h. As shown in
Fig. 9A and B, in control cells Spa2-GFP was present at the tip
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FIG. 5. Ca®>" accumulation in midl-1 and MIDI cells bearing
YEpSPA2AN. Cells were incubated in SD.Cal00 medium and re-
ceived 6 uM a-factor, after which Ca** accumulation was measured.
Open circles, MID1/YEp351; filled circles, midl-1/YEp351; open tri-
angles, MIDI1/YEpSPA2AN; filled triangles, midl-1/YEpSPA2AN.
Values are the means *= SD of three independent experiments.

of the mating projection as reported previously (13), whereas
in Spa2AN-overexpressing cells it was distributed throughout
the cytoplasm with a slight accumulation around the edge of
the cells. This result clearly indicates that Spa2AN interferes
with the localization of intact Spa2-GFP.

Spa2 associates with Bnil and Bud6 to make the polarisome
(23, 49). Spa2AN may also interfere with the localization of
Bnil and Bud6. To examine this possibility, the same experi-
ments as those for Spa2-GFP were performed on Bnil-GFP- or
GFP-Bud6-expressing cells, in which Bnil-GFP was produced
from the chromosomal BNII-GFP gene (36) and GFP-Bud6
from the GFP-BUDG6 gene under the control of the ACTI
promoter on a low-copy plasmid (1). Bnil-GFP underwent a
mislocalization similar to Spa2-GFP in Spa2AN-overexpress-
ing cells (Fig. 9C and D), but GFP-Bud6 was less affected by
Spa2AN overexpression than the former two proteins (Fig. 9E
and F).

Myo2 is an unconventional type V myosin required for po-
larized delivery of secretory vesicles and localized at the pro-
jection tip but is not a polarisome protein (24, 30). We em-
ployed Myo2-GFP as a negative control and found that the
localization of Myo2-GFP was not affected by Spa2AN over-
expression (Fig. 9G and H).

YEpSPA2AN also suppresses the mid phenotype of the cchl
and cnbI null mutants. Because Mid1 constitutes HACS with
Cchl as mentioned above, the mid phenotype of cells lacking
Cchl may be suppressed by YEpSPA2AN. We examined this
prediction and found that this is the case (Fig. 10A).

Calcineurin, the Ca®"/calmodulin-dependent protein phos-
phatase, is suggested to function downstream of Midl and
Cchl (4, 34, 37, 55), and cells defective in calcineurin die in
response to a-factor or endoplasmic reticulum stress agents,
such as tunicamycin, like midI cells (4, 37, 55). It is therefore
possible that the mid phenotype of cnbIA cells lacking the
regulatory subunit of calcineurin and thereby having no func-
tional calcineurin would be suppressed by Spa2AN. Figure 10B
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FIG. 6. SPA2 is epistatic to MIDI and required for Ca*" accumu-
lation. The viability (A) and Ca** accumulation (B) of the MIDI SPA2
strain, the midl-1 and spa2A single mutants, and the midi-1 spa2A
double mutants after exposure to a-factor in SD.Cal00 medium are
shown. Viability and Ca®" accumulation were examined as described
in the legends to Fig. 1 and 4, respectively. Open circles, MIDI SPA2
cells; filled circles, midi-1 cells; open triangles, spa2A cells; filled tri-
angles, midl-1 spa2A cells. Values are the means = SD of three
independent experiments.

shows that YEpSPA2AN suppressed the mid phenotype of
cnblI A cells, supporting the above possibility.

DISCUSSION

We have shown that the Spa2AN protein lacking a region
from Ser® to Leu® acts as a multicopy suppressor of the mid
phenotype of the midl-1 mutant. The midl-I mutation has
been identified to be a nonsense mutation and thereby pro-
duces a mutant Midl protein lacking the carboxy-terminal
region (33). Because overexpression of the Spa2AN protein
also suppresses the mid phenotype of the null mutant bearing
the midl-A5 allele resulting in no production of the Midl
polypeptide (53), it was suggested that the suppressive effect is
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A, MID1 SPAZ2 B, midi1-1

F, mid1-1/
YEpSPA2AN

D, mid1-1 spa2A

E, MIDT SPAZ/
YEpSPA2AN

FIG. 7. Morphology of a-factor-treated cells. Cells of various
strains were incubated in SD.Ca100 medium containing 6 uM a-factor
for 2 h, after which the cells were photographed under a differential
interference contrast microscope (DIC). Typical examples are shown.
A, MID1 SPA?2 cells; B, a mid1-1 cell; C, a spa2A cell; D, mid1-1 spa2A
cells; E, a MIDI SPA2 cell bearing YEpSPA2AN; F, a midI-1 cell
bearing YEpSPA2AN.

not due to a direct binding of the Spa2AN protein to the
mutant Midl protein. We have also shown by immunoblot
analysis that the Spa2AN protein is actually overproduced
from the multicopy plasmid YEpSPA2AN with at least a 50-
fold increase (Fig. 4).

The relationship between Spa2 and Midl on the mid phe-
notype pathway. In general, a multicopy suppressor comple-
ments a mutation by one of the following mechanisms. (i) The

A,
MID1/
YEpMID1-GFP

B,
MID1/
YEpMID1-GFP
YEpSPA2AN

C,
MID1/
YEpGFP
YEpSPA2AN

FIG. 8. Localization of the Mid1-GFP fusion protein in Spa2AN-
overexpressing cells. Exponentially growing MIDI cells transformed
with various plasmids were incubated with 6 uM «-factor for 2 h,
harvested, and observed by DIC (left panels) or fluorescence micros-
copy (right panels). (A) A cell transformed with YEpMID1-GFP.
(B) A cell transformed with YEpMID1-GFP and YEpSPA2AN. (C) A
cell transformed with YEpGFP and YEpSPA2AN. Typical examples of
the cells are shown. Essentially the same results were obtained in at
least two additional experiments, independently.
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FIG. 9. Localization of polarisome proteins in Spa2AN-overexpressing cells. Exponentially growing cells expressing Spa2-GFP, Bnil-GFP,
GFP-Bud6, Myo2-GFP, or no GFP fusion protein were transformed with the empty vector YEp351 or YEpSPA2AN, incubated with 6 wM «a-factor
for 2 h, harvested, and subjected to microscopic analysis as described in the legend to Fig. 8. The left panel for each transformant shows DIC
analysis; the right panel for each transformant shows fluorescence microscopy. (A and B) A Spa2-GFP-expressing cell (strain YKT570) with
YEp351 and YEpSPA2AN, respectively. (C and D) A Bnil-GFP-expressing cell (YKT455) with YEp351 and YEpSPA2AN, respectively. (E and
F) A GFP-Bud6-expressing cell (YKM14) with YEp351 and YEpSPA2AN, respectively. (G and H) A Myo2-GFP-expressing cell (YKT512) with
YEp351 and YEpSPA2AN, respectively. (I and J) A cell expressing no GFP fusion protein (YKT38) with YEp351 and YEpSPA2AN, respectively.
Typical examples of the cells are shown. Essentially the same results were obtained in at least two additional experiments, independently.

suppressor product binds to and remedies the mutated gene
product. (ii) The suppressor product has essentially the same
function as the mutated gene product. In the case of this study,
it could be another Ca®*-permeable channel or an activator.
(iii) The suppressor product acts downstream of the mutated
gene product in a common signaling pathway. (iv) The sup-
pressor product acts before the execution phase of the mutated
gene product and interferes with a step that is prerequisite for
the functioning of the mutated gene product when overpro-
duced, and eventually the mutant cells do not enter into a
regular pathway and then survive. Our genetic analysis has
suggested the fourth mechanism for the Spa2AN protein (see
below).

The Ca®" accumulation assay precludes the first and second
mechanisms. If either one of these mechanisms is involved, a
low level of Ca®" accumulation in the midI-1 mutant should be
remedied by Spa2AN expressed from the multicopy plasmid
YEpSPA2AN. However, the plasmid did not increase Ca**
accumulation in the midl-1 mutant (Fig. 5). The observation
that YEpSPA2AN was able to complement the mid phenotype
of the midI-A5 null mutant also precludes the first mechanism,
as mentioned above.

The third mechanism would not be supported by multicopy
suppression experiments. If the Spa2 protein acts downstream
of Midl, overproduction of the wild-type Spa2 protein from

multicopy plasmid YEpSPA?2 might suppress the low viability
of the midl-1 mutant. However, this is not the case (Fig. 3).

Analyses of the midI-1 spa2A double mutant preclude the
third mechanism and support the fourth mechanism. If Spa2
acts downstream of Midl, then the phenotype of the double
mutant should be the same as that of the midI-1 single mutant.
On the other hand, if Spa2 acts before the execution phase of
Midl1, the phenotype of the double mutant should be the same
as that of the spa2A single mutant. The viability and morphol-
ogy of the midI-1 spa2A mutant after exposure to mating
pheromone were essentially the same as those of the spa2A
single mutant (Fig. 6A and 7C and D), being consistent with
the latter possibility, namely, the fourth mechanism. Further-
more, the fourth mechanism is also supported by the observa-
tion that the morphology of midI-1/YEpSPA2AN cells is the
same as that of spa2A cells, suggesting that the Spa2AN protein
interferes with the normal Spa2 protein and thereby prevents
cells entering the mating process, in which the function of
Midl1 is required. This suggestion is supported by direct obser-
vation of the localization of Spa2-GFP in Spa2AN-overexpress-
ing cells (Fig. 9). Note that, in the fourth mechanism, Mid1 is
not necessarily a downstream component of Spa2 in a single
signaling pathway. Spa2 would affect many cellular compo-
nents through stimulation of polarized growth, and Midl
would be one of them.
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FIG. 10. Suppression of the cchlA and cnbIA mutations by
YEpSPA2AN. (A) The CCH1 strain bearing YEp351 and the cchl null
mutant (cchlA) bearing a multicopy plasmid (either YEpSPA2AN,
YEpSPA2, or YEp351) were incubated with 6 uM «-factor in
SD.Cal00 medium and examined for viability as described in the
legend to Fig. 1. Open circles, CCH1/YEp351; filled circles, cchlA/
YEp351; open triangles, cchiA/YEpSPA?2; filled triangles, cchlA/
YEpSPA2AN. (B) The CNBI strain bearing YEp351 and the cnbIA
mutant bearing a multicopy plasmid (either YEpSPA2AN, YEpSPA2,
or YEp351) were incubated and examined for viability as described
above. Open circles, CNBI/YEp351; filled circles, cnblA/YEp351;
open triangles, cnb1 A/YEpSPAZ; filled triangles, cnb1A/YEpSPA2AN.
Note that the wild-type strains CCHI, CNBI, and MID1 are identical
to each other. Values are the means = SD of three independent
experiments.

It is still possible to speculate that Spa2 acts on one path-
way (viability) but not the other (Ca®" influx), because
YEpSPA2AN does not suppress the low Ca®" accumulation
activity of the midl mutant (Fig. 5) even though it suppresses
the cell death phenotype (Fig. 3A). However, it should be
noted that YEpSPA2AN markedly lowers the Ca®* accumu-
lation of MID1 cells (see MID1/YEpSPA2AN in Fig. 5). This
indicates that YEpSPA2AN inhibits the Ca** uptake activity
of the intact Mid1, and thus it is reasonable that YEpSPA2AN
does not remedy the low Ca®" accumulation of the midl mu-
tant. Therefore, the Ca?™ accumulation assay does not support
the above speculation.

Another speculation might be possible: Mid1 negatively reg-
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ulates Spa2 function sometime in the mating process, probably
through the influx of Ca®*, and Spa2 function leads to cell
death in the midl mutants. Loss of Spa2 function caused by
either YEpSPA2AN or the spa2A mutation, therefore, rescues
the midl mutants from death. This speculation can explain all
of the results on cell viability presented in Fig. 1, 3A and C, and
6A. However, it cannot explain why YEpSPA2AN and the
spa2A mutation result in a decrease in Ca®" accumulation
(Fig. 5 and 6B) unless one of the functions of Spa2 is postu-
lated to activate Midl on the basis of the fourth mechanism.

A role for Spa2 in Midl function. The Ca®>* accumulation
assay has provided a novel insight into a mechanism of Ca?"
uptake. The observation that the level of Ca*" accumulation
was significantly lower in spa2A mutant cells than in SPA2 cells
(Fig. 6B) suggests that the Spa2 protein is required for Ca*"
uptake to some extent. Because the level in the midI-1 spa2A
mutant is lower than that in the midl/-1 mutant, the Spa2
protein may also have the ability to regulate a Ca**-permeable
channel other than the Ca** channel composed of Mid1. Mul-
ler et al. reported that Spa2 is required for Ca®" uptake
through a low-affinity Ca?* influx system (LACS) that proba-
bly involves the Figl protein but not Midl and Cchl (39, 40).
LACS is reported to be stimulated by mating pheromone in
rich media, such as YPD, while a HACS composed of Midl
and Cchl is activated by mating pheromone in low-Ca** me-
dia, such as SD.Cal00.

Fluorescence microscopy has indicated that although there
is a considerable accumulation of Mid1-GFP in the cytoplasm
of Spa2AN-overexpressing cells, a part of Mid1-GFP is suc-
cessfully localized to the plasma membrane (Fig. 8). We spec-
ulate that the properly targeted Midl might be nonfunctional
in Spa2AN-overexpressing cells because Ca?* accumulation in
the cells is markedly decreased (Fig. 5).

Fluorescence microscopy has also indicated that Spa2AN
overexpression interferes with the localization of the normal
Spa2-GFP protein to the projection tip (Fig. 9). Furthermore,
Spa2AN overexpression has the same effect on one of the
polarisome proteins, Bnil-GFP, while it has a small effect on
the localization of another polarisome protein, GFP-Bud6, and
no effect on a nonpolarisome protein, Myo2-GFP. The results
are consistent with the observations that Bnil localization is
markedly dependent on Spa2 (42) and that Bud6 is partially
associated with Spa2 and not required for Spa2 localization
(49). Therefore, we suggest that Spa2AN interferes with the
polarisome proteins according to their ability to interact with
Spa2.

In summary, a possible but not conclusive explanation for
the findings in this study is as follows. Spa2 acts to form the
polarized mating projection where the plasma membrane is
stretched because of the reconstruction of the cell wall at the
mating projection, and then Midl is activated by membrane
stretch. The Spa2AN protein interferes with the function of the
normal Spa2 protein and eventually inhibits the formation of
the mating projection; thereby, Midl function is abrogated
because of a lack of membrane stretch. If this speculation is
correct, the mid phenotype of the cchl mutant should also be
suppressed by YEpSPA2AN because Cchl and Midl cooper-
ate in mating pheromone-treated cells (10, 39, 43), and this was
found to be the case (Fig. 10A). Therefore, one of the func-
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tions of Spa2 is most likely to activate the Mid1/Cchl Ca**
channel by forwarding polarized growth.

Implication for other organisms. Stretch-activated Ca?”-
permeable channels are suggested to be important for polar-
ized morphogenesis in various fungi and plant cells. For exam-
ple, at growing hyphal tips of the oomycete Saprolegnia ferax, a
tip-high gradient of stretch-activated Ca®*-permeable chan-
nels is formed (12), and the peripheral F-actin network is
suggested to establish or maintain the tip-high gradient (29).
At the tips of growing Lilium longiflorum pollen tubes, Ca**
oscillations are generated, and the source of the oscillation is
suggested to be Ca** influx through Ca®>* channels mechani-
cally coupled to membrane stretch (18, 35). Because the mo-
lecular nature and activation mechanism of these stretch-acti-
vated Ca®"-permeable channels are still unknown, the present
study on Midl and Spa2 should add new insight into the mo-
lecular mechanism of polarized morphogenesis.
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