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By establishing a unique screening method, we have isolated yeast mutants that die only after differentiating
into cells with a mating projection, and some of them are also defective in Ca2+ signaling. The mutants were
classified into five complementation groups, one of which we studied extensively. This mutation defines a new
gene, designated MIDI, which encodes an N-glycosylated, integral plasma membrane protein with 548 amino
acid residues. The mid)-) mutant has low Ca21 uptake activity, loses viability after receiving mating
pheromones, and escapes death when incubated with high concentrations of CaCl2. The MID) gene is
nonessential for vegetative growth. The efficiency of mating between AL4Ta mid)-) and MATa mid)-) cells is
low. These results demonstrate that MID) is required for Ca2+ influx and mating.

In cells of the yeast Saccharomyces cerevisiae, Ca2+ plays a
role in the mitotic cycle and mating process (for review, see
reference 2). A sufficient concentration of Ca2 is necessary
for mitotic cells to traverse the G1 and G2/M phases (21).
Mating pheromones induce Ca2+ influx with a lag of approx-
imately 30 min (22, 41, 42), followed by a rise in the cytosolic
Ca2+ concentration ([Ca2+]1) (22). This rise is essential for
maintaining the viability of the cells that have differentiated
into cells (so-called "shmoos") having a mating projection
(22). However, mutants and genes responsible for Ca2+ influx
and Ca2+ signal transduction have not been isolated so far.
The mating process is triggered by the mating pheromones

a- and a-factors, which are synthesized and secreted byA Ta
and MATa cells, respectively (8, 17, 36, 54, 56). The mating
pheromones induce orderly responses in cells of the opposite
mating types. In the early stage, the pheromones induce an
increase in the transcription of a small set of genes (8, 36),
induce cell surface agglutinins that increase the ability to
agglutinate with the other cell types (11, 33, 55), and arrest the
cell division cycle at START (6, 15). In the late stage, the
pheromones lead the G,-arrested cells to differentiate into
shmoos. A mating pair with shmoos of opposite mating types
undergoes cell and nuclear fusion to yield a MA Ta/MA4Ta
diploid (37, 45, 57). Finally, some of the shmoos in a mating
mix that have failed to mate can recover from pheromone-
induced cell cycle arrest (8).

Early events in the mating pheromone response pathway
have been intensively studied because they involve mechanisms
similar to those found in mammalian cells and thereby offer a
model system for the genetic study of signal transduction (8,
17, 36). However, the mechanisms underlying the late events
remain to be clarified, because only a limited number of genes
responsible for the late events have been isolated (4, 8).

In this study, we developed a simple method for isolating
yeast mutants defective in Ca2+ influx and possibly defective in
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the Ca2+ signaling process on the basis of our finding that
MATa cells die after differentiating into shmoos when incu-
bated with a-factor in a Ca2+-deficient medium (22). We
speculated that mutants that die specifically after changing into
shmoos in complete medium have a defect during a late event
in the mating process, and some of these mutants die because
of a defect in Ca2" influx or the Ca2+ signaling cascade. We
show that the method, named the methylene blue plate (MBP)
method, is effective for isolating these mutants and report that
one of them, the midl mutant, is indeed defective in Ca2+
influx and the late stage of the mating process.

MATERIALS AND METHODS

Strains, media, and pheromones. The yeast strains used in
this study are listed in Table 1. Rich media and a synthetic
medium, SD, were prepared as described by Sherman et al.
(51). Yeast nitrogen base was prepared according to the
formula given in the Difco manual (lOa). Because SD medium
contains 680.2 puM CaCl2 and 0.8 RM calcium pantothenate, in
the Ca2+-deficient medium SD-Ca CaCl2 was omitted and
calcium pantothenate was replaced by sodium pantothenate.
SD.Ca100 medium was prepared by adding 100 jiM CaCl2 to
SD-Ca medium. Synthetic presporulation medium contained
6.7 g of yeast nitrogen base without amino acids per liter and
10 g of potassium acetate per liter. These media were supple-
mented with the appropriate nutrients as described in refer-
ence 51. The sporulation medium contained 10 g of potassium
acetate per liter.

Escherichia coli XL1-Blue was purchased from Stratagene
(La Jolla, Calif.). Competent cells were prepared with CaCl2
(47) or by the method of Inoue et al. (24). Luria-Bertani
medium and terrific broth were prepared as described in
reference 47.

Isolation of mid mutants by the MBP method. Mutagenesis
with ethyl methanesulfonate (Sigma, St. Louis, Mo.) was
carried out essentially as described in reference 51. The
parental strain, H207, contained the sstl-2 mutation, which
results in the production of a deficient protease responsible for
the degradation of exported a-factor but which does not
significantly affect mating and thus greatly facilitates the
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TABLE 1. S. cerevisiae strains used in this study

Strain Genotype Source or reference

Isogenic derivatives of H207
H207a lMATa his3-Al leu2-3,112 trpl-289 ura3-52 sstl-2 This work
H2071b MATa his3-Al leu2-3,112 trpl-289 ura3-52 This work
H2072C MATax his3-Al leu2-3,112 trpl-289 ura3-52 This work
H2073 MATa leu2-3,112 trpl-289 ura3-52 This work
H2074 MATa his3-Al trpl-289 ura3-52 This work
H301 AATa his3-Al leul-3,112 trpl-289 ura3-52 sstl-2 midl-] This work
H3011 AMTa his3-A] leu2-3,112 trpl-289 ura3-52 midl-] This work
H3012 MATa his3-Al leu2-3,112 trpl-289 ura3-52 midl-] This work
H3013 ALTa leu2-3,112 trpl-289 ura3-52 midl-] This work
H3014 MATa his3-A] trpl-289 ura3-52 midl-] This work
H207D MATa/MATa his3-AlIhis3-Al leu2-3,112/leu2-3,112 trpl-289/trpl-289 ura3-52/ura3-52 This work

Isogenic derivatives of KA31
KA31d MATa/MAoTa his3lhis3 eu2/leu2 trplItrpl ura3/ura3 25
KA31-1A MATa his3 leu2 trpl ura3 (a segregant of KA31) This work
KA31-1B MATa his3 leu2 trpl ura3 (a segregant of KA31) This work
KA31-A1 MATahIMATa his3lhis3 leu2Ileu2 trpl/trpl ura3/ura3 mid]-AlIMID1 This work
KA31-B1 MATa/MA Ta his3lhis3 leu2/leu2 trpl/trpl ura3/ura3 midl-A2/MID1 This work
KA31-C1 AL4Ta/MA Ta his3/his3 leu2Ileu2 trpl/trpl ura3lura3 midl-A3/MIDI This work
KA31-D1 MATaIMATa his3/his3 leu2/leu2 trpl/trpl ura3/ura3 midl-A4IMID] This work

Other strains
X2180-1A AL Ta SUC2 mal mel gal2 CUP1 YGSCe
X2180-1B MATa SUC2 mal mel gal2 CUP1 YGSC
IS446-12C MATa met2 pha2 ade5 cyh2 hisS-20 leu2-I0 IysS pet]4 ma3 trpS YGSC
CPLl-Al-3L MATa MID1::LEU2 leu2-3,112 This work
a This strain was constructed by crosses and dissections of the original sstl-2 strain RC629 (7), X2180-1B, and our stock (strain HE61-6C; MA To his3-Al leu2-3, 112

trpl-289 ura3-52).
b The sstl-2 allele of H207 was replaced by the SSTI (BAR]) allele (35) by using the pop-in/pop-out allele replacement method (46).
The mating type was switched by transformation with the plasmid YCp5O-HO (18).

d KA31 is a GAL+IGAL+ strain.
e YGSC, Yeast Genetic Stock Center, University of California, Berkeley.

isolation of mutants defective in the a-factor response pathway
(7, 35, 53). Cells mutagenized to give 60% viability were
poured onto an SD-agar plate with 6 ml of SD medium
containing 0.5% agar and 0.01% methylene blue and were
incubated for 2 days at 30'C. This procedure was designed to
result in approximately 6,000 white colonies 0.2 to 0.4 mm in
diameter per plate. One milliliter of 0.1 mM a-factor was
added to the plate. The plate was then rocked, uncovered,
placed for about 30 min in a Clean Bench (Nihon Ikakikai,
Osaka, Japan) until the surface of the agar dried, covered, and
incubated for 12 to 24 h at 30'C. Colonies mainly consisting of
dead cells became blue. The blue colonies were picked up with
a Varipette (Eppendorf, Hamburg, Germany), suspended in
0.1 ml of SD medium, streaked onto an SD-agar plate, and
incubated for 2 days at 30'C. Six colonies from each single blue
colony were then suspended in 0.1 ml of SD medium contain-
ing 3 p.M (5 U/ml) a-factor and 0.005% methylene blue in a
96-well plate and incubated for 10 h. Methylene blue-positive
cells were identified as mid mutants under the microscope.
Reexamination of viability in liquid medium was essential,
because blue colonies were contaminated with viable cells from
white colonies when a-factor was added to the plate. Cells in
blue colonies are not necessarily 100% inviable, because cells
in the center of the colonies are protected from the action of
a-factor.

Characterization of mid mutants. Mutant strains (MA Ta
mid sstl-2) were mated with the isogenic wild-type strain
H2072 (AL4Ta SST1). The resulting diploids were sporulated
and the segregants (MATa mid SST1) were further back-
crossed twice to H2072. The resulting diploids were subjected

to tetrad analysis (51). After the mating type of the haploid
segregants in each tetrad was determined, 10 U of a- or
a-factor per ml was added to MATa or AM Ta. segregants,
respectively, that were grown in SD.CalOO. The assay mixtures
were incubated for 10 h, and the viability of the segregants was
examined by the methylene blue liquid method. The mid
mutants whose mating type was a died in response to a-factor,
although the viability of AMTaL cells is higher than that of
AL4Ta cells. The mid phenotype segregated 2+:2-.

Genetic methods. The standard methods (51) for mating,
sporulation, dissection of asci, and tetrad analysis were gener-
ally followed. Complementation between mid mutants and
dominance versus recessiveness were tested with MATa/MATa
diploids constructed by protoplast fusion between MATa
strains, because MA Ta/MAToa diploids do not respond to
a-factor. The mid mutants and the parental strain with the a
mating type were transformed by either YCp5O (URA3) or
YEp13 (LEU2). Protoplasts from the resulting transformants
bearing YCp5O and those bearing YEp13 were fused as
described in reference 14. The fused cells were confirmed to be
diploids by examining cell size and DNA content per cell,
exposed to ao-factor for 10 h, and mixed with 0.01% methylene
blue. The viability of the fused cells was examined by counting
methylene blue-positive and -negative cells under a micro-
scope.
Recombinant DNA techniques. Extraction of plasmids, re-

striction endonuclease digestion, and ligation of DNA frag-
ments were carried out as described in reference 47. Yeast
chromosomal and plasmid DNAs were prepared by the
method of Holm et al. (19). Oligonucleotides were synthesized
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with a model 380B DNA synthesizer (Applied Biosystems,
Inc., Foster City, Calif.) and were used without purification.

Cloning of the MID] gene by the MBP method. The MIDI
gene was isolated as follows. About 6,000 Leu+ transformants
(about 500 colonies per plate) of the A4Ta midl-] leu2-3,112
strain (H301) were grown for 3 days at 30'C on SD-agar plates
without leucine, after the introduction of a yeast genomic
library carried on the YEp13 shuttle vector (59). Thereafter,
0.1 ml of 1 mM ax-factor and 6 ml of SD medium containing
0.5% agar, 0.01% methylene blue, and no leucine were added,
and the mixture was incubated for several additional days.
Three methylene blue-negative transformants were isolated,
each of which carried a plasmid responsible for complementing
the midl-] mutation. Restriction analysis showed that the
three plasmids shared an overlapping sequence.
We proved that the cloned DNA contained the MIDI gene

by the gap-repair method (46) instead of the method of
integrative mapping (see below).

Recovery of the mid) allele by the gap-repair method.
YCpMID1-21 was digested with HindIII and relegated to
eliminate the 1.7-kb HindIII-HindIII fragment containing al-
most the entire coding region of MID] and its 5'-noncoding
region, giving YCpMID1-2ldH. YCpMID1-21dH was linear-
ized at the HindIII site and introduced into H301 (midl-l) and
the parental strain, H207. The gap-repaired plasmids, desig-
nated YCpMID1-21GRM and YCpMID1-21GRW, were res-
cued from Leu+ transformants of the mutant and wild-type
strains, respectively. These plasmids were introduced into
H301, and their ability to complement the midl-] mutation
was examined by the methylene blue liquid method. The
results showed that YCpMID1-21GRW, but not YCpMID1-
21GRM, complemented the mid]-] mutation. Genomic South-
ern blots of yeast chromosomal DNA under low-stringency
conditions showed that the MID] gene is a single-copy gene
per haploid genome. These results indicate that the comple-
menting plasmid YCpMID101 contained the bona fide MID]
locus.

Subcloning and DNA sequencing of the MID) gene. YCp-
MID1-1 contains the 9.8-kb BamHI-BamHI fragment of YEp-
MID101 in a low-copy vector, pRS315 (52). YEpMID1-3 and
YEpMID1-4 were constructed by inserting the 5.4-kb BamHI-
PvuII and 4.5-kb PvuII-BamHI fragments of YEpMID101 into
the BamHI and SmaI sites of the multicopy vector pYO325 (a
derivative of pRS315 [a gift of Y. Ohya]), respectively. Dele-
tion series plasmids YCpMID1-11 to YCpMID1-13 were con-
structed as follows. YEpMID1-3 was deleted from the BamHI
site with Bal 31 and cleaved at the XhoI site in the multicloning
sites of the vector. The resulting fragments were cloned into
pRS315 at the SmaI and XhoI sites. Another deletion series,
YCpMID1-21 to YCpMID1-26, was constructed as follows.
YEpMID1-3 was deleted from the ApaI region in the multi-
cloning sites with Bal 31 and digested at the endogenous XhoI
site. The resulting DNA fragments were cloned into pRS315 at
the SmaI and XhoI sites. YCpMID1-23 contained the shortest
complementing DNA (2.6 kb), and both strands of the insert
were sequenced by dideoxy chain termination (48) with Seque-
nase, version 2.0 (U.S. Biochemical Corporation, Cleveland,
Ohio).

Disruption of the MID) locus. The 3.2-kb BamHI-SalI
fragment of YCpMID1-3 was inserted between the BamHI
and SalI sites in pBluescript SK+ (Stratagene), and the Sall
site of the resulting plasmid (EpMID1-31) was eliminated by
blunt ending with mung bean nuclease and religation to give
EpMID1-31S.
To construct the midl-Al mutant (see Fig. SB), plasmid

pJJ215 bearing HIS3 (27) was digested with EcoRI and HinclI,

which cleaves at the Sall site, and the resulting HIS3 gene
cassette was inserted between the EcoRI and HincII sites in
MID] on EpMID1-31S. The resulting plasmid, EpMID1-31S-
EH-HIS3, in which HIS3 is located in the opposite orientation
to MID] to prevent the generation of the read-through tran-
script, was digested with ApaI and SaclI at the multicloning
site. The linearized DNA was used to transform the diploid
strains KA31 and H207D. To construct the midl-A2 mutant,
pJJ215 was digested with EcoRI and Sall, and the resulting
HIS3 cassette was inserted between the EcoRI and BglII sites
in MIDI on EpMID1-31. The resulting plasmid, EpMID1-31-
EB-HIS3, was digested with HincIl in MID] and SpeI at the
multicloning site, and then the linearized DNA was used to
transform KA31. To construct the midl-A3 and midl-A4
mutants, pJJ215 was digested with PstI, and the resulting HIS3
cassette was inserted into the PstI site in MID] on EpMID1-31.
The resulting plasmids were subjected to restriction analysis to
determine the orientation of the inserted HIS3 cassette. The
plasmid having HIS3 with the opposite orientation was named
EpMID1-31-P-HIS3-1, and that having HIS3 with the same
orientation was named EpMID1-31-P-HIS3-2. These plasmids
were digested with SspI in MID] and SpeI at the multicloning
site to produce mid]-A3 and midl-A4. The linearized DNA
was used to transform KA31. Successful disruptions of the
MID] gene by the HIS3 cassette were confirmed by genomic
Southern blot analysis.

Genetic mapping of the MID] locus. The integration plas-
mid YIpMID-3L, which contains the LEU2 marker gene and
the Sacl-Sall fragment carrying the entire MID] gene, was
introduced into CPL1-A1 (MATa ieu2-3,112). Integration of
the plasmid into the chromosome was confirmed by Southern
blotting. The resulting strain, CPL1-A1-3L (AMTa MID]::
LEU2 leu2-3,112), was subjected to standard genetic mapping
(51).
Northern (RNA) blotting. Total RNA was isolated from

exponentially growing cells of the haploid strains KA31-1A
(MATa) and KA31-1B (MAoTa) and the diploid strain KA31
(MATa/MATo) and from KA31-1A and KA31-1B cells treated
with 6 puM a-factor for 0, 15, 30, 60, 120, and 180 min by the
method described by Hereford et al. (16). Purified total RNA
(15 rig) was separated electrophoretically in denaturating 2.2
M formaldehyde-1% agarose gels (47) and transferred to
GeneScreen nylon membrane (Du Pont-NEN). Hybridization
was performed at 420C in 50% formamide (47). The MID]
hybridization probe was a HincII-HindIll fragment from nu-
cleotide positions 156 to 1307 of the MID] DNA. The FUS]
probe was the 0.6-kb AvaI-AvaI fragment of the plasmid
pSB231 (57). The URA3 probe was the 1.0-kb PstI-PstI frag-
ment from the plasmid pJJ244 (27).

Epitope tagging. Two FLU sequences, each of which en-
codes a nine-amino-acid epitope from the influenza virus
hemagglutinin (HA) antigen (58), were introduced into the
multicloning site of pBluescript II SK+ (Stratagene) by oligo-
nucleotide-mediated site-directed mutagenesis. A sequence
containing the two FLU sequences was fused in frame to the 3'
end of the entire MID] gene on YCplacMID1-23, which had
been constructed with YCpMID1-23 (Fig. 5) and YCplac1ll
(13). The resulting plasmid, YCplacMID1-23CA5x2, contains
the entire MID] sequence followed by the two FLU sequences
that are separated by a 42-bp sequence corresponding to 14
amino acid residues. The first FLU region is preceded by a 3-bp
sequence, and the second FLU region is followed by a 72-bp
sequence (corresponding to 24 amino acid residues) and two
termination codons. Therefore, a total of 57 amino acids were
added just after the Midl protein. DNA sequencing confirmed
the fusion of Midl and the tag. The DNA and amino acid
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sequences of the fusion region containing the tag were as mended by the manufacturer, and Midl, plasma membrane
follows: H+-ATPase, and enolase were detected with the following

L D D T Y Y P Y D V P D Y A S R V D G I
5' - TTACGATACGTATTACCTTACGACGTGCCAGATTACGCCTCTAGAGTCGACGGTATC

D K L T S A T M Y P Y D V P D Y A S R I P
GATAAGCTTACTAGTGCCACCATGTACCCTTACGACGTGCCAGATTACGCCTCTAGAATTCCT

A A R G I L E R P P P R W S S S F C S L *
GCAGCCCGGGGGATCCTAGAGCGGCCGCCACCGCGGTGGAGCTCCAGCTTTTGTTCCCTTTAG
*

TGA-3'

The DNA sequence of the 3'-end region of MID1 is indicated
in boldface, those of the nine-amino-acid regions are under-
lined, and the termination codons are indicated by asterisks.
YCplacMID1-23CA5x2 completely complemented the midl-]
mutation, and the Midl-2HA fusion protein was detected by
Western blotting (immunoblotting) with the anti-HA mono-
clonal antibody 12CA5 (Berkeley Antibody Company, Rich-
mond, Calif.).

Preparation and subcellular fractionation of cell extracts
and immunoblot analysis. The methods described by Kuchler
et al. (30) were generally used with slight modifications. Yeast
cells were grown to mid-log phase (about 3 X 106 cells per ml)
in 20 to 50 ml of SD medium supplemented with appropriate
nutrients, chilled in an ice bath, harvested by centrifugation,
washed once with ice-cold lysis buffer (10 mM Tris-HCl [pH
7.8], 1 mM EDTA, 2% 2-mercaptoethanol, 1 mM phenyl-
methylsulfonyl fluoride), and then disrupted by vortex mixing
with 0.3 g of glass beads (0.45 mm in diameter) four times for
30 s each. The resulting homogenate was mixed with an
appropriate volume of lysis buffer to give a final protein
concentration of about 5 jug/pl. The protein concentration was
determined by the method of Lowry et al. (34), and 50 pug of
protein was resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). If total extracts were to be
directly analyzed by immunoblotting, cells were grown and
harvested as described above but disrupted by vortex mixing
with glass beads in 10 ,ul of SDS sample buffer (0.0625 M
Tris-HCl [pH 6.8], 5% SDS, 10% 2-mercaptoethanol, 10%
glycerol, 0.001% bromophenol blue) containing 1 mM phenyl-
methylsulfonyl fluoride and 50 ,ug of chymostatin (Sigma) per
ml.
For subcellular fractionation by differential centrifugation,

total cell extracts prepared as described above were sedi-
mented at 12,000 X g for 30 min in a tabletop ultracentrifuge
(Beckman TL100, TLA-100.3 rotor; Beckman Instruments,
Inc., Fullerton, Calif.). The supernatant (S12) was separated
from the resulting pellet (P12) and further sedimented at
100,000 x g for 1 h, producing a second pellet (P100) and
supernatant fraction (S100). Each fraction was adjusted to an
identical final volume, and equivalent amounts of each fraction
were suspended in SDS-sample buffer containing 1 mM phe-
nylmethylsulfonyl fluoride and 50 ,ug of chymostatin per ml.
The suspension was incubated at 42°C for 10 min and resolved
by electrophoresis in a 10 to 20% gradient gel or a 7.5% gel.
The resolved proteins were electrophoretically transferred to a
polyvinylidene difluoride membrane (Bio-Rad Trans-Blot
transfer medium; Bio-Rad Laboratories, Hercules, Calif.) with
a Bio-Rad blotting apparatus (Mini Trans-Blot cell) as recom-

antibodies. 12CA5, a 1:100 dilution of protein A-purified
mouse monoclonal antibody against the influenza virus HA
antigen was used for Midl; a 1:25,000 dilution of ammonium
sulfate concentrates of a mouse monoclonal antibody (anti-
body 11) was used for plasma membrane H+-ATPase (50); and
a 1:5,000 dilution of rabbit polyclonal antiserum was used for
enolase (23). The immunoblots were developed with either a
peroxidase-conjugated goat affinity purified antibody to mouse
immunoglobulin G (Cappel, Durham, N.C. [1:2,500 dilution
for Midl and 1:5,000 dilution for H+-ATPase]) or a peroxi-
dase-conjugated goat affinity-purified antibody to rabbit immu-
noglobulin G (Cappel [1:2,500 dilution]) and the Western blot
chemiluminescence reagent Renaissance (Du Pont-NEN). The
signal was detected with X-Omat AR X-ray film (Kodak,
Rochester, N.Y.). To detect the Midl-2HA fusion protein,
plasma membrane H+-ATPase, and enolase, films were usu-
ally exposed for 1 h, 5 min, and 5 to 10 s, respectively.

Nucleotide sequence accession number. The GSDB/DDBJ/
EMBL/NCBI nucleotide sequence accession number for the
MID] gene is D32133.

RESULTS

Isolation of mid mutants by the MBP method. We have
found that MA4Ta cells die after differentiating into shmoos
when incubated with a-factor in the Ca2"-deficient SD-Ca
medium and are rescued when CaCl2, but not MgCl2, is used to
supplement the medium (22). The dead shmoos consist of
small cells with one projection. On the basis of this observa-
tion, we anticipated that mutants defective in the mating
process because of a deficiency in Ca2+ influx or in the Ca2+
signaling process could be isolated if mutagenized cells were
screened for those that died in complete SD medium only after
differentiating into shmoos whose morphology was the same as
that of the wild-type shmoos that died in SD-Ca medium.
We mutagenized cells of strain H207 with ethyl methanesul-

fonate and isolated 13 mutants that were 25% or less viable
and had the morphology of small shmoos with one projection
(Fig. 1) when exposed to a-factor for 10 h in SD medium, as
described in Materials and Methods. We named these mutants
mid (for mating pheromone-induced death). These mutants
were classified into five complementation groups (seven midl,
two mid2, two mid3, one mid4, and one midS allele), and all
were recessive with single nuclear mutations. Ca2+ uptake of
the midl and mid3 mutant strains was significantly lower than
that of wild-type strains when they were incubated in the
presence and absence of a-factor. Other mid mutants had
normal Ca2+ uptake activity both in the presence and in the
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FIG. 1. Mating pheromone-induced death in the midl-1 mutant. (A to D) Samples were stained with methylene blue and photographed under
a differential interference-contrast microscope with a X40 objective (Nikon plan 40 DIC). Note that black cells in the photographs are methylene
blue-positive and therefore inviable. (A and B) Wild-type and midi-] strains H2073 and H3013, respectively, growing exponentially. (C and D)
Wild-type and midl-1 strains H2073 and H3013, respectively, exposed to 6 p.M a-factor for 3 h. In all experiments shown in this figure, cells were
incubated in SD.CalOO medium at 30'C.

absence of a-factor. The sensitivity of all of the mid mutants to
a-factor was normal (data not shown). The midi-] mutant was
selected for further study.
The midl-1 mutant dies in response to mating pheromone

because of a defect in Ca2" influx. To characterize the mid]-]
mutant, we used SD.CalOO medium that contains 100 p.M
CaCl2 instead of SD medium that contains 680.2 p.M CaCl2.
The high specific radioactivity of 45CaCI2 in SD.CalOO medium
makes it easier to evaluate the ability of Ca2+ uptake by the
cells (especially by exponentially growing cells), and the phe-
notypes of the mid mutants are essentially the same when they
are incubated in either medium.

Figure 2A shows that the Ca2+ uptake activity of mid]-]
cells was lower than that of wild-type cells both in the
exponentially growing phase and after exposure to a-factor for
1 h. Ca2' accumulation was also lower in mid]-] cells than in
wild-type cells when they were incubated in the presence and
absence of a-factor (Fig. 2B).
We next measured the time course of mating pheromone-

induced death in the mid]-] mutant. Cells of the mid]-]
mutant were treated with a-factor, and the viability of the cells
and percentage of shmoos were examined. Figure 3 shows that
the viability was lost after a lag period of about 40 min,
reaching 50% in 2.5 h and 30% in 6 h, and that differentiation
into shmoos preceded the loss of viability. The latter result is
consistent with the observation that all dead cells differentiated
into shmoos (Fig. 1D). Similar results regarding cell viability
were obtained when CFU were determined. Treatment of
MATa mid]-] cells with a-factor did not result in a loss of
viability.

If the mating pheromone-induced death is due to a decrease
in Ca2" influx, a high concentration of Ca2+ in the medium
should rescue the mid]-] cells from death. To test this
possibility, CaCI2, other salts (such as MgCl2, MnCl2, ZnCl2,
NaCl, and KCl), or 1 M sorbitol was added to SD-Ca medium
when a-factor was added, and the viability was determined 10
h later. Figure 4 shows that a-factor-treated mid]-] cells were
effectively rescued from death by CaCl2 in a concentration-
dependent manner. However, the cells were not effectively
rescued by the other salts (Fig. 4) and 1 M sorbitol (data not
shown). These results suggest that mating pheromone-induced
death caused by the mid]-] mutation is due to decreased Ca2+
influx and indicate that the death is not due to a defect in
either the incorporation of the other ions tested or the control
of osmotic stability.
The mid] mutant is defective in mating. That the mid]-]

mutant dies when exposed to mating pheromone suggests that
mating between AM Ta and AM Ta cells should be interrupted
by the mid]-] mutation. To test this hypothesis, exponentially
growing AM Ta and MATa cells were mixed, incubated for 4 h
in SD.CalOO medium, and plated onto selection plates upon
which only diploid cells can grow. Table 2 shows that diploid
formation in matings between AMTa mid]-] and AMTaL
mid]-] cells was reduced to approximately half that between
MATa wild-type cells and AM Ta wild-type cells. This reduction
was not seen when 100 mM CaCl2 was added to the medium.
No reduction in matings between MATa mid]-] and MATa
wild-type cells and matings between AL4Ta wild-type and
MA4Ta midl-] cells was observed. These findings indicate that
the midl mutation causes a bilateral mating defect.
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FIG. 2. Ca2+ uptake activity and accumulation in the mid]-]

mutant. (A) Ca2+ uptake activity. Exponentially growing cells (0) and
those exposed to 6 p.M a-factor for 1 h (0) in SD.CalOO medium were
incubated with 185 kBq of 45CaC12 per ml (1.8 kBq/nmol). At the times
indicated, samples were taken, filtered through Millipore filters (type
HA; 0.45 jim) that had been presoaked in 5 mM CaCl2 and washed five
times with the same solution. The radioactivity retained on the filters
was counted as described previously (22). (Left) Strain H2073 (wild
type). (Right) Strain H3013 (mid]-]). (B) Ca2' accumulation into cells
in the exponentially growing phase (0) and during o-factor treatment
(0) in SD.CalOO medium. At time zero, 45CaC12 was added to the
medium to 185 kBq/ml (1.8 kBq/nmol). For a-factor treatment, 6 p.M
ax-factor was added to the exponentially growing culture with 45CaCl2.
Incorporation of 45Ca2+ into the cells was measured as described
above. (Left) Strain H2073. (Right) Strain H3013.

The sporulation efficiency of midl-l]midl-l diploids was
essentially the same as that of wild-type diploids (data not
shown).

Cloning, sequencing, and mapping of the MID) gene. We
isolated three clones of the wild-type MID] gene by comple-
mentation of one of the mutant phenotypes (mating phero-
mone-induced death; see Materials and Methods). The three
transformants were picked up, and the plasmid purified from
each transformant complemented the mid]-] mutation. Re-
striction analysis showed that the three plasmids shared an

overlapping sequence. One of them, YEpMID101, was further
analyzed. We found that YEpMID101 complemented another
mutant phenotype of mid]-] cells completely. The Ca2+ influx
of the mutant bearing YEpMID101 was normal both in the
exponentially growing phase and after exposure to a-factor.
We demonstrated that YEpMID101 contained DNA from the
bona fide MID] locus by the gap-repair method (see Materials
and Methods).

Subcloning narrowed the location of the gene providing
MID] complementing activity (Fig. 5A). DNA sequencing with
YCpMID1-23, which contains the shortest complementing
DNA, revealed a single open reading frame (ORF) encoding a

FIG. 3. Decrease in viability and morphological changes into
shmoos during mating pheromone exposure. Exponentially growing
cells of strains H2073 (wild type) and H3013 (mid]-]) received 6 jiM
a-factor (aF), and the cell viability was determined at the times
indicated by the methylene blue liquid method (22). The percentage of
shmoos was determined with the same sample. 0 and A, percentages
of viability and shmoos, respectively, of H2073 cells; * and A,

percentages of viability and shmoos, respectively, of H3013 cells.

polypeptide of 548 amino acids with a molecular size estimated
to be 61,506 (Fig. 6). Using the BLAST homology search
program (1), no significant similarity to other polypeptide
sequences was found in the SwissProt, PIR, GenProt, and
GPUpdate databases. However, there are four hydrophobic
regions (amino acids 2 to 22, 92 to 111, 337 to 356, and 366 to
388) named H1, H2, H3, and H4, respectively (Fig. 7). The H1
segment could be a signal sequence. The sequence of the H4
segment is similar to that of the S3/H3 hydrophobic segment of
a superfamily of ion channels that consists of several voltage-
gated ion channels and a cyclic GMP-gated ion channel (26).
There are cysteine-rich regions (amino acids 431 to 443 and
487 to 506) in the carboxy-terminal region that might be able
to bind metals, although these regions did not match well with
typical zinc finger motifs (3). In addition, there are 16 potential
asparagine-linked (N-linked) glycosylation sites.

Pulse-field gel electrophoresis of yeast chromosome-sized
DNA followed by hybridization analysis (12) with a MID]
probe suggested that the MID] locus was on chromosome II or
XIV. Genetic mapping showed that the MID] gene is located
between the MET2 locus and the PR42 locus on chromosome
XIV (Table 3). A search of the nucleotide sequence database
showed that the MID] gene is 0.4 kb upstream of the RFC3
gene, which had been physically mapped to the left arm of
chromosome XIV (32).

Expression ofMIDI is not transcriptionally regulated by the
AMT locus or pheromone. Northern blot analysis of the MID]
transcript, as well as FUS] and URA3 transcripts as positive
and negative controls for pheromone-dependent expression,
respectively, showed that the band corresponding to the MID]
transcript had essentially the same intensity in haploid MATa
and MATa cells, diploid MATa/MA Tot cells, and MATa cells
treated with o-factor for 0, 15, 30, 60, 120, and 180 min (data
not shown). Only stationary cells differed. The level of the
MID] transcript from cells incubated for 24 h in the stationary
phase was about one-quarter that from exponentially growing
cells. These results suggest that transcription of the MID] gene
is not regulated by the AMT locus or pheromone.
Gene disruption analysis of MIDI. Disruption of the MID]

gene by insertion of HIS3 cassettes was carried out by a gene
replacement procedure (46). The structures of the disrupted
alleles are illustrated in Fig. SB. The results superficially
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FIG. 4. Rescue from mating pheromone-induced death with Ca2".
Cells growing exponentially in SD.CalOO medium were harvested by
centrifugation at 1,600 x g, washed twice with SD-Ca medium,
resuspended in SD-Ca medium containing 6 p.M a-factor and various
concentrations of salts, and incubated for 10 h, after which viability was
determined by the methylene blue liquid method. Strains used were
H2073 (wild-type [open symbols]) and H3013 (midl-] [solid symbols]).
Usually SD and SD-Ca media contained 2 mM MgSO4, 1.5 p.M
MnSO4, 1.4 p.M ZnSO4, 1.7 mM NaCl, and 7.4 mM KH2PO4. During
the course of these experiments, we found that MnCl2 inhibited mating
pheromone-induced changes into shmoos at 1 mM or higher, and thus
the cells did not die. Therefore, only two concentrations of MnCl2 are

plotted in the figure. In the case of ZnCl2, cells were killed at 10 mM
or higher; therefore, viability is shown in this figure only at lower
concentrations.

indicated that the MID] gene was essential because the
disruptants, midl-Al and midl-A, were inviable. However,
further analysis of the disruptants indicated that the MID]
gene is nonessential (see below).
To test whether the MID] gene is essential or not, the null

mutant gene midl-Al was constructed by inserting the HIS3
cassettes into the MID] gene (see Materials and Methods).
This construct was transformed into diploid strains (KA31 and
H207D) and produced stable, viable His' transformants show-
ing no growth defect. Genomic Southern blot analysis of the
three independent transformants from each diploid strain
showed that the disrupted copy was integrated at the MID]
locus and had replaced the resident gene. The six His'
transformants (midl-AIMIDl) were then sporulated, dis-
sected, and germinated on rich medium. In every tetrad
dissected (10 to 12 tetrads for each transformant), there were
two viable spores requiring histidine for growth and two
nonviable spores. No His' spores were obtained. The same
result was obtained with the midl-A2IMIDI diploid strains. By
contrast, the midl-A3 and midl-A4 mutants were viable,
formed normal-sized colonies, and died when exposed to
a-factor, like the midl-] mutant.
The results described above are consistent with two possi-

bilities. (i) The MID] gene is essential, but the midl-A3 and
midl-A4 alleles do not inactivate the essential function. (ii)

TABLE 2. Mating efficiency of mid]-] mutants

Mating efficiency (%) with:
Crosse

100 p.M CaCl2 100 mM CaC12

MATa MID1 x MATa MID1 14 ± 1 15 ± 2
MA4Ta MID1 x MA4Ta mid]-] 14 ± 1 16 ± 2
AL4Ta mid-]X AL4Ta MID1 14 ± 2 13 ± 2
MATa midl-] XMATa midl-] 7 ±1 13±2

a The isogenic strains used were H2073 (MATa MIDI), H2074 (MATht MIDI),
H3013 (MATa midl-1), and H3014 (MA Ta midl-1).

b Four hours after mixing MATa and MATa cells in SD.Cal00 medium (which
contains 100 p.M CaC12) and in SD.Cal00 medium supplemented with 100 mM
CaCl2, mating efficiency was determined as described previously (22).

The MID] gene is not essential, and the midl-Al and midl-A2
alleles interfere with expression of an adjacent, essential gene.
The following experiments support this latter possibility. The
midl-Al and midl-A2 mutations were not complemented by
the plasmids YCpMID1-21, YCpMID1-22, and YCpMID1-23,
which complement the original mid]-] mutation (Table 4).
The diploid strains midl-AlIMID1 and midl-A2IMIDI were
transformed by each of these plasmids, sporulated, and dis-
sected. In every tetrad dissected (30 to 40 tetrads for each
transformant), there were two viable His- spores and two
nonviable spores.
By the same experimental procedures, we obtained the

surprising result that the midl-Al] mutation was complemented
by YCpMID1-11, YCpMID1-12, and YCpMID1-13, which do
not contain the complete MID] gene and thereby do not
complement the original mid]-] mutation (Table 4). The same
results were obtained with the midl-A2 mutation. YCp-
MIDi-11 and YCpMID1-12 contain the entire ORF of the
essential gene RFC3 and its 5'-flanking region as well as the 5'
portion of the MID] ORF. YCpMID1-13 contains the entire
ORF of the RFC3 gene with a limited portion (27 bp long) of
its 5'-flanking region.

Haploid strains midl-Al/YCpMID1-11, midl-Al/YCp-
MID1-12, and midl-Al/YCpMID1-13 showed essentially the
same phenotype regarding a-factor-induced death as the orig-
inal mid]-] mutant. In addition, 10 mM CaCl2 rescued these
mutant cells from a-factor-induced death. This result strongly
suggests that the cloned and disrupted gene is MID], not the
RFC3 gene. The gap-repair method has also shown that the
cloned gene is MID] as described above. We therefore con-
clude that the MID] gene is not essential for growth and
suggest that some deletions of the ORF of the MID] gene
impair the expression of the adjacent gene, RFC3. There may
be a sequence or a structure important for the expression of
the RFC3 gene in the ORF of the MID] gene.
The MIDI gene product (Midl) is a plasma membrane

protein. The predicted amino acid sequence of the MID] gene
product (Midl) contains four hydrophobic regions, one of
which (H4) is partially homologous to the S3/H3 membrane-
spanning domain of several ion channels (Fig. 7). We therefore
anticipated that Midl is a membrane protein and that its
intracellular localization could be unambiguously determined.
The intracellular location was determined by subcellular frac-
tionation and various extraction procedures followed by immu-
noblotting with a functional epitope-tagged Midl protein, in
which two nine-amino-acid epitopes from the influenza HA
with flanking regions were fused to the carboxy-terminal amino
acid of Midl (see Materials and Methods). Neither potential
membrane-spanning domains nor N-glycosylation sites were
present in the tag. Strain H3013 (A4Ta mid]-] leu2-3,112) was
transformed with a centromere-based plasmid containing the

-

MID1 midl
CaC12 0 0
MgCI2 0 *
MnCI2 0 U
ZnC12 0NaCI A A
KCI v7 v
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FIG. 5. Analysis of the MID] gene. (A) Restriction map and
subcloning of the MID] gene. The large arrow indicates the location
and direction of the MIDI ORE. The small arrow indicates the
location and direction of the RFC3 ORF. The initiation codon of the
RFC3 gene overlaps a Sall site. Subclones are indicated by bars, and
the ability of the subclones to complement the a-factor-induced death
phenotype associated with the midl-] mutation is indicated by + or -.

YCpMID1-23 was used for sequencing DNA. Restriction endonucle-
ases are abbreviated as follows: B, BamHI; Bg, BglII, E, EcoRI; EV,
EcoRV; H, HindIll; Hc, HincII; P, PvuII; Ps, PstI; S, Sall; S3, Sau3A;
Sa, SacI; Sn, SnaBI; X, XhoI. (B) Disruption of the MID] gene. Solid
bars indicate the MID] locus and open boxes indicate the HIS3
cassettes. Large and small arrows indicate the locations and directions
of the MID] and HIS3 ORFs, respectively. The abbreviations for
restriction endonucleases are the same as those described for panel A.

epitope-tagged Midl construct (YCplacMID1-23CA5x2). The
Leu+ transformants containing this plasmid grew normally, no
longer died when exposed to a-factor, and were normal in
Ca"+ influx, indicating that the epitope-tagged Midl protein is
not toxic and fully complements the midl-] mutation. Control
cells transformed with untagged MID1 (YCplacMID1-23)
were prepared in parallel for some experiments.
Anti-HA monoclonal antibody 12CA5 recognized a 100-kDa

protein specific to cells having the plasmid YCplacMID1-
23CA5x2 (Fig. 8A, lanes 1 and 2). The observed molecular
mass of the epitope-tagged Midl differs from that predicted by
the nucleotide sequence of the fusion gene (68 kDa). The
presence of 16 potential N-linked glycosylation sites in the
Midl sequence may account for this difference in size. We
tested this notion with tunicamycin, an inhibitor of N-linked
glycosylation. A single culture was divided into two equal parts.
One was incubated for 2.5 h with tunicamycin, and the other
received dimethyl sulfoxide, a solvent for tunicamycin. Figure
8B shows that the 100-kDa protein was not present but that a
68-kDa protein appeared in tunicamycin-treated cells, indicat-
ing that Midl is N glycosylated.

To determine whether Midl is a membrane protein, the
partitioning of the epitope-tagged Midl protein by differential
centrifugation was compared with that of known marker
proteins. Figure 8A shows that, like the plasma membrane
H+-ATPase, the bulk of the total cellular content of the
epitope-tagged Midl protein sedimented at 12,000 X g. In
contrast, the majority of a soluble protein, enolase, remained
in the supernatant fraction after sedimentation at both 12,000
X g and 100,000 X g. These results suggest that Midl is a
membrane protein.
To determine whether Midl is indeed an integral membrane

protein, total cell extracts were incubated with various solubi-
lizing agents and sedimented at 100,000 X g, and equivalent
portions of the resulting pellet and supernatant fractions were
analyzed by immunoblotting. Figure 8C shows that the major-
ity of the epitope-tagged Midl protein was not released into
the supernatant by treatment with high levels of salt, sodium
carbonate (pH 11), or urea, all of which extract peripheral
membrane proteins. The nonionic detergent Triton X-100 and
the strong anionic detergent SDS efficiently solubilized the
epitope-tagged Midl protein from membranes. The plasma
membrane H+-ATPase, but not enolase, behaved similarly
under the same conditions. These results suggest that Midl is
an integral membrane protein.
To determine whether Midl is a plasma membrane protein,

intact cells were incubated with Zymolyase, which contains
proteases and endoglucanases (49). Figure 8D shows that all of
the epitope-tagged Midl protein with a native molecular
weight of 100 kDa disappeared and an 80-kDa protein ap-
peared in the Zymolyase-treated cells. No other polypeptide
with a smaller molecular size specific to cells expressing the
epitope-tagged Midl was observed. The 80-kDa protein disap-
peared when the cells were incubated with Zymolyase in the
presence of Triton X-100. These results suggest that Midl is
located in the plasma membrane and that at least a portion of
the Midl polypeptide is exposed to the exocellular surface. The
appearance of the 80-kDa protein seems to be consistent with
the idea that the carboxy-terminal portion of the Midl
polypeptide is exposed to the cytoplasm because the epitope
has been fused to the carboxy-terminal amino acid of this
polypeptide. However, further experiments are needed to
determine the exact membrane orientation of Midl.
On the basis of these observations, we conclude that Midl is

an integral plasma membrane protein with N-linked carbohy-
drate.

DISCUSSION

Detecting a new conditional phenotype. This report intro-
duces a new conditional phenotype regarding pheromone
response and Ca2+ signaling. We isolated conditional mutants
of S. cerevisiae, designated mid mutants, that die specifically
after receiving the mating pheromone, a-factor. These mutants
were classified into five complementation groups. The idea of
isolating mid mutants was based on our recent finding that
wild-type yeast cells die in response to a-factor after differen-
tiating into shmoos when Ca2+ influx stimulated by the pher-
omone is inhibited by incubating the cells in Ca2+-deficient
medium (22). We thus anticipated that screening for mutants
that die specifically after differentiating into shmoos in a
medium containing a sufficient concentration of Ca2+ should
allow the isolation of mutants defective in Ca2+ influx or Ca2+
signal transduction during the mating process. The midl and
mid3 mutants are indeed defective in Ca21 influx, and other
mid mutants, mid2, mid4, and midS, are normal with regard to
Ca2+ influx. As expected, the terminal phenotypes regarding

MOL. CELL. BIOL.



THE YEAST MIDI GENE IS REQUIRED FOR Ca2+ INFLUX 8267

GG TTG CGG AAA ATT TCC CTA ATA ATT TCG -121
ACC GGC TGA CGT ACC GTT TTC GCT ATT TCT CAA ATA CTT GAC TGG CTT AAC TGC CAT ACT GM TTG CAG TAA AAC CCG TAA CAC TAC MT TTC TGT CCA GCG GCA GTA TTA m CTA AGG - 1
ATG ATA GTG TGG CAA GCA CTA TTC GTG GTl TAC TGC CTA ITT ACC ACT TCT ATT CAC GGT TTA TTC CM GAC TTC AAT CCT TTC GCA MT AAG MT ATT TCC TTA AAG m CCC AGC CTA 120
1 T V I Q A L F V V Y C L F T S T H G L F Q D F N P F A N K N I S L K F P S L 40

AAT AGA TGC GAG AAA AAC CTT ATG GCT ACT GGT CAA CAA ACA ATC ATC AAT TCC GAT AGC ATT TAT CAA TCC ACC CCC ATC TTA TCT AAC ATA ACA GCC CGC AAA AAA GAC ACT TT GTA 240
N R W E K N V N A T G Q Q I I N S D S I Y E W T P I L S N I T A G K K D S F V 80

A
m ACC ATT GAC CCA GAA GCC TCC GGT TAT GGC M GCT CCC ACG TAT GAA GTG TTA ATG m ATT AGC CGC AAT ATA TGC CAA ATG CCC ATC AAT AGA TCA GAT CTC GAT TTA ACA ATA 360
F T I D A E A S G Y G F A P T Y F V L N F I S C N I C 0 N P N N R S D V D L T I 120

H2 * A
TAC TAC TCT TI AAT GAA ACG GTT TTA GAG AAC CCA MT ATA GGT CAA AGT GCA GTT m CAG GAT GGC TAC ATC CAA GCA TIA GCC ATC ACT CCA GTG CAG TCT TCT AGC TCG AAC GCT 480
Y Y S F N E T V L E N P N I G Q S A V F Q D G Y I Q A L A I S P V Q S S S S N A 160

A A
ACC TCC ACG TAT TCA AAT CTT TAT GTG GTC GCT GAG CTA GTG AAT TCC ACT ACG GAG CAA CCT CIG TCC AGT TCC GAC GCC TCT GAA MT TGG GAA TAT AGA CTG AGT ATC TCT GAG AAC 600
T S T Y S N L Y V V A E L V N S T T E Q P L S S S D A S E N W E Y R L S I S E N 200

A
CAT TIG GTT TII CAG TGG GAT GTA AGG CCT TGG CTA GAG GTC CTG GAC ACT CAT ATG AAT TCT GCA TTA CTA TCA ACG GGG MT GTC ACC GCA GAC GCC AAA Gil TAT CAC AAT TAT TCA 720
D L V F Q W D V R P W V E V L D T D N N S A L L S T G N V T A D A K V Y H N Y S 240

a A
ATA TAT GAT CCA TCC TTG TAC GAT CTG TAT GTT TAC TCG TAC GM GAT TCT GTT CM CTA MC CM AAC TAT MT TTA TCT CIT TCT GCT GTG AAA AAT GGA CCA TAT TTA GTG TCT TCC 840
I Y D P S L Y D L Y V Y S Y E D S V Q L N Q N Y N L S L C A V K N G P Y L V S S 280

A
CAA AAT ACA TCA AAT GCA ACA GTT ACG TCA AAT ACA AAT CCT TTAGAG CGT ACT GAC TTG GCG ATT CAA AAA AAA ATT ACAGAA TAT GGT GCGTAGC CT ACA GAA ATG m TACGTG 960
Q N T S N A T V T S N S T N P L E R T D L A I Q K K I T E Y G G S V T E N F Y V 320

A A A
ACA CCA CTC AAT GCC TCA ACA ACT TAT GTA CCG TAC CTG ACA AAGAA ATC ACT AAT GCT GAt GCC TTC TCA ACT CTC GCC GCC ATT TTA m TCA CAT CTT TAT mT ACC ACA AGA AGT 1080
T G L N A S T T Y V A Y L T K K I S N C D C L S S V C C I L F S H V Y F T T R S 360

A H3
ACC GAT GTC TGC TCT TTG ATC m GGT TTG GAC TIC TGC AGT GAC GTC GCT TAC TCT GTT CCT ACA TCC TCA m TCTITG GGT MT AM ACT CTC ATG GCG CAG ACA TAT GAC CAC ATT 1200
T 0 V C S L I F C L D F C S D Y A Y S V P T S S F S V C N K T L N A Q T Y D H I 400

H4 A
GCA GAG GCA CTA TAT GCA MlT m AGC AAA GCt CTA CAG TTA ATA TCC TGT GAC GCA GAC AAA GAC GCA AGA TAT TCT CCG GTC ATG ACT TGT GAC GAT TGT GCC GAA GCT TAT CCT GAT 1320
A E A L Y A N F S K A L Q L I S C D A D K D A R Y S P V N T C 0 D C A E A Y R D 440

A
TCG CTA TCT GCA CTA TCA ATt CCG AGA TGC ACC ACG ACG TCT TCC (AA TAC TAC ATC CAC AGA GAT AAA ACT CAC AAC CGT AAT GAT TAT TTG MT AAA I ATT AAA CCT TTG GAT GAC 1440
W V C A V S I P R C T T T S S Q Y Y I H R 0 K S H N R N 0 Y L N K F I K P L D D 480

TAT TAC CAA ATT CTA CCT TCT ATT CAC ATC TCC TAT ACA TTA GTA CGA AAT TCC CCA ACC GAT m CAAm TCC TCT CCC AAT GAT CT ACT ACC GAA GAT CT CTT TAT CAA ACT TAC 1560
Y Y E I L P C I D N C Y T L V R N C P S D F Q F S C P N D L T T E D L L Y Q S Y 520

AAT TTC TAT ATG GAC ACT GAC TAC TCA ACC TCT AAT TAT ArA GGT AAC TCA TCC TTG ATG GTA ATT CAT CCA TTG GAC GAT ACG TAG AAG AGA CCG AAC TAT CAC AAA AAA ATT GAA CGA 1680
N F Y N D T D Y S T C N Y I G N S S L N V I H P L D D T . 548

IlT AAA TGC ATA AGT ACA TCG ATT m m AAA TCA TAT ATA CAC ATA AA AM TAG ATA AAA TCA GAG CGT AGT CTT CAC AAG ACC AAAM AAA MTCGT TCG AAC TTC CTC mf m 1800
ACA CCT GTT CGA m TTC m TTA GTG TAT TAG MT GTT CTT CGC CGT TAG CAG m CM TTG m CAG CCG TAG CCT CAT CAC CAG GTT GAT CAC TCC AM CTA TAC ATT CCT TCA CGT 1920
CCG CTC GTA m CCT m CTG CTT TCT TTA GCT CTT CTA TAA CAT CAA CAG UG CTC CCI CCT CTA GAA CCT TCT CCA GTA CCT TAC TCC ACA CCT TCT CCT CtC mT CAG TM MT CCG 2040
TTA ATT GGA ACA CAT TAT m m CM GAG ACC ACT CCT GCT GTT GCA AAC CTA TCA ATT TCA CCA TAT AAC ATG AGC TCC TCA TAG ATT TAC CGA TIT CGC TCA CTA AGG ACC TTA TIT 2160
ATG TTC CAG MG ACA CAT TAG CTT TGA AGT GCA ATT TTG GAG CCC TAT AAMG MT CTC C CTT M GGA mIl CTIC CTT CII GTT CAC TCA GCG GAA ATG GT CT CTA CCT TTG CCA 2280
CCt CAG AMT CM GGC CGT GCT TCT CTG TAT ATT CUT TTG AAA AGT ATA AAA CAT CGT TTA GCA TGT TTG CAT TCA MT Ill TCA CGG TAT CAA CAG CT CTT CTG TAG TGG GCC TCA ATA 2400
AGG GAT AGT CAT GAT CAC GTT TAA GAG AGT CTG AAA ACA CCT TCA AGT CAT AM TAG TA CTT GTC TGG GCT CM TGG CTC TAG GTA MG GCIT TTC CII CTC GAG 2505

FIG. 6. DNA sequence and corresponding deduced amino acid sequence of the MIDI gene. The MIDI ORF consists of 1,644 nucleotides and
is 548 amino acids long. The numerals in the right margin indicate nucleotide and amino acid positions. Nucleotide 1 corresponds to the first
nucleotide of the initiation codon, and amino acid 1 corresponds to the first residue of the deduced protein. Four hydrophobic segments (H1, H2,
H3, and H4) are underlined. Cysteine residues are marked by closed circles. Potential N-linked glycosylation sites are marked by open triangles.

the morphology and viability of these mutants are essentially
the same as those of wild-type cells exposed to a-factor in a
Ca2"-deficient medium (22) (Fig. 1 and 3).
Many mutants defective in early events during the mating

process are isolated because such mutations result in resistance
to the growth-inhibitory effect of a-factor. Molecular analysis
of these mutants has identified genes encoding pheromone
receptors, heterotrimeric G proteins, protein kinases, and a
transcription activator (8, 36, 54). In contrast to these mutants,
all of the mid mutants differentiate normally into shmoos in
response to a-factor and then die. This observation indicates
that the early events in the mating process are not affected by
the mid mutations. Although several mutants defective in late
events such as cell and nuclear fusion have been isolated and
characterized (4, 5, 37, 38, 44, 45, 57), neither conditional
lethality caused by the action of mating pheromones nor
deficiency of Ca2+ regulation has been reported.

Roles of the MID] gene. The predicted MID1 gene product
(Midl) is 548 amino acids long and has a molecular mass
estimated to be 61,506 Da. No extensive homology to any
known proteins has been identified. However, there are two
structural features of interest in the predicted amino acid
sequence.
The first is the presence of four hydrophobic segments, one

of which (H4 [Fig. 6 and 7]) is homologous to the membrane-

spanning region (S3/H3) present in several ion channels,
including voltage-gated Ca2" channels (26). Immunodetection
of Midl indicated that it is N glycosylated and spans the
plasma membrane (Fig. 8). We thus propose that Midl is an
integral plasma membrane protein required for Ca2+ influx.
However, we do not yet know whether Midl is a component of
a Ca2+ channel or transporter. Even if Midl functions as an
ion channel or transporter, it appears not to function alone,
because overexpression of the MID1 gene on a multicopy
vector does not affect Ca2+ influx (data not shown).
The second feature is the presence of two carboxy-terminal

cysteine-rich regions. In general, such regions often constitute
zinc finger motifs that function in DNA binding or protein-
protein interactions (3, 43). Considering the location and
modification of Midl, we suppose that if the carboxy-terminal
cysteine-rich regions have a function, they might play a role in
protein-protein interactions on the plasma membrane leading
to Ca2+ influx rather than to DNA binding.
The midl-J mutant displays unique phenotypes during the

mating process, and these phenotypes appear to be due to a
deficiency of Ca2+ influx as follows. (i) Stimulation of Ca2+
influx in midl-J cells by a-factor is low (Fig. 2). (ii) After
receiving a-factor, midl-1 cells die with a lag of about 40 min
(Fig. 3). (iii) midl-1 cells can survive in the presence of mating
pheromone if sufficient Ca2+, but not Mg2+, Mn2+, Zn2+,
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TABLE 3. Genetic mapping of the MID] gene

No. of asci with the
Gene pair following tetrad type': Map distance

(CM)'PD NPD T

MID1::LEU2-met2 33 0 14 14.9
MIDI::LEU2-pha2 22 0 25 26.6
met2-pha2 19 0 28 29.8

a Strain CPL1-A1-3L (MATa MID1::LEU2 leu2) was crossed with strain
IS446-12C (MATct met2 pha2 Ieu2). The resulting diploid was subjected to
meiosis and spore formation. Ninety percent of the tetrads produced four viable
spores.

b Abbreviations: PD, parental ditype; NPD, nonparental ditype; T, tetratype.
c cM, centimorgans.

L I IT G & B C D WA Y S WP T S S S V

cGMP-gated channel F Q K 9a V L V I P T D L L Y I K I G W

Ca channel G W N V & I I V W V G L F S A I L E Q A

Na channel PWNWFOISFSVI WMAYWTEFVDLG

C % identical Midi protein
(% similar)

23 23
(64) is485)

(50)

cGMP-gated
channel

9 Na+ channel

(36)
8 27

(50) \ 68)

Ca2' channel

FIG. 7. Characteristics of the Midl protein. (A) Schematic diagram
and hydropathy profile of the Midl protein. (Top) The hydrophobic
regions, H1, H2, H3, and H4, are indicated by hatched boxes. Cysteine
residues are indicated by solid circles. (Middle) Hydropathy profile
predicted by the Kyte and Doolittle hydropathy algorithm (31). The
default is 11 (5 before and 5 after a given residue). (Bottom) Position
numbers of amino acid residues. (B) Multiple sequence alignment of
the H4 segment of the Midl protein and the S3/H3 segments of ion
channels. Identical and chemically similar residues between the Midl
protein and ion channels are described in outline and boldface types,
respectively. Typical examples of similarity are presented here. For
more examples, see the article by Jan and Jan (26). The sequences for
the H3 domain of the bovine rod photoreceptor cyclic GMP (cGMP)
gated ion channel (28), the S3 domain of the rabbit cardiac dihydro-
pyridine-sensitive calcium channel (39), and the S3 domain of the rat
brain sodium channel type III (29) are shown. (C) Schematic repre-
sentation of sequence similarities between the Midl protein and ion
channels shown above. The numerals indicate the percentage of
identical amino acids between the two proteins and those in parenthe-
ses indicate the percentage of identical and chemically similar amino
acids between the two proteins. The chemically similar amino acids are

as follows: nonpolar, A, F, I, L, M, P, V, and W; uncharged polar, C,
G, Q, S, T, and Y.

Na+, K+, or sorbitol, is added to the medium (Fig. 4). (iv)
Matings between AVTa midl-] and AMTct midl-] cells are

restricted, except in media containing a high concentration of
Ca2+ (Table 2). These phenotypes are essentially the same as

those observed in wild-type cells treated with o-factor in a

Ca2+-deficient medium (22). Thus we conclude that the MID1
gene product is required for Ca2+ influx.
The possible targets of Ca2+ mobilized by the MID1 gene

product could be Ca2+-binding proteins. In terms of mating
regulation, the yeast homolog of calcineurin, a Ca2+/calmodu-

lin-dependent phosphoprotein phosphatase, is of interest. It
consists of the catalytic subunit (A) that binds calmodulin and
the regulatory subunit (B) that binds Ca2+. Binding of both
Ca2' and calmodulin to the A-B complex yields its full activity.
The double-null mutant of the A subunit, in which both of the
related genes CNA1 (CMP1) and CNA2 (CMP2) are disrupted,
is defective in the ability to recover from ox-factor-induced
growth arrest (9). Similar results have been obtained with the
null mutant of the B subunit gene CNB1 (10). Interestingly, the
Acmpl Acmp2 and /cnbl cells (40) died after differentiating
into shmoos, although the viability of these cells was slightly
higher than that of the midl mutant (20). Therefore, Midl and
the calcineurin homolog may function in a Ca2+ signal trans-
duction pathway.

Effect of disruption of the MIDI gene. Gene disruption
analysis is based on the assumption that disruption of a gene of
interest does not affect the expression of adjacent genes. As far
as we know, there has been no exception to this assumption in
eukaryotic chromosomes. The present study suggested that
disruption of the MID] gene impairs the expression of an
essential gene, RFC3, which is located 0.4 kb upstream of the
MIDI gene in the opposite orientation. The ORF of the MID]
gene could contain some important sequence for the transcrip-
tion of the RFC3 gene. Further molecular analyses should
clarify the regulation mechanism of the expression of the RFC3
gene.

TABLE 4. Tetrad distribution showing suppression of the
midl-Al mutation by several plasmidsa

Tetrad distribution
Plasmid

4+ :0-b 3 :1- 2 :2- 1 :3- 0 :4

YCpMID1-1 2 9 2 1 0
YCpMID1-11 4 5 4 1 0
YCpMID1-12 1 3 7 1 0
YCpMID1-13 5 3 3 0 0
YCpMID1-21 0 0 13 1 0
YCpMID1-22 0 0 14 0 0
YCpMID1-23 0 0 14 0 0
pRS315 0 0 14 0 0

a Strain KA31-A1 (MA Ta/MATa midl-A 1::HIS3/MIDI) containing each of the
plasmids (whose selection marker was LEU2) listed in this table was sporulated.
Tetrads were dissected and germinated. Two His- Leu+ spores were obtained in
each tetrad that segregated 4+:O-. One His- Leu+ spore was obtained in each
tetrad that segregated 3+:1-. No His+ spore was obtained in each tetrad that
segregated 2+:2- and 1+:3-.

b +, viable spore; -, inviable spore.
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FIG. 8. Detection of Midl protein by immunoblotting. (A) Midl protein cofractionates with an authentic plasma membrane marker protein.
Total cell extracts prepared from H3013 cells bearing YCplacMID1-23 or YCplacMID1-23CA5x2 were fractionated by differential centrifugation,
and the content of Midl, plasma membrane H+-ATPase (PM-H+-ATPase), and enolase was determined by SDS-PAGE (10 to 20%
polyacrylamide for Midl and enolase; 7.5% polyacrylamide for plasma membrane H+-ATPase) and immunoblotting as described in Materials and
Methods. MID1, a sample prepared from H3013 cells bearing YCplacMID1-23; MID1::FLU, a sample prepared from H3013 cells bearing
YCpMID1-23CA5x2; T, total extract; P12 and S12, pellet and supernatant fraction, respectively, of a 12,000 X g sedimentation of total extract;
P100 and S100, pellet and supernatant fraction, respectively, of a 100,000 x g sedimentation of S12. The plasma membrane H+-ATPase was

smeared because of low solubility. (B) Midl protein is N glycosylated. A culture of H3013 cells bearing YCplacMID1-23CA5x2 was split into two
aliquots, one of which received 10 pLg of tunicamycin per ml; the other received dimethyl sulfoxide, the solvent of a stock solution of this drug. These
cultures were incubated for 2.5 h, and the cells were then subjected to SDS-PAGE (10% polyacrylamide) and immunoblotting. + and -, treated
and not treated with tunicamycin, respectively. (C) Midl protein is an integral membrane protein. The solubilizing agents indicated in the figure
were added to aliquots of the supernatant of a low-speed centrifugation (at 600 x g) of the total cell extracts prepared from H3013 cells bearing
YCplacMID1-23CA5x2. After incubation at 40C for 20 min, samples were centrifuged at 100,000 X g for 1 h to separate the pellet (P) and
supernatant (S) fractions, followed by SDS-PAGE (10% polyacrylamide) and immunoblotting. A small amount of an isoprotein of enolase (48
kDa; hsp48) was detected on this immunoblot (23). (D) Midl protein is accessible to proteolysis in intact cells. H3013 cells bearing
YCplacMID1-23 (control) or YCplacMID1-23CA5x2 were harvested, resuspended in spheroplasting buffer (1.2 M sorbitol, 60 mM EDTA, 100
mM citrate [pH 6.8]), and incubated with 100 jig of Zymolyase-100T per ml for 30 min at 30°C in the presence or absence of 1% Triton X-100.
Thereafter, all samples, except for that treated with Zymolyase in the presence of Triton X-100, were washed once with spheroplasting buffer. The
samples were then homogenized with glass beads in SDS-sample buffer containing 1 mM phenylmethylsulfonyl fluoride and 50 ,ug of chymostatin
per ml and analyzed by SDS-PAGE (10 to 20% polyacrylamide) and immunoblotting. Enolase appeared to leak from the cells during exposure
to Triton X-100 and washing with spheroplasting buffer. Proteases in Zymolyase preparations digest enolase poorly and produce a limited amount
of a 38-kDa polypeptide.

ACKNOWLEDGMENTS

We thank Satoshi Harashima for advice on protoplast fusion;
Gerald R. Fink, Philip Hieter, Masahiro Ishiura, Vivian L. MacKay,
Kunihiro Matsumoto, Kenji Moriyama, Satoshi Nomoto, Yoshikazu
Ohya, Akio Sugino, and Kazuma Tanaka for supplying plasmids;
Yoshiko Kikuchi, Kunihiro Matsumoto, and Tokichi Miyakawa for
yeast strains; Mark Goebl, Fumio Hanaoka, Masato Ishikawa, Tomoki
Miwa, Kenta Nakai, and Toshiki Ohkawa for help with the homology
search; Ramon Serrano for supplying antibody; Yoshiyuki Imai for

sequencing DNA of the junction region of epitope-tagged Midl;
Katsunori Aizawa and Yoshihiko Fujita for an immunoblot apparatus;
and Goro Eguchi, Ikuo Takeuchi, and Masayuki Yamamoto for
encouragement.

This work was supported in part by Grants-in-Aid for Scientific
Research on Priority Areas 04256104 and 04266225 to H.I. and
Grants-in-Aid for Scientific Research 04833028 to H.I. and 63440088
and 03557102 to Y.A. from the Ministry of Education, Science and
Culture of Japan and by The Naito Foundation (H.I).

_ 100 kDa

110 kDa

VOL. 14, 1994



8270 IIDA ET AL.

ADDENDUM IN PROOF

The MID2 gene has been cloned and characterized. It
encodes a putative integral membrane protein with a Ca+-
binding domain, and its expression is stimulated by mating
pheromone (T. Ono, T. Suzuki, Y. Anraku, and H. Iida, Gene,
in press).
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