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In the yeast Saccharomyces cerevisiae, sporulation occurs in response to nutritional and genetic signals. The
process is initiated when nutrient availability limits mitotic growth, but only in AMTa/MA Ta diploid cells.
Under these conditions, the cells express an activator of meiosis (IME1), which is required for the expression
of early sporulation-specific genes. We describe a new gene, IME4, whose activity is essential for IME1
transcript accumulation and sporulation. The IME4 transcript was induced in starved A 4Ta/MA Ta diploids
but not in other cell types. In addition, excess IME4 promoted sporulation in mat-insufficient cells. Thus, IME4
appears to activate IME1 in response to cell type and nutritional signals. We have also explored the interactions
between IME4 and two genes that are known to regulate IMEI expression. Normally, cells that lack complete
AMT information cannot sporulate; when such strains lack RME1 activity or contain the semidominant RES]-]
mutation, however, they can express IMEI and sporulate to low levels. Our results show that mat-insufficient
strains containing rmel::LEU2 or RES]-] bypass mutations still retain AMT control ofIME4 expression. Even
though IME4 levels remained low, the rmel::LEU2 and RES)-) mutations allowed IME1 accumulation,
implying that these mutations do not require IME4 to exert their effects. In accord with this interpretation, the
RES1-1 mutation allowed IME1 accumulation in Af4Ta/MATc strains that contain ime4::LEU2 alleles. These
strains still sporulated poorly, suggesting that IME4 plays a role in sporulation in addition to promoting IME1
transcript accumulation. IME4 is located between ADES and LYS5 on chromosome VII.

Each of the Saccharomyces cerevisiae cell types is capa-
ble of a unique set of responses to environmental conditions
(reviewed in references 6, 12, 13, 15, and 25.) These re-
sponses are governed, ultimately, by the combinations of
AMT (mating type) products that are expressed in particular
cells. In wild-type diploids, the combination of the AMTa
and MAoTa alleles leads to the formation of a specific
repressor, the al-a2 heterodimer, that is unique to these
cells (8-10, 28, 46). As a result of the interaction of this
molecule with its many targets, MATa/M oTa cells do not
mate. Instead, diploidMATa/MAT4T cells are able to undergo
meiosis and spore formation when nitrogen limitation re-
stricts mitotic growth.

Genetic studies have led to the identification of several
key molecules that regulate the initiation of sporulation in
response to the AMT genotype and the nutritional status of
the cells (22, 27, 31, 42, 52). Of central importance is an
activator of meiosis, the product of the IMEI gene, which is
present at high levels only in starved MATa/MATat diploids
(11, 22, 29). IMEI expression leads to the accumulation of a
second activator, IME2, and to the activation of additional
sporulation-specific genes (29, 42, 43, 52). mat-insufficient
cells, which do not normally sporulate, can do so when
provided with ectopically expressed IME1.
IMEI expression is coupled to the AMT genotype by the

activity of the RMEJ product and at least one additional
intermediate (18, 23, 30, 35). RMEJ is a negative regulator of
IME1; IMEI accumulation and sporulation can occur when
RMEJ activity is low. Levels of RMEI are normally low in
AMTaIMATot diploids as a result of the activity of the al-a2
heterodimer; other cell types, which lack al/a2, express
RMEI at high levels and do not sporulate (5, 30). Accord-
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ingly, mat-insufficient strains in which RMEI has been
inactivated by mutation (e.g., nnel::LEU2) can sporulate to
low levels, partially bypassing the requirement for both AM T
alleles.
An additional gene, RES1, was defined by a semidominant

mutation (RES1-I) that allowed AMTaIAM Ta diploid cells to
sporulate efficiently in the presence of excess copies of
RMEI (21). This mutation also allows mat-insufficient cells
to express IMEJ and to sporulate to low levels. As this gene
has not been cloned, the function of the wild-type RESI
product and the role of AM T in regulating its expression or
activity are not yet clear. Genetic analysis suggests, how-
ever, that RESI and RMEI act independently, since the two
mutations together support higher sporulation than either
does alone.

Available genetic evidence has strongly suggested that
additional MT-dependent functions also participate in the
activation of the sporulation process. First, it has not been
possible to mimick the MATa/MATa genotype fully by
introducing the known bypass mutations into mat-
insufficient cells; nnel: :LEU2 mutations do not support
wild-type levels of sporulation, even in combination with
RESJ-J mutations (21, 30). Conversely, overexpression of
RMEI does not fully repress sporulation in ALTa/AL4Ta
diploids (30). These results would not be expected if, indeed,
RMEJ were the sole route through which MT signals are
communicated to IMEI.
We describe below the isolation of a new gene, IME4, that

appears to define a second pathway through which the
mating-type locus controls the initiation of sporulation. As
for IME1, IME4 expression was induced in starved AL4Ta/
MATa diploids and not in other cell types. Unlike IME1,
however, IME4 does not respond to the wild-type RMEI or
RESI products; mat-insufficient cells that lack RME1 activ-
ity or that contain RES1-1 mutations still did not express
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IME4 at high levels, whereas such cells did express IMEL.
Moreover, excess IME4 promoted sporulation in mat-
insufficient cells, whether or not rmel::LEU2 or RESl-1
bypass mutations were also present.
Under normal genetic conditions, IME4 is essential for

high levels of IMEI accumulation and for sporulation. That
is, MA4Ta/AL4Ta diploids that carry ime4::LEU2 or ime4::
TRPI null mutations do not sporulate, because they do not
accumulate sufficient IMEJ. Accordingly, excess IMEI sup-
pressed the sporulation defect that resulted from the absence
of IME4. The defects of MATa/MA4Ta ime4::TRPJ/ime4::
TRP1 strains were also partially suppressed by RES1-1 or
nnel::LEU2 mutations: double-mutant strains expressed
wild-type levels of IMEI and sporulated to low levels,
suggesting that IME4 activity is dispensable for IMEI acti-
vation under these conditions but that the wild-type product
is needed for an additional function as well.

MATERIALS AND METHODS

Preparation and analysis of nucleic acids. Routine cloning
manipulations were accomplished as described by Sambrook
et al. (38) or Davis et al. (7). Restriction enzyme digestions
and ligation reactions were performed as directed by the
suppliers of the relevant enzymes. Probes were prepared by
primer extension using hexanucleotide random primers
(Pharmacia) or by in vitro transcription (Stratagene) as
directed by the suppliers of the reagents. Yeast genomic
DNA for Southern blots was prepared as described by
Sherman et al. (40) and hybridized as described previously
(4).
RNA was prepared essentially as described by MacDon-

ald et al. (24). Cells were broken with glass beads in the
presence of guanidinium salts, and the nucleic acids were
precipitated with ethanol. The RNA was selectively precip-
itated with lithium chloride and ethanol following extraction
with phenol and chloroform. RNAs were fractionated and
blotted as described previously (21, 49).

Hybridization probes. The probe used to detect IMEI
mRNA and genomic DNA was a 350-bp EcoRI fragment
from pAM506 (42). For IME2, we used a 2.2-kb BglII-
HindIII fragment equivalent to those in p5 (52) and pAM400
(42). IME4 was detected by using an isolated 1.0-kb EcoRI-
BamHI fragment (Fig. 1) or by using a single-stranded
riboprobe prepared from EcoRI-digested pJS11 (see below).
Plasmid pC4 was used as an internal control for the integrity
of the RNA preparations. pC4 detects a transcript that is
invariant in abundance during sporulation (33).
Growth and sporulation of yeast celis. S. cerevisiae strains

were grown in YEPD, YEP-acetate, and supplemented
minimal medium as described by Sherman et al. (40). Sporu-
lation medium was SPM (1% potassium acetate) supple-
mented as required by the strain. In some cases, solid
sporulation medium was also supplemented with X-Gal
(5-bromo-4-chloro-3-indolyl-13-D-galactoside; 40 ,ug/ml [36]).
Cells to be sporulated were grown to late exponential phase
in liquid YEP-acetate (5 x 107 to 7 x 107 cells per ml) or as
patches on plates for 36 to 48 h prior to shift to sporulation
medium.
The percentages of sporulated cells were determined by

direct microscopic counts using a hemocytometer. In some
cases, sporulation was also monitored by staining the cells
with the nuclear stain 4,6-diamidino-2-phenylindole (51).
Alternatively, cells were lysed onto nitrocellulose filters and
assayed for spr3::lacZ expression (2, 36, 47).

Construction of S. cerevisiae strains. The strains used in
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FIG. 1. Maps of plasmid inserts. Insert DNAs of the various
IME4 subclones are shown to scale, except for the LEU2 inserts in
pJS20, pJS21, pJS22, and pJS35. Recognition sites for restriction
enzymes are abbreviated as follows: B (BamHI), C (ClaI), G (BglII),
H (HindIII), N (NcoI), P (PstI), S (Sall), Sp (SphI), and R (EcoRI).
The BamHI-Sau3A junction of the original clone is indicated with an
asterisk. The regions to the left of the BamHI-Sau3A junction in
pJS12, pJS16, pJS18, pJS21, pJS22, and pJS35 are derived from the
original YCp5O vector. The vectors are YCp5O (pYC12S), pBlue-
script (pJS18, pJS21, and pJS22), pRS316 (pJS11, pJS12, and
pJS20), and YEp352 (pJS16 and pJS35).

this study (Table 1) were constructed by standard techniques
(14, 19, 37, 40, 44). Strains carrying the spr3::1acZ reporter
were constructed by transplacement as described previ-
ously, using pGK11 (20, 21). Haploid segregants carrying the
RES1-1 mutation were detected by their ability to express
the spr3::1acZ fusion at low levels, using a plate assay as
described previously (21).

Strains used for cloning and analysis of IME4 were iso-
genic heterothallic derivatives of GKY5 (21). Strains that
were defective at the mating-type locus were obtained as
described previously, by transplacement of a matal::LEU2
allele from HindlIl-digested pGK29 (21) into haploid or
diploid recipient strains. In cases where the desired event
was expected to change the pattern of pheromone produc-
tion, transformants were assayed by using sstl and sst2
strains (3) as described by Sprague (45).

Strains lacking RMEJ or IMEJ activity were constructed
as described previously, using pGK24 (21, 30) or pAM506
(42), respectively, as the source of the null alleles. Strains
that contained insertions at the IME4 locus were constructed
by using pJS20, pJS21, pJS22, and pJS34 to generate the
ime4::LEU2 (BglII), ime4::LEU2 (BamHI), IME4::LEU2
(PstI), and ime4::TRPI (EcoRI-SphI) alleles, respectively.
pJS20 and pJS34 were digested with BamHI and HindIII
prior to transformation. For pJS21 and pJS22, digestion was
with NcoI and SphI. The desired rearrangements were
detected by Southern blotting. Isogenic diploids were ob-
tained by transforming haploids with YCp5O-HO (14).

Identification ofIME4. S. cerevisiae JSD125/+ (mata) was
transformed with a yeast genomic library that was con-
structed by using Sau3A-digested DNA derived from strain
125-10, cloned into the BamHI site of YCp5O. Uracil pro-
totrophs were patched onto minimal plates, transferred to
YEP-acetate plates, and incubated at 30°C for 2 to 3 days.
Cells were then transferred to sporulation medium (SPM)
that contained X-Gal as well as the amino acid supplements
required by the strain. Color was observed after 3 to 4 days
of incubation, and isolates that appeared darker in color than
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TABLE 1. Strains useda

Strain Genotype Source

Haploid
JSH-1 MATa RESI ho::HIS3 leu2 ura3 trpl his3 spr3::lacZ This study
JSH-2 MA4Ta RESI ho::HIS3 leu2 ura3 trpl his3 spr3::lacZ This study
JSHl-mata matal::LEU2 RESl ho::HIS3 leu2 ura3 trpl his3 spr3::lacZ This study
125-10 MATaRESl-l ho::HIS3 leu2 ura3 trpl his3 SPR3 G. Kao
JSH125-1 ATa RES1-1 ho::HIS3 leu2 ura3 trpl his3 spr3::lacZ This study
JSH125-2 M4Ta RES1-1 ho::HIS3 leu2 ura3 trpl his3 spr3::lacZ This study
JSH125-mata matal::LEU2 RES1-1 ho::HIS3 leu2 ura3 trpl his3 spr3::lacZ This study
XS144-S19 MATa leul trp5 cyh2 metl3 aro2 lysS adeS R. K. Mortimer

Diploid
GK56 matal::LEU2/MATa RESl/RES1 ho::HIS3/ho::HIS3 leu2/leu2 ura3/ura3 Kao et al. (21)

trpl/trpl his3/his3 SPR31SPR3
GK56-mata matal:WLEU2/MATa derivative of GK56 Kao et al. (21)
JSD1 A4Ta/MA Ta RES1/RESl ho::HIS3/ho::HIS3 leu2/leu2 ura3/ura3 trpl/trpl This study

his3/his3 spr3::lacZ/spr3::lacZ
JSD-mata matal::LEU2/MATa derivative of JSD1 This study
JSD125/+-mata Cross between JSH125-2 and JSHl-mata This study
125-12 MATa/MATa RES1-1/RESl-1 ho::HIS31ho::HIS3 leu2/leu2 ura3/ura3 trpl/ Kao et al. (21)

trpl his3/his3 SPR3/SPR3
125-mata matal::LEU2 derivative of 125-12 Kao et al. (21)
JSD125 MATa/MATa RES1-1/RES1-1 ho::HIS3Iho::HIS3 leu2/leu2 ura3/ura3 trpl/ This study

trpl his3lhis3 spr3::lacZ/spr3::lacZ
JSD125-mata matal::LEU2/MATa derivative of JSD125 This study
CG783 MA Ta/MA Ta spoT2/spoT2 trpl/trpl urallural C. Giroux
a All other strains used were isogenic to those listed except for disruptions at the AMT, RMEI, IMEI, and IME4 loci and are therefore not listed separately.

the controls were retained and characterized further as
described below.
The original isolate that defined IME4 (plSE-15) contained

approximately 11.5 kb of S. cerevisiae DNA within the
YCp5O vector. Subcloning portions of this insert delimited
the active region of the original isolate. This was contained
within a subclone (pYC12S) that included 4.8 kb of DNA
extending from the left border of the insert to a Sall site
located 4.8 kb from this junction (Fig. 1). Portions of
pYC12S were transferred to the yeastlEscherichia coli vec-
tors pRS316 and YEp352 for further analysis (16, 41).
Two constructs (pJS11 and pJS12) were used to determine

the direction of transcription ofIME4 and adjacent transcrip-
tion units. pJS11 contains a 3.5-kb BamHI-SalI fragment
cloned between the corresponding sites of pRS316. pJS12
(also called YCp-IME4) contains a 2.9-kb EcoRI fragment
cloned into the EcoRI site of the same vector. The probe that
detected the IME4 transcript was synthesized by using T7
polymerase in the BamHI-to-EcoRI direction from a pJS11
template. A second probe prepared by using pJS12 for T3
transcription did not hybridize to the sporulation-specific
transcript but did detect an apparent haploid-specific tran-
script originating on the opposite strand (data not shown).
pJS16 (also called YEp-IME4) and pJS33 contained the

same insert as pJS12, but in YEp352 and pRS314 (41),
respectively. pJS35 contained the LEU2 gene cloned into the
unique BamHI site ofIME4; this was obtained by subcloning
a 6.0-kb HindIII-SstI fragment from pJS21 into YEp352.
This ime4::LEU2 (BamHI) allele was the equivalent of that
in pJS21 (below).

Plasmids for disrupting IME4 were constructed in two
steps. pJS18 contained a 3.0-kb BglII-ClaI fragment from
pYC12S, cloned into pBluescript SK+ (Stratagene). pJS21
and pJS22 were formed by inserting the wild-type LEU2
gene (37) into the unique BamHI and PstI sites of pJS18,
respectively. pJS20 contained LEU2 inserted at the unique
BglII site, and pJS34 contained TRPJ between the EcoRI

and SphI sites of pJS11. pYE-IME1 contains IMEI as a
6.0-kb BamHI-XhoI fragment cloned between the BamHI
and SalI sites of YEp24 (39).
Mapping of IME4. A 1.6-kb BamHI restriction fragment

from p1SE-15 was hybridized to a commercially available
preparation of S. cerevisiae chromosomes that had been
fractionated by pulse-field electrophoresis (Clontech, Inc.).
The IME4 probe hybridized to a single band at the position
of chromosome VII. This identification was confirmed by
hybridizing the same blot to a 2.1-kb ClaI-EcoRI fragment
containing the wild-type RME1 gene; the latter is located
near the centromere of chromosome VII. IME4 was mapped
relative to markers derived from XS144-S19. The IME4
locus was marked in strain JSH a by using a wild-type URA3
gene inserted at a BglII site adjacent to the IME4 transcrip-
tion unit. This strain (JSH a IME4::URA3) was crossed to a
segregant from a cross between JSH a and XS144-S19 that
was MA4Ta ura3 adeS lysS metl3 aro2 cyh2. Analysis of
segregants from the resulting diploid allowed IME4 to be
located on the left arm of chromosome VII, between ADES
and LYSS.

RESULTS

Isolation of the IME4 gene. We screened a library of S.
cerevisiae DNA for plasmids that could enhance the sporu-
lation capability of a mat-insufficient diploid strain that was
heterozygous for the RESJ-J mutation. This recipient matal
MATa RES1-1/+ strain forms pale blue colonies on sporu-
lation medium supplemented with X-Gal, because it contains
a sporulation-specific reporter construction (spr3::1acZ) in-
tegrated at both chromosomal loci. Transformants that
sporulated better than the recipient were expected to form
darker colonies in accord with the higher levels of f-galac-
tosidase that are produced (17, 20, 21).

Plasmids were rescued from the yeast cells, and those that
could confer enhanced activity in a second transformation of
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TABLE 2. IME4 enhancement of sporulation in
mat-insufficient strains

Relevant genotype0 Plasmidb Sporu-
lationc

MA Ta/MA Ta YEp352 52.9
matal::LEU2/MATa YEp352 0.0

YCp-IME4 0.3
YEp-IME4 5.5
YEp-ime4::LEU2 0.0

matal::LEU2/MATa RESl-1IRES1 YEp352 1.3
YCp-IME4 11.4
YEp-IME4 35.5
YEp-ime4::LEU2 0.7

matal::LEU21MATa RES1-1/RES1-1 YEp352 9.8
YCp-IME4 21.7
YEp-IME4 40.3

matal::LEU21MA4Ta rmel::LEU2/ YEp352 7.0
rmel::LEU2 YCp-IME4 14.9

YEp-IME4 57.3
matal::LEU2/MA4Ta RES1-1/RES1-1 YEp352 27.0
rmel:ILEU2/rmel::LEU2 YCp-IME4 29.3

YEp-IME4 49.8

a All of the strains were isogenic except at the AM T, RESI, and RMEI loci.
b YCp-IME4 is pJS12, YEp-IME4 is pJS16, and YEp-ime4::LEU2 is pJS35.
c Sporulation was determined by 4,6-diamidino-2-phenylindole (51) staining

cells that had been incubated in sporulation medium for 48 h. Values are for
a typical experiment, and each represents at least 600 cells.

the same recipient were retained. This second test elimi-
nated an expected class of false positives in which the
chromosomal RES1-1 allele had become homozygous during
mitotic growth of the transformants. The inserted DNA
present in one isolate that scored positively in both tests did
not correspond to any of the previously described genes that
would be detected in this assay, as determined by restriction
mapping and Southern blotting (data not shown). Genes of
this class include IMEI, IME2 (SME1), MCK1 (IME3),
MATa, andHMRa (22, 31, 42, 52). Also, the cloned DNA did
not direct integration of plasmid sequences to the RESI
locus (1 parental ditype:3 tetratype:1 nonparental ditype)
and thus did not contain the RESI gene. The gene thus
obtained was named IME4 on the basis of the analysis
described below.
Enhancement of sporulation by IME4. To establish that the

enhanced blue color was the result of higher sporulation
levels of the IME4-containing transformants, rather than
altered permeability of the cells to X-Gal or an effect on
spr3::lacZ expression per se, we monitored sporulation
levels in transformants that carried portions of the original
11.5-kb insert on single- or multiple-copy vectors. Using the
X-Gal assay, we localized the putative activator to a 2.9-kb
region that bordered the BamHI cloning site of the original
YCp5O vector (Fig. 1 and data not shown). This region was
transferred to single-copy (pRS316) and multiple-copy
(YEp352) vectors to form pJS12 and pJS16. These plasmids
are called YCp-IME4 and YEp-IME4, respectively, in Table
2 and below. These constructions were introduced into
mat-deficient S. cerevisiae strains that were unable to sporu-
late (matal::LEU2MA4Ta) or whose sporulation ability de-
pended on RESJ-J or rmel::LEU2 bypass mutations.
The data in Table 2 compare the sporulation levels at-

tained by the various strains when they carry plasmid-borne
copies of the IME4 activator. As with IMEI and IME2,
excess IME4 was able to promote sporulation in mat-
insufficient yeast cells, whether or not additional bypass

TABLE 3. Evidence that IME4 is essential for sporulation in
MA Ta/AM Ta diploids

Relevant genotype' % Sporulation'

MA4Ta/MATa IME4/IME4 ..................................... 50.1
MATa/MATa ime4::LEU2 (BamHI)/ime4::LEU2
(BamHI)......................................... 0.0

MA Ta/MA Ta IME4::LEU2 (BgllI)/IME4::LEU2
(Bgll)......................................... 61.0

MA Ta/MA Ta IME4::LEU2 (PstI)lIME4::LEU2
(PstI) ............. ............................ 65.7

MA Ta/MA4Ta ime4::TRPI (EcoRI-SphI)/ime4::TRPI
(EcoRI-SphI)......................................... 0.0
a All strains are isogenic except for their genotypes at IME4. The IME4

alleles used were designated according to the placement of the LEU2 or TRPI
selectable marker within or adjacent to the IME4 gene. These constructions
are diagrammed in Fig. 1, and the genetic manipulations are further described
in Materials and Methods.

b Determined microscopically after 48 h of incubation in sporulation me-
dium. At least 400 cells were counted for each value. Results shown are from
a typical experiment.

mutations were also present. As expected from the screen
that yielded IME4, a single excess copy of the gene en-
hanced sporulation in strains that were heterozygous for the
RES1-1 mutation (1.3% versus 11.4% in the experiment
shown). This effect was also observed in strains whose
sporulation ability depended on rmel::LEU2/rme1::LEU2 or
RES1-1/RES1-1 genotypes; approximately twofold stimula-
tion of sporulation occurred in these cases (Table 2).
The multicopy construction (YEp-IME4) allowed sporula-

tion by mat-insufficient strains of all genotypes. In cells wild
type at RESI and RME1, 5.5% sporulation was achieved,
compared with no observed asci for the control carrying the
vector alone. Moreover, strains that contained the RES1-1
and rmel::LEU2 mutations in combination with the YEp-
IME4 construction sporulated almost as efficiently as did
isogenic MATa/MATa controls. These data suggest that
IME4 encodes an activator that is limiting in mat-insufficient
cells, even in cases where the strain background already
permits some levels of sporulation.
IME4 is essential for sporulation. We used gene replace-

ment to examine whether the cloned DNA contains a tran-
scription unit that is essential for sporulation in MA4Ta/
MATa diploid cells (37). We inserted a selectable LEU2 or
TRPI marker within the cloned DNA, using the BglII,
BamHI, EcoRI, and SphI sites indicated in Fig. 1. Diploid
strains that were homozygous for these mutations were
constructed and exposed to sporulation medium. The results
shown in Table 3 indicate thatMATa/MA Ta strains contain-
ing insertions at the BamHI site or between the EcoRI and
SphI sites in IME4 were unable to sporulate (no asci in over
10,000 cells examined), whereas strains that contained inser-
tions at the other two positions (BglII and PstI) could do so
normally. We will refer to the inactive alleles of IME4 as
ime4::LEU2 and ime4::TRPJ, respectively. We conclude
that the region essential for sporulation lies between the
BglII and PstI sites shown in the restriction maps in Fig. 1.
An additional experiment verified that the region of DNA

that is required for sporulation is the same as the one that
activates the process when carried on high-copy-number
plasmids. We asked, simply, whether the insertion ofLEU2
into the IME4 region of YEp-IME4 abolished the ability of
this plasmid to activate sporulation in mat-insufficient cells.
The YEp-ime4::LEU2 construction contained the ime4::
LEU2 allele instead of the wild-type IME4 cloned into the
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FIG. 2. Cell type dependence of IME4 expression. RNAs were
prepared from AL4Ta/AL4Ta diploids (group A), mata::LEU2MAT4Ta
diploids (group B), mata::LEU21MATa nnel::LEU2/rmel::LEU2
diploids (group C), and mata::LEU2IMATa RES1-11RES1-1 diploids
(group D). Cells were grown in YEPD (lanes 1) or YEP-acetate
(lanes 2) or were incubated in sporulation medium for 3 (lanes 3) or
8 (lanes 4) h prior to harvest. RNAs were transferred to nitrocellu-
lose filters following fractionation through denaturing formaldehyde
agarose gels. Blots were hybridized to probes that detected IME4,
IME1, IME2, and a pC4 control (see Materials and Methods).
Positions of the corresponding bands are indicated at the left.

YEp352 vector. This construction did not promote sporula-
tion when introduced into mat-insufficient strains (Table 2).

Characterization of the IME4 transcription unit. To locate
the IME4 transcription unit, we hybridized restriction frag-
ments or riboprobes to RNA from wild-type (MA Ta/AMTax)
and isogenic mat-insufficient derivatives of yeast strain JSD1
(Fig. 2 and data not shown). RNAs were prepared from
exponentially growing populations of cells (YEPD and
YEPA; Fig. 2, lanes 1 and 2, respectively) and cells that had
been exposed to sporulation medium for 3 (lanes 3) and 8
(lanes 4) h.
The results of these Northern (RNA) blot experiments

showed that the region between the EcoRI and PstI sites
shown in Fig. 1 hybridized to two RNAs that are transcribed
in opposite directions (Fig. 2 and data not shown). The
1.9-kb RNA that corresponds to IME4 was detected in
MATa/MATot diploids in both growth media examined and
accumulated to higher levels in these cells after a shift to
sporulation medium.
IME4 activates IMEI. We considered two plausible models

for the interaction between IME1 and IME4. IME4 might
function to activate IMEI in response to mating type and
nutritional signals. If so, the sporulation defect of
ime4::LEU2 strains would be due to inadequate accumula-
tion of the central IMEJ activator. Alternatively, IME4
might be a crucial downstream target of IMEI activity. To
choose between these possibilities, we first compared IMEI
transcript levels in MATa/MATa strains that contained ac-
tive IME4 alleles with levels in those that did not. The same
blots were also hybridized to probes that were expected to
detect IME4 (and its truncated mutant derivative), IME2,
and a relatively invariant transcript as controls.
The autoradiographs shown in Fig. 3 demonstrate that

IMEI and IME2 levels are substantially lower in strains that

rntro

FIG. 3. Activation of IMEI and IME2 by IME4. RNAs were

prepared from MATa/MATot diploids (group A), MATaIMATa
ime4::LEU2Iime4::LEU2 diploids (group B), and MAMTa/MA Ta
ime4::LEU2/ime4::LEU2 RESI-1/RES1-1 diploids (group C). Cells
were grown in YEPD (lanes 1) or YEP-acetate (lanes 2) or were

incubated in sporulation medium for 3 (lanes 3) or 8 (lanes 4) h.
RNAs were transferred to nitrocellulose following fractionation
through denaturing formaldehyde agarose gels. Blots were hybrid-
ized to probes that detected IME4 and its truncated derivative
(imne4::LEU2), IME1, IME2, and a pC4 control. Positions of the
corresponding bands are indicated at the left.

are homozygous for the ime4::LEU2 allele than in isogenic
IME4 controls. This transcriptional defect was not absolute,
as basal levels of IMEI mRNA were still detectable in the
mutant cells. We believe that this defect in IMEI accumu-
lation is sufficient to explain the sporulation defect of
ime4::LEU2 strains, because the levels were comparable to
those observed in mat-insufficient strains.
To corroborate this result, we examined whether excess

copies of IMEI could suppress the sporulation deficiency of
ime4::LEU2 strains; if IME4 normally activates IME1, the
increased basal expression of IMEI from the high-copy-
number construction might drive sporulation in the absence
of the normal activator. Representative experiments (Table
4) indicate that this is so; excess IMEI did suppress the
sporulation deficiency associated with an inactive allele of
IME4 (ime4::LEU2). By contrast, excess IME4 was ineffec-
tive in promoting sporulation in cells that contained only
inactive imel ::TRPJ alleles. Thus, excess IMEI obviates the
need for IME4.
These experiments suggest that IME4 activates IMEI in

response to signals from the environment and the mating-
type locus; mat-insufficient cells do not express IME4 at high
levels and consequently fail to activate IMEI. The resulting
sporulation deficiency is mimicked by MA4Ta/MA4Tot strains
that contain defective ime4::LEU2 alleles and can be sup-
pressed by excess or ectopic expression of IMEL.
AUT dependence ofIME4 transcript accumulation. It was

of interest to determine whether the cell type specificity of
IME4 expression is dependent on the RMEJ or RES] prod-
uct. Mutations in either gene lead to IMEJ transcript accu-
mulation in inappropriate cell types, thereby bypassing the
usual requirement for both mating-type alleles. One possible
explanation for this could be that nnel ::LEU2 and RESJ-1
mutations actually lead to IME4 expression in mat-
insufficient cells, and that IMEI expression occurs as a

0 9.
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TABLE 4. Suppression of ime4::LEU2 mutations
by IMEl-containing plasmids

Relevant genotypea Plasmid % Sporula-

MATaIMATa ime4::LEU2Iime4::LEU2 YEp24 0.0
YEp-IME4 41.1
YEp-IMEI 24.9

MATaIMATa imel::TRPlIimeJ ::TRPI YEp24 0.0
YEp-IME4 0.0
YEp-IME1 32.9

a All strains are isogenic except at their IMEI and IME4 loci.
b Determined after 48 h of incubation in sporulation medium.

secondary consequence of IME4 activity. If so, we would
expect elevated levels of IME4 mRNA, as well as IMEI
mRNA, in mat-insufficient strains that carry rmel ::LEU2 or
RES1-1 bypass mutations.
The Northern blots shown in Fig. 2 demonstrate that

IME4 levels remained low in rmel ::LEU2 and RES1-1
strains, whereas IMEI levels were increased relative to
controls that contained neither mutation. IME2 was also
expressed in these strains, indicating that the IMEI levels
attained were sufficient to activate downstream genes. Thus,
rnel::LEU2 and RES1-1 do not activate IMEI through
effects on IME4; rather, these mutations bypass the depen-
dence of IMEI expression on high levels of the IME4
activator.

Role of IME4 in mat-insufficient cells. To determine
whether IME4 plays any role in sporulation by mat-
insufficient cells, we deleted IME4 from the mat-insufficient
strains that carry rmel: :LEU2 or RES1-1 mutations; if these
cells contained a low but functionally significant level of
IME4 transcript, then the ime4::LEU2 allele would cause a

reduction of sporulation levels in these cells. If, on the other
hand, IME4 is not expressed at all, then disrupting the gene
would have no effect. The results presented in Table 5

indicate that low levels of IME4, not detected on our
Northern blots, are important for sporulation in mat-
insufficient cells. Sporulation was greatly reduced, although
not completely abolished, when these strains contained the
ime4::LEU2 allele in combination with the rmel::LEU2 or

RES1-1 bypass mutations. We conclude that IME4 does play
a role in sporulation in mat-insufficient cells, even though the
abundance of the RNA is extremely low.
nnel::LEU2 and RESI-I partially suppress ime4 alleles.

The results presented above demonstrate that IMEI expres-
sion does not always require high levels of IME4 and,
indeed, that some low levels of sporulation can occur in the
complete absence of IME4 activity (i.e., in mat-insufficient
cells containing nnel::LEU2 or RES1-1 mutations). These
results suggest that IMEI accumulation and sporulation
might also be IME4 independent in MATa/AL4Ta diploids
containing the rnel::LEU2 or RESJ-J bypass mutations.
That is, these mutations might suppress the transcription and
sporulation defects that result from the ime4::LEU2 or

ime4::TRPI mutation.
To verify this possibility, we constructed MATa/MATa

strains that were homozygous for the rmel: :LEU2 or

RESI-I alleles in combination with ime4::LEU2 or

ime4::TRPI null alleles and examined whether the double
mutants regained the ability to express IMEI and to sporu-
late. Autoradiographs that compare the levels of IMEI
mRNA in ime4::LEU2/ime4::LEU2 strains with and without
the RESI-J mutation are shown in Fig. 3. Wild-type AM Ta/

TABLE 5. Role of IME4 in mat-insufficient cells

Relevant genotypea and plasmid % Sporulation'

MA Ta/MA Ta
YCp5O ........................................ ND
YCp-IME4 ......................................... 52.0

matal::LEU2/MA Ta
YCp5O ......................................... 0.0
YCp-IME4 ......................................... 0.2

matal::LEU2/MA4Ta ime4::LEU2/ime4::LEU2
YCp5O ......................................... 0.0
YCp-IME4 ......................................... 8.7

matal::LEU21MATa RES1-1/RES1-1
YCp5O ........................................ 20.0
YCp-IME4 ......................................... 23.1

matal::LEU2/MA4Tca RES1-1/RESI-I ime4::LEU21
ime4::LEU2

YCp5O ........................................ 0.5
YCp-IME4 ......................................... 10.7

matal::LEU21AL4 Ta rmel::LEU2/rmel::LEU2
YCp5O ........................................ 4.3
YCp-IME4 ......................................... 13.4

mata/MATa nnel::LEU2/rmel::LEU2 ime4::LEU21
ime4::LEU2

YCp5O ........................................ 0.7
YCp-IME4 .................. ....................... 19.1
a The strains were isogenic except at their MAT, IME4, RESI, and RMEI

loci.
b Sporulation was assayed microscopically after the cells had been incu-

bated in sporulation medium for 48 h. Results shown are from a typical
experiment. At least 600 cells were counted for each determination. ND, not
determined.

A 4Ta strains that contain neither mutation are included as
controls. These results demonstrate that the RESI-I muta-
tion suppresses the defect in IME1 accumulation resulting
from the ime4::LEU2 mutation; double-mutant strains accu-
mulated IMEI RNA to levels that were indistinguishable
from wild-type levels. We also examined the final levels of
sporulation attained byMA Ta/MA Ta diploids that contained
nnel::LEU2 or RES1-1 mutations. Surprisingly, the sporu-
lation defect of ime4 strains was very weakly suppressed by
the rmel::LEU2 and RESI-1 mutations (Table 6); that is, the
double-mutant strains sporulated to final levels of only 0.5 to
2%, even though IMEJ levels were apparently normal in the
RES1-1 strain. While low, this level of sporulation is signif-
icant because MATa/MATa ime4lime4 strains that are wild
type for RMEJ and RESI did not sporulate at all in many
separate experiments. The low-sporulation phenotype was
complemented by the addition of the wild-type IME4 gene
on single-copy plasmids and is therefore not due to a
secondary mutation in these strains. These results suggest
that IME4 is needed for a second function, in addition to
promoting IMEI accumulation.
Mapping ofIME4. IME4 was located on chromosome VII

by hybridization of the cloned DNA to contour-clamped
homogeneous electric field-fractionated S. cerevisiae chro-
mosomes. The gene was then mapped relative to other
chromosome VII markers as described in Materials and
Methods. The data in Table 7 show that IME4 maps to the
left arm of chromosome VII, betweenADE5 and LYS5. This
position is within 10 centimorgans of the reported location of
SPOT2, a previously described gene whose activity is re-
quired early in the sporulation process (50). To determine
whether IME4 and SPOT2 were the same gene, we trans-
formed a spoT2 strain (very kindly provided by Craig Gir-
oux) with pJS33. The wild-type IME4 gene did not comple-
ment the sporulation deficiency of the spoT2 strain.
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TABLE 6. Suppression of ime4 by RES1-1 and rmel::LEU2
in A ATa/MA4Ta strains

Relevant genotype' and plasmid Sporu-
lationb

MATatMATa
YCp5O.......................................... 50.2
YCp-IME4 .......................................... 52.0

AL4Ta/MATa rnel::LEU21rmel::LEU2
YCp5O.......................................... 88.3
YCp-IME4 ........................................... 81.7

MATa/MATa RESl-J/RES1-l
YCp5O.......................................... 56.8
YCp-IME4 .......................................... 61.4

MA Ta/AM Ta ime4::LEU2Iime4::LEU2
YCp5O......................................... 0.0
YCp-IME4 ........................................... 22.8

AM Ta/MATa ime4::TRPl/ime4::TRPl
YCp5O.......................................... 0.0
YCp-IME4 ........................................... 16.1

MATa/AL4Ta ime4::LEU21ime4::LEU2 RESJ-1/RES1-1
YCp5O........................................... 2.5
YCp-IME4 .......................................... 33.4

A A4Ta/MATa ime4::TRP1/ime4::TRP1 RES1-1/RES1-1
YCp5O.......................................... 0.3
YCp-IME4 .......................................... 23.2

MA4Ta/MA Ta ime4::TRPJ/ime4::TRP1 rmel::LEU21
rmnel::LEU2

YCp5O.......................................... 0.4
YCp-IME4 .......................................... 53.9

MA4Ta/MA Ta ime4::TRPJ/ime4::TRPl RES1-1/RES1-1
rmel::LEU2/rmel::LEU2

YCp5O.......................................... 0.6
YCp-IME4 ........................................... 34.0

a The strains were isogenic except at the MAT, IME4, and RES] loci. The
IME4 allele (ime4::LEU2) contains LEU2 inserted at the BamHI site in the
IME4 region and is the same as the ime4: LEU2 (BamHI) construction shown
in Fig. 1. For the ime4::TRPI (EcoRI-SphI) allele, the TRPI gene replaces the
EcoRI-SphI fragment of IME4 shown in Fig. 1.

b Sporulation was assayed microscopically after the cells had been incu-
bated in sporulation medium for 48 h. The results are from a typical
experiment. At least 600 cells were counted for each determination.

DISCUSSION
IME4 is an activator of sporulation that is expressed at

high levels only in MA Ta/MA Tx cells. The corresponding
transcript is detectable during vegetative growth of wild-type
diploid cells and is induced substantially upon a shift to the
nitrogen-free conditions that promote sporulation. Excess
IME4 drives sporulation in mat-insufficient cells, and its
absence from MATa/MATa diploids causes sporulation to
fail at a stage prior to the first meiotic division. This arrest of
sporulation is due to a failure of ime4::LEU2/ime4::LEU2
cells to activate IMEL.
We have explored the interactions between IME4 and

some other genes involved in the initiation of sporulation,
including AM T, RME1, and RESI. The results of these
studies reveal new complexities in the pathways that govern
the initiation of sporulation in S. cerevisiae cells, as dia-
grammed in Fig. 4. The important features that emerge are
that AM T and nutritional signals converge on the IMEI
activator by multiarmed and interlocking routes (1, 32, 48).
AMT controls IMEI through the activities of RMEJ and,
independently, of IME4. IME4 also communicates a nutri-
tional signal to IMEI, but this is not the only nutritional
signal that IMEI receives; IMEI responds to nutrition by a
pathway that does not require IME4 activity.
Thus, AMT control of sporulation is mediated by two

TABLE 7. Position of IME4 relative to markers on
chromosome VII

Tetrad analysis" Map distanceb

PD NPDIr (centimorgans)

IME4::URA3-ADE5 21 0 17 22
IME4::URA3-LYS5 15 1 22 37
IME4::URA3-AR02 12 1 25 41
ADE5-LYS5 8 3 27 60
ADE5-AR02 6 3 29 62
LYS5-AR02 33 0 5 6.6

' PD, NPD, and TT refer, respectively, to parental ditype, nonparental
ditype, and tetratype asci. No linkage to RMEI or TRP5 was detected, and
very loose linkage to CYH2 was detected.

b Calculated according to Perkins' formula (34).

genetically distinct pathways, one requiring the RMEI prod-
uct and the second requiring IME4. These two pathways act
antagonistically on IME1, since RMEI represses IMEI ac-
cumulation, whereas IME4 activates it. In MATa/MATct
cells, in which RMEI levels are low, expression of IME4
upon starvation leads to efficient accumulation of IMEI
mRNA. In matalAM Ta cells, by contrast, RMEJ levels are
high, and IME4 is expressed poorly; hence, IMEI activation
fails and sporulation does not occur.
Our results indicate that functional IME4 product exists at

low levels in mat-insufficient cells and can promote sporu-
lation in those cells when the RMEJ product is not present.
We also confirm that functional RMEJ product is present at
low levels in MATa/MA Ta cells (5, 30); we observed partial
suppression of ime4::TRP1 alleles by the rmel::LEU2 mu-
tation in MATa/MATat diploids. Hence, both the RMEI and
IME4 products can be functionally relevant in inappropriate
cell types, in genetic backgrounds that allow their activities
to be revealed.
The existence of two pathways guarantees that only

MATa/MA4Ta cells can normally sporulate. Even though
each pathway is leaky on its own, together they place an
absolute cell type restriction on sporulation. This bifurcated
mechanism resembles that used by the cells to repress the
mating response; MATa/A4Ta cells cannot mate, even

RME1 /

IME1

IME2 ?

FIG. 4. Model summarizing the interactions described in the
text. Positive interactions are indicated by arrows, and negative
interactions are indicated by horizontal bars.
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when provided with pheromone receptors, because they also
lack downstream components of the pheromone response
pathways (12, 26).
IME4 is controlled by the AMT locus, because the tran-

script accumulates to high levels only in MATa/MA Ta dip-
loids. Thus, IME4 is ultimately controlled by the al-a2
heterodimer. In the case ofIME4, however, RMEI is not the
intermediate that couples expression to the AM T genotype.
We suggest, instead, that an unidentified intermediate, des-
ignated X in Fig. 4, functions between the AMT locus and
the IME4 gene, to accommodate the established role of
al-a2 as a repressor. The suggested intermediate would
function in a manner analogous to that of RME1, only with
IME4, rather than IME1, as its target.
Our experiments suggest that IME4 is also required for

some function other than activation of IMEI transcript
accumulation. The primary support for this idea is the
observation that the RESI-1 mutation fully suppresses the
defect in IMEI transcript accumulation that occurs in
ime4::LEU2 strains but suppresses the sporulation defect
very weakly. Excess IMEI, by contrast, efficiently compen-
sates for the lack of IME4. We can reconcile this apparent
contradiction in two ways. IME4 or one of its targets could
enhance any one of a number of posttranscriptional steps
that may be related to IMEI activity. Indeed, there is
evidence that the IMEI protein may be modified in vivo (28a)
and that the translation of the RNA is regulated by an
unusually long 5' untranslated region (23a). Alternatively,
IMEI and IME4 activities could overlap such that excess
IMEJ can assume the role of IME4.
We have not examined any possible interactions between

IME4 and the other genes that are known to influence IMEI
activity. One of these, MCK1, encodes a protein kinase that
is required for high levels of IMEI expression and for events
associated with ascospore maturation. Strains that lack
MCK1 are able to sporulate but do so inefficiently (31). IME4
is a potential target for MCKI, and it would be of interest to
determine whether excess IME4 can suppress the sporula-
tion defects associated with mckl::URA3 mutations.
IME2 activity also influences IMEI through a negative

feedback mechanism that is not yet understood. The obser-
vation that IMEI transcript levels persist at high levels in
cells that lack functional IME2 suggests that IME2 or one of
its targets is needed to shut down the expression of early
genes as cells proceed into sporulation (29, 43). The IME4
gene and its product are likely targets for this proposed
feedback loop, because of the central role of IME4 in
mediating IMEI accumulation, as outlined above.
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