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In the budding yeast Saccharomyces cerevisiae, entry into meiosis and its successful completion depend on two
positive regulators, Ime1 and Ime2. Ime1 is a transcriptional activator that is required for transcription of
IME2, a serine/threonine protein kinase. We show that in vivo Ime2 associates with Ime1, that in vitro Ime2
phosphorylates Ime1, and that in living cells the stability of Ime1 depends on Ime2. Diploid cells with IME2
deleted show an increase in the level of Ime1, whereas haploid cells overexpressing IME2 show a decrease in
the stability of Ime1. Furthermore, the level of Ime1 depends on the kinase activity of Ime2. Using a mutation
in one of the ATPase subunits of the proteasome, RPT2, we demonstrate that Ime1, amino acids 270 to 360, is
degraded by the 26S proteasome. We also show that Ime2 itself is an extremely unstable protein whose
expression in vegetative cultures is toxic. We propose that a negative-feedback loop ensures that the activity of
Ime1 will be restricted to a narrow window.

Successful progression and completion of the mitotic cell
cycle depends on transcriptional and proteolytic regulation.
These two processes determine the availability of cyclins and
cyclin-dependent kinase (CDK) inhibitors that govern the se-
quential activation of CDKs (18, 28, 31, 35). Initiation and
progression through the meiotic cycle should also be subjected
to transcriptional and proteolytic regulation. Indeed, in bud-
ding yeast a transcriptional cascade governs initiation and pro-
gression through the meiotic cell cycle (4). Yet there is no
direct evidence concerning proteolysis of either positive or
negative meiotic regulators. This report focuses on the regu-
lated degradation of one of the two positive regulators of
meiosis in Saccharomyces cerevisiae, Ime1, by the other, Ime2.

IME1 encodes a transcriptional activator (30, 47) that is
necessary for the transcription of meiosis-specific genes (48).
Ime1 is tethered to promoters of early meiosis-specific genes,
such as IME2, by a specific DNA-binding protein, Ume6 (39).
Diploid cells with deletions of IME1 arrest at G1 prior to the
initiation of premeiotic DNA replication (22). The transcrip-
tion of IME1 is regulated by nutrients. In vegetative cultures
with glucose as the sole carbon source, IME1 is silent, but in
the presence of acetate, low levels of IME1 mRNA are ob-
served (22). Under meiotic conditions, i.e., nitrogen depletion
and the presence of a nonfermentable carbon source such as
acetate, transcription of IME1 is induced transiently in MATa/
MAT� diploids (22). It is not known whether this transient
transcription reflects transient availability of the Ime1 protein.
In addition, the IME1 promoter is subject to positive autoreg-
ulation (40, 43, 44), as well as negative-feedback regulation by
both Ime1 and Ime2 (43, 48, 49).

Another important regulator of meiosis and sporulation is
the serine/threonine protein kinase Ime2 (12, 24, 34, 48, 49).
Diploid cells with deletions of IME2 show a 5- to 12-h delay in
the transcription of early meiosis-specific genes, a reduction in

their level of expression, and extremely low RNA levels of
middle and late genes (34, 49). These mutant cells show a delay
in the initiation of premeiotic DNA synthesis and the commit-
ment to meiotic recombination, as well as a delay in nuclear
division (12). Overexpression of Ime2 bypasses the require-
ment of IME1 for transcription of meiosis-specific genes (34),
supporting the idea that Ime2 functions as a positive regulator.
That Ime2 is a negative regulator is evident from the observa-
tions that (i) in diploid cells with deletions of IME2, transcrip-
tion of IME1 and early meiosis-specific genes is nontransient in
comparison to that in wild-type cells (34, 43, 49) and (ii) levels
of Pol1, Pol12, and Sic1 proteins are reduced in ime2 diploid
cells (7, 12), and in the cases of Pol1 and Pol12 protein avail-
ability is also nontransient (12). Ime2 is also required to restrict
DNA replication and nuclear division. In the absence of Ime2,
a second round of premeiotic DNA synthesis and three rounds
of nuclear division are observed (12).

Phosphorylation plays a central role in regulating proteolysis
(5). For example, phosphorylation of the CDK inhibitor Sic1
by the Cln2/Cdc28 complex leads to its degradation by the
ubiquitin/proteasome pathway (28, 31). The predicted amino
acid sequence of Ime2 shows that Ime2 is related to human
CDK2 (38.7% identity and 58.9% homology). This raises the
possibility that, similarly to the function of Cdc28 in vegetative
cultures, phosphorylation by Ime2 may regulate the stability of
specific substrates in meiotic cultures. Indeed, the meiotic level
of Sic1 is increased in cells with deletions of IME2 (7), sug-
gesting that Ime2 is required for the degradation of Sic1 (7).

In this report we show that Ime2 interacts with and in vitro
phosphorylates the C-terminal domain of Ime1, amino acids
270 to 360 [Ime1(270-360)]. We show that IME1 encodes an
unstable protein, whose degradation by the proteasome de-
pends on the kinase activity of Ime2.

MATERIALS AND METHODS

Plasmids. Since in many cases multiple steps were involved in plasmid con-
struction, here we describe only the structure of the plasmids. Details are avail-
able upon request. pGEX-4T-1 carries glutathione S-transferase (GST) ex-
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pressed from the tac promoter (Promega). pGAD2F carries pADH1-gal4(768-
881) on a pBR322 2�m LEU2 vector (3). pGBDU-C(1) carries pADH1-gal4(1-
147) on a pBR322 2�m URA3 vector (21). pAS128 carries ime1-lacZ on a
pBR322 2�m CEN6 URA3 vector (ime1 is from �4401 to �205 [43]). YEp53
carries IME1 from �621 to �2100 on a 2�m URA3 LEU2 vector. YEp1202
carries pADH1-gal(1-147)-IME1(6-360) on a pBR322 2�m HIS3 URA3 vector
(30). YEp1406 carries pADH1-gal(768-881)-IME1(270-360) on a pBR322 2�m
LEU2 vector (30). YIp1577 carries ime2::hisG-URA3-hisG on pGEM3Z (Pro-
mega). IME2 is disrupted at the codon encoding amino acid 369. YEp1906
carries the pGAL1-3HA chimera on a pBR322 2�m TRP1 vector. YEp1916
carries the pADH1-gal4(1-147)-HA-IME2(1-645) chimera on a BS 2�m TRP1
vector. YIp1930 carries ime2�::hisG-URA3-hisG on a pUC118 vector. ime2 has
a deletion in the area encoding amino acids 36 to 439. YEp1931 carries
pIME1(�1368-�31)-gal4(1-147)-ime1(270-360) on a pBR322 2�m TRP1 vector.
YEp1952 carries pIME1(�1368-�31)-gal4(1-147) on a pBR322 2�m TRP1 vec-
tor. YEp1968 carries pIME1(�1368-�31)-gal4(1-147)-HA-IME2 on a pBR322
2�m LEU2 vector. YEp1969 carries pADH1-gal4(1-147)-ime1(270-360) on a
pBR322 2�m LEU2 vector. YEp1974 carries pADH1-gal4(1-147)-ime1(270-360)
on a pBR322 2�m URA3 vector. YEp1985 carries pGAL1-3HA-IME2(1-645) on
a pBR322 2�m TRP1 vector. YIp2117 carries ime2(1-490) on a pGEM vector.
YEp2126 carries pADH1-gal4(1-147)-HA-ime2(�478-499)-ADHt on a BS 2�m
TRP1 CYH2 vector. YEp2142 carries pGAL1-3HA-ime2(�478-499) on a pBR322
2�m TRP1 vector. YEp2225 carries pADH1-gal4(1-147)-ime2K97A on a
pBR322 2�m TRP1 vector. YEp2264 carries pGAL1-3HA-ime2K97A(1-645) on
a pBR322 2�m TRP1 vector. YIp2353 carries pGAL1-3�HA-IME2 on a pBR322
LEU2 vector . P2677 carries ptac-GST -ime1(270-360).

Yeast strains. The following yeast strains were used. Y153 is MATa
URA3::pGAL1-lacZ LYS2::pGAL1-HIS3 his3-200 leu2-3,112 trp1-901 ade2-101
gal4� gal80� (17). Y742 is MATa ura3-52 leu2,3-112 trp1� his3�::hisG ade2-1 met
GAL�. Y1009 is isogenic to Y742 but gal80::hisG. A one-step deletion protocol
was used to replace the GAL80 allele in Y742 with a gal80::hisG-URA3-hisG
fragment (from plasmid YIp1607 [39]). URA� transformants were patched onto
5-fluoroorotic acid (5-FOA) plates to select for derivatives that had recombined
out the URA3 gene. Y1071 is isogenic to Y1009 but ime2�36-439::hisG. A
one-step deletion protocol was used to replace the IME2 allele in Y1009 with an
ime2::hisG-URA3-hisG fragment (from plasmid YIp1930). URA� transformants
were patched onto 5-FOA plates to select for derivatives that had recombined
out the URA3 gene. Y422 is MATa/MAT� ura3-52/ura3-52 trp1�/trp1� leu2-
3,112/leu2-3,112 ade2-1/ade2-R8 his4-519/HIS4 his6-1/HIS6 gal/GAL� can1/
CAN1. Y1039 is isogenic to Y422 but his3�::hisG/HIS3 HIS4/HIS4 gal80::hisG/
gal80::hisG ime2::hisG-URA3-hisG/ime2::hisG-URA3-hisG. A one-step deletion
protocol was used to replace the IME2 allele in the haploid parents with a DNA
fragment (from plasmid YIp1577) that carries the ime2::hisG-URA3-hisG gene.
Y1248, MATa ura3-52 leu2-3,112 trp1�::hisG his3�200 lys2-801, is a trp1�::hisG
derivative of sub62 (38). Y1249 is isogenic to sub62 but rpt2�::HIS3 carrying
rpt2RF on a CEN LEU2 plasmid. It is a trp1�::hisG derivative of DY62 (38).
Y1255 is isogenic to Y742 but pGAL1::IME2(1-645). The pGAL1::IME2 chimera
was integrated at the leu2-3,112 allele by transformation of Y742 with YIp2353
digested with PpuMI.

Media and genetic techniques. PSP2 (minimal acetate medium) and SPM
(sporulation medium), have been described previously (23). SD (synthetic dex-
trose) medium has been described previously (46). SG and SR are synthetic
media with 2% galactose or raffinose, respectively. Meiosis in diploids was in-
duced by growing cells in PSP2 supplemented with the required amino acids to
107 cells/ml, washing once with water, and resuspending in SPM. Meiosis in
haploids was induced by growing cells in SD medium to stationary phase, wash-
ing once with water, and resuspending in SPM at a titer of 107 cells/ml. Yeast
transformation with lithium acetate was carried out as described previously (13).
Standard methods for DNA cloning and transformation were used (41). Site-
directed mutagenesis was performed as described previously (26). Expression of
genes from the inducible GAL1 promoter was accomplished by pregrowing cells
with raffinose as the sole carbon source. For �-galactosidase assays, proteins were
extracted from at least three independent transformants and assayed for �-ga-
lactosidase activity as described previously (32, 37). Results are given in Miller
units.

Pulse-chase assay. A total of 5 � 108 cells were concentrated in 400 �l of SD
without methionine and cysteine, pulse-labeled for 4 to 7 min with EXPRE35S35S
(NEN), pelleted, and chased in 3 to 4 ml of SD medium containing 200 mM cold
methionine and cysteine. At various times of chasing, proteins were extracted,
immunoprecipitated with antibodies directed against Gal4(1-147), and separated
on sodium dodecyl sulfate (SDS)–10% polyacrylamide gels as described previ-
ously (25). Levels of radioactivity in bands were quantitated by using a Fujix Bas
1000 PhosphorImager. In addition, gels were exposed to X-ray film.

Antibodies. Mouse monoclonal antibodies directed against Gal4(bd), amino
acids 1 to 147, were purchased from Santa Cruz, and mouse monoclonal anti-
bodies against the hemagglutinin (HA) epitope (12CA5) were purchased from
Boehringer.

Preparation of yeast protein extracts and Western analysis. Protein extracts
were prepared from trichloroacetic acid-treated cells as described previously
(10). The Western blotting procedure used was essentially that described previ-
ously (10, 11).

Purification of proteins from bacteria. GST-Ime1(270-360) and Gst1 were
expressed from the tac promoter by inducing bacterial BL21 cells carrying P2677
or pGEX-4T-1, respectively, with 0.1 mM isopropyl-�-D-thiogalactopyranoside
(IPTG). Following 5 h of incubation at 30°C, proteins were isolated on glutathi-
one-Sepharose beads (Amersham Pharmacia Biotech) according to the manu-
facturer’s instructions.

Immunoprecipitation, immunoblot analysis, and kinase assay. Immunopre-
cipitation, immunoblot analysis, and kinase assays were carried out essentially as
described by Bowdish et al. (1). Cells grown in synthetic media with raffinose as
the sole carbon source to a density of 107 cells/ml were harvested by centrifu-
gation, resuspended in SG medium, and incubated at 30°C for 16 h. For immu-
noprecipitation, a 15-ml culture was pelleted, washed with ice-cold water, and
frozen in a dry-ice–ethanol bath. Cell lysates were prepared by vortexing a cell
suspension in an extraction buffer in the presence of glass beads (10 37-s bursts).
Lysates were cleared by using two spins. All samples were normalized to contain
the same amount of total protein (2). The lysate (500 �g) in immunoprecipita-
tion buffer (IP buffer) was incubated with 2 �g of anti-HA antibodies for 2 h at
4°C with gentle shaking. Immune complexes were collected on protein A-Sepha-
rose beads by gently shaking at 4°C for 1 h. Beads were pelleted by gentle
centrifugation and washed twice with IP buffer, once with IP buffer minus
ovalbumin, and once with kinase buffer. For the kinase assay, 2.5 �l of
[�-32P]ATP (6,000 Ci/mmol) (NEN) and 5 �g of an external substrate (if nec-
essary) were added, and the reaction mixture was incubated at room temperature
for 1 h. Reactions were terminated by addition of an equal volume of elution
buffer (125 mM Tris [pH 6.8], 10% �-mercaptoethanol, 4% SDS, 20% glycerol,
25 mM EDTA, and 46% urea). Proteins were separated from the radioactive
ATP on P-6 Micro-Bio-Spin chromatography columns (Bio-Rad). Samples were
loaded onto two SDS-polyacrylamide gel electrophoresis (PAGE) gels following
the addition of the sample buffer. One gel was dried and exposed to X-ray film.
The second gel was processed for Western analysis by using anti-12CA5 anti-
bodies (IP-Western).

RESULTS

Ime2 interacts with Ime1. As described above, Ime1 acti-
vates the transcription of IME2, whereas Ime2 is required to
shut off the transcription of IME1 and early meiosis-specific
genes (34, 43, 48, 49). In addition, the transcription of IME1 is
subject to positive autoregulation. These results suggest that
Ime2 regulates the stability of the Ime1 protein. We used the
two-hybrid method to determine the association between Ime1
and Ime2. We compared the levels of Gal1-LacZ in haploid
cells expressing Gal4(bd)-Ime2 to those in cells also expressing
Ime1 from a truncated promoter that allowed expression
through a promoter present on the vector plasmid pBR322.
Since Ime1 is a transcriptional activator (30, 47), there was no
need to add a heterologous activation domain. Table 1 shows
that Ime2, by itself, possesses a weak transcriptional activity
that is increased fivefold under meiotic conditions (SPM me-
dium). However, a substantial increase in expression (4- to
16-fold) was evident in the presence of Ime1, suggesting that
Ime2 interacts with Ime1. In order to identify the domain in
Ime1 that associates with Ime2, the level of expression of
gal1-lacZ was determined in cells expressing both Gal4(bd)-
Ime2 and Gal4(ad)-Ime1(270-360). Table 1 shows that the
expression of gal1-lacZ was increased (6- to 12-fold) under all
growth conditions. These results suggest that Ime2 interacts
with Ime1 and that this association takes place through the
interaction domain of Ime1, amino acids 270 to 360 [Ime1(id)].
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Ime2 phosphorylates Ime1 in vitro. The interaction between
Ime1 and Ime2 suggests that Ime2 might phosphorylate Ime1.
In yeast cells, HA-tagged Ime1(id) is physically associated with
another kinase, as deduced from the observation that immu-
noprecipitation and an in vitro kinase assay lead to Ime2-
independent phosphorylation (data not shown). We think that
this phosphorylation might depend on Rim11, a kinase that
associates with and phosphorylates Ime1 in vitro (1, 39). In
order to circumvent this problem, Ime1(270-360) tagged with
GST was isolated from Escherichia coli. HA-tagged Ime2 ex-
pressed from the GAL1 promoter was immunoprecipitated
from wild-type yeast cells (strain Y742) carrying 3HA-IME2,
using antibodies directed against the HA epitope. The immu-
noprecipitated proteins were subjected to an in vitro kinase
assay with the addition of either E. coli-expressed Gst-Ime1(id)
or GST proteins. Reaction mixtures that contained both GST-
Ime1(id) and HA-Ime2 gave rise to a distinct phosphorylated
band with the apparent molecular weight of GST-Ime1 (Fig. 1,
lane 3). This band was missing in reactions that contained only
Gst1 (Fig. 1, lane 2). In kinase assays that followed immuno-
precipitation of HA-tagged proteins from a strain carrying
either a kinase-dead allele of IME2 (ime2K97A [a detailed, in
vivo analysis of this allele is given below and in Fig. 4]) or the
vector plasmid, Ime1 was not phosphorylated (Fig. 1, lanes 1,
4, 5, and 6). We conclude that Ime2 phosphorylates Ime1(270-
360).

Transient accumulation of Ime1 in meiotic cultures. The
above results raise the possibility that, as with other kinases,
association and phosphorylation of Ime1(id) by Ime2 in living
yeast cells might tag Ime1 for degradation and consequently
generate a reduction in the transcription of IME1 as well as
early meiosis-specific genes. In this study, we applied Western
blotting and pulse-chase assays to examine this hypothesis. We
used the truncated form of Ime1, Ime1(id), since this domain
is sufficient for interaction with Ume6, Rim11 (39), and Ime2
(Table 1), and since this domain is phosphorylated in vitro by
Ime2 (Fig. 1). Furthermore, as will be shown later (see Fig. 4),
the steady-state level of a truncated Ime1 carrying only this
domain mimics that of the complete Ime1. Ime1(id) fused
to Gal4(bd) was detected by antibodies directed against
Gal4(bd). This epitope did not affect the steady-state level of
Ime1 (detailed analysis is given below), and similar results
were obtained when the smaller HA epitope, was used (data
not shown).

Figure 2A shows Western blot analysis of vegetative and
meiotic cultures of MATa/MAT� diploid cells expressing either
Gal4(bd) or Gal4(bd)-Ime1(id) from the IME1 promoter. Two
specific, closely migrating bands, corresponding to Gal4(bd)-
Ime1(id), were observed in the immunoblot (Fig. 2), whereas

Gal4(bd) appeared as a single band (Fig. 2). This is in contrast
to the single band observed when Ime1(id) was expressed in
E. coli (Fig. 1). These results suggest that in yeast cells, Ime1(id)
is subject to posttranslational modification(s). This suggestion
was confirmed by a pulse-chase experiment, revealing an in-
crease in the molecular weight of Ime1 upon a metabolic
pulse-chase (see Fig. 5).

In vegetative growth medium with acetate as the sole carbon
source, Ime1 could not be detected (Fig. 2A, lane 1). Upon the
switch to meiotic conditions (nitrogen depletion), there was a
transient increase in the level of Ime1, reaching a peak at about
9 h (Fig. 2A, lanes 5, 7, and 9), after which Ime1 declined to
undetectable levels at 19 and 24 h (Fig. 2A, lanes 13 and 14).
Figure 2B shows the relative levels of Gal4(bd)-Ime1(id) and
Ime1-LacZ. The level of Gal4(bd)-Ime1 was quantitated from
the Western blotting data shown in Fig. 2A, by using nonspe-
cific bands as an internal control. The level of Ime1-LacZ
was determined by measuring the activity of �-galactosidase
in wild-type diploid cells carrying ime1(�4401-�201)-lacZ
(Fig. 2B). Our results demonstrate that the behavior of the
Gal4(bd)-Ime1(id) fusion protein correlates well with the be-
havior of IME1 mRNA as determined by Northern analysis
(22, 34) or by fusion of the IME1 5	 untranslated region to lacZ
(Fig. 2B) (43). Moreover, the transient availability of the Ime1
protein suggests that it is unstable, since a stable protein is
expected to show a constant level (see Discussion).

As expected, the level of Gal4(bd) was also transiently in-
duced in meiosis (Fig. 2, lanes 3, 11, and 16), mimicking the
transient activity of the IME1 promoter (43). However, at all
times, the level of Gal4(bd) was higher than that of the
Gal4(bd)-Ime1(id) fusion protein (Fig. 2A; compare lanes 1

FIG. 1. Ime2 phosphorylates Ime1 in vitro. Yeast cells (strain
Y742) carrying either pGAL1-3HA-IME2(1-645) (YEp1985) (lanes 2
and 3), pGAL1-3HA-ime2K97A(1-645) (YEp2264) (lanes 4 and 5), or
pGAL1-3HA (YEp1906) (lanes 1 and 6) grown in SR medium to 107

cells/ml were transferred to SG medium for 16 h. Proteins were ex-
tracted and immunoprecipitated with antibodies directed against
12CA5. GST-Ime1(270-360) (lanes 2 and 4) and Gst1 (lanes 1 and 3)
isolated on glutathione-Sepharose beads were added to the immuno-
precipitated extracts, subjected to a kinase reaction, and separated on
an SDS–10% PAGE gel.

TABLE 1. Two-hybrid assay between Ime1 and Ime2

Fusion proteina
�-Galactosidase (U) (relative level of expression)

SD SPM3b SPM6b

Gal4(bd)-Ime2(1-645) � Gal4(ad) 4.3 (1.0) 9.4 (1.0) 21.5 (1.0)
Gal4(bd)-Ime2(1-645) � Ime1 (1-360) 18.5 (4.3) 46.5 (4.9) 352.9 (16.4)
Gal4(bd)-Ime2(1-645) � Gal4(ad)-Ime1(270–360) 28.8 (6.7) 109.0 (11.6) 169.0 (7.9)

a Strain Y153 (17) was used. Plasmids used were YEp1916 for Gal4(bd)-Ime2(1-645), YEp53 for Ime1, pGAD2F (9) for Gal4(ad), and YEp1406 for Gal4(ad)-Ime1
(270–360).

b SPM3 and SPM6, 3 and 6 h of incubation, respectively, in SPM.
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and 3, 7 and 11, and 14 and 16). The most dramatic effect was
observed in vegetative cultures, in which the level of Gal4(bd)
is about 100 times higher than that of Gal4(bd)-Ime1(id). This
result suggests that Ime1(id) is an unstable protein.

Ime2 regulates the level of Ime1. Since Ime2 associates with
and in vitro phosphorylates the C-terminal domain of Ime1, we
compared the levels of Gal4(bd)-Ime1(id) in wild-type and
ime2� diploid cells. In vegetative medium with acetate as the
sole carbon source, Gal4(bd)-Ime1(id) was observed only in
the absence of IME2 (Fig. 2A; compare lanes 1 and 2). Under
meiotic conditions, the level of Gal4(bd)-Ime1(id) was ele-
vated in ime2� cells in comparison to that in wild-type cells
(Fig. 2A [compare lanes 5 and 6, 7 and 8, and 9 and 10] and B).
At 24 h in SPM, Gal4(bd)-Ime1(id) was detected only in ime2�
diploid cells (Fig. 2A; compare lanes 14 and 15). These results
suggest that Ime2 causes the level of Ime1(id) to fall. The level

of Gal4(bd) was also affected by Ime2, as determined by West-
ern blot analysis (Fig. 2A; compare lanes 3 and 4, 11 and 12,
and 16 and 17). However, at time zero, for example, deletion of
IME2 led to a 21-fold increase in the level of Gal4(bd)-
Ime1(id) and only a 1.2-fold increase in the level of Gal4(bd),
suggesting that Ime2 affects the stability of Ime1. Moreover,
although Ime2 is required to promote the decline in the tran-
scription of IME1, it has no effect on the level of Ime1-LacZ at
early meiotic times (Fig. 2B) (43), suggesting a direct effect of
Ime2 on the stability of Ime1.

In order to strengthen the above conclusion, we determined
the level of Ime1 in haploid cells with deletions of IME2 in
comparison to that in haploid cells overexpressing IME2. Since
neither Ime1 nor Ime2 is normally expressed in haploid cells
(22, 48), both genes were expressed from a truncated version of
the IME1 promoter in which the mating-type control was de-

FIG. 2. Ime2 modulates the level of Ime1 in diploid cells. Proteins were extracted from meiotic cultures at 0 (lanes 1 to 4), 3 (lanes 5 to 6),
6 (lanes 7 to 8), 9 (lanes 9 to 12), 19 (lane 13), and 24 (lanes 14 to 17) h of incubation in SPM. Strains used were MATa/MAT� IME2/IME2 (Y422)
(lanes 1, 3, 5, 7, 9, 11, 13, 14, and 16) and MATa/MAT� ime2�/ime2� (Y1039) (lanes 2, 4, 6, 8, 10, 12, 15, and 17). (A) Cells carried the following
genes on a 2�m plasmid: pIME1-gal4(1-147)-ime1(270-360) (P1931) (lanes 1, 2, 5 to 10, and 13 to 15), and pIME1-gal4(1-147) (P1952) (lanes 3,
4, 11, 12, 16, and 17). Immunoblot analysis was performed by using antibodies directed against Gal4(bd). Brackets indicate that the gene was
present on a multicopy plasmid. (B) The relative levels of Ime1 (solid lines and circles) were quantitated from the results shown in panel A, and
those of Ime1-LacZ (dashed lines and squares) were calculated from �-galactosidase assays on three transformants carrying pAS128. Solid symbols,
strain Y422; open symbols, strain Y1039.
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leted. In vegetative growth medium with glucose as the sole
carbon source, IME1 is not transcribed (22), and accordingly,
Gal4(bd)-Ime1(id) was not detected (Fig. 3, lanes 1 and 2).
Overexpression of Ime2 in meiotic cultures led to about a
twofold decrease in the level of Gal4(bd)-Ime1(id) (Fig. 3;
compare lanes 4 and 5, 7 and 8, and 10 and 11). Thus, the effect
of Ime2 on the level of Ime1 could be studied in both haploid
and diploid cells. Interestingly, in haploid cells Gal4(bd)-
Ime1(id) appeared as four specific bands (Fig. 3). The nature
of this modification will be described elsewhere (I. Rubin-
Bejerano and Y. Kassir, unpublished data).

Ime2 regulates the stability of Ime1 in vegetative cultures.
The level of Gal4(bd) that is expressed from the IME1 pro-
moter is increased in cells with deletions of IME2 (Fig. 2;
compare lanes 4, 12, and 17 to lanes 3, 11, and 16, respectively).
These findings can be explained by the effect of Ime2 on IME1
transcription. Since the transcription of IME1 is subject to
positive autoregulation (40, 43), it is possible that the effect of
Ime2 on the transcription of IME1 is indirect, via the effect on
the stability of Ime1. That is, in the absence of Ime2, the level
of endogenous Ime1 is increased, and consequently, transcrip-
tion of the pIME1-gal4(1-147) chimera is elevated. In order to
circumvent the contribution of transcriptional regulation to the
level of Ime1, we expressed both Ime1 and Ime2 from the
heterologous ADH1 promoter. Figure 4A shows that the lev-
el of Gal4(bd)-Ime1(id), as well as that of the complete
Gal4(bd)-Ime1, is dramatically reduced in cells overexpressing
Ime2 in a vegetative medium with glucose as the sole carbon
source (compare lane 1 with lane 2 and lane 6 with lane 7).
Quantitative analysis revealed 3.7- and 7.6-fold reductions in
the levels of Ime1(id) and Ime1, respectively. On the other
hand, overexpression of Ime2 had no effect on the level of
Gal4(bd) (Fig. 4A; compare lanes 4 and 5) (0.83-fold). We
conclude that Ime2 alters the steady-state level of Ime1. These
results, together with the two-hybrid assay results (Table 1),
demonstrate that the effect of Ime2 on the level of Ime1 is
independent of meiotic conditions.

The kinase activity of Ime2 is required for destabilization of
Ime1. In order to determine whether the kinase activity of
Ime2 is required to regulate the level of Ime1, we changed a
conserved lysine at the putative ATP-binding site to alanine
(ime2K97A). An in vitro kinase assay was used to verify that
ime2K97A encodes a defective kinase. HA-tagged forms of
Ime2 and Ime2K97A expressed from the GAL1 promoter were
immunoprecipitated using antibodies directed against the HA
epitope. Figure 4B shows that Ime2 is subject to autophos-
phorylation and could be detected in cells expressing the wild-
type IME2 gene (lanes 1 and 3, upper panel). Autophosphor-
ylation was absent in immunoprecipitated extracts isolated
from either nontagged cells or cells expressing the mutant

FIG. 3. Ime2 modulates the level of Ime1 in haploid cells. Proteins
were extracted either from cells grown in SD medium to 107 cells/ml
(lanes 1 to 3) or from meiotic cultures at 3 (lanes 4 to 6), 6 (lanes 7 to
9), or 9 (lanes 10 and 11) h in SPM. A MATa ime2� strain (Y1071)
carrying the following genes on a 2�m plasmid was used: pIME1-
gal4(1-147)-HA-IME2 (P1968) (lanes 3, 6, and 9), pIME1-gal4(1-147)-
ime1(270-360) (P1931) (lanes 1, 4, 7, and 10), or both P1968 and P1931
(lanes 2, 5, 8, and 11). Immunoblot analysis was performed using
antibodies directed against Gal4(bd). Brackets indicate that the gene
was present on a multicopy plasmid. Asterisks, nonspecific bands.

FIG. 4. The stability of Ime1 depends on the kinase activity of
Ime2. (A) Western blot analysis. Proteins were extracted from cells
grown in SD medium to 107 cells/ml and loaded onto an SDS-PAGE
gel, and immunoblot analysis was performed using antibodies directed
against Gal4(bd). A MATa ime2� strain (Y1071) carrying either
pADH1-gal4(1-147)-ime1(270-360) (YEp1969) (lanes 1 to 3), pADH1-
gal4(1-147) [pGBDU-C(1)] (lanes 4 to 5), or pADH1-gal4(1-147)-
ime1(1-360) (YEp1202) (lanes 6 to 7) was used. This strain also carried
any one of the following plasmids: YEplac112 (14) (lanes 1, 4, and 6)
(control), YEp1916 (lanes 2, 5, and 7) (pADH1-gal4(1-147)-HA-IME2),
and P2225 (lane 3) (pADH1-gal4(1-147)-ime2K97A. (B) Cells grown in
SR medium to 107/ml were transferred to SG medium for 16 h. Proteins
were extracted, immunoprecipitated with antibodies directed against
12CA5, subjected to a kinase reaction, and separated on an SDS–10%
PAGE gel. (Upper panel) kinase assay; (lower panel) IP-Western. Strains
used were MATa LEU2::pGAL1-3HA-IME2(1-645) (Y1255) (lane 3) and
its isogenic MATa strain (Y742) carrying pGAL1-3HA-IME2(1-645)
(YEp1985) (lane 1), pGAL1-3HA-ime2K97A (YEp2264) (lane 2), and
pGAL1-3HA (YEp1906) (lane 4). Brackets indicate that the gene was
present on a multicopy plasmid. Asterisks, nonspecific bands.
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ime2K97A allele (Fig. 4B, lanes 2 and 4, upper panel). IP-
Western analysis showed that the Ime2K97A protein was
present in the immunoprecipitate (Fig. 4B, lower panel; com-
pare lanes 2 and 4). We conclude that Ime2 is subject to
autophosphorylation and that the ime2K97A allele leads to
impaired kinase activity. Overexpression of the mutated kinase
in vegetative cultures had no effect on the level of Gal4(bd)-
Ime1(id) (Fig. 4A; compare lanes 2 and 3), suggesting that it is
the kinase activity of Ime2 that modulates the stability of Ime1.

Ime2 affects the half-life of Ime1. Pulse-chase experiments
were performed to determine the effect of Ime2 on the half-life
of Ime1. Gal4(bd)-Ime1(id) and Gal4(bd)-Ime2 were immu-
noprecipitated from a MATa ime2� strain using antibodies
directed against Gal4(bd). Proteins were extracted from either
vegetative (Fig. 5A) or meiotic (Fig. 5B) cultures. In the veg-
etative culture, Ime1 and Ime2 were expressed from the ADH1
promoter (Fig. 5A), and in the meiotic culture, these proteins
were expressed from the IME1 promoter (Fig. 5B). Cells were
labeled with [35S]methionine for 7 min and then chased for the
indicated times. The results show that under both vegetative
and meiotic conditions, the half-life of Gal4(bd)-Ime1(id) is
about 30 min (Fig. 5C). In the absence of Ime2, Gal4(bd)-
Ime1(id) was stabilized, and its half-life increased to more than
60 min (Fig. 5C).

Degradation of Ime1(270-360) is mediated by the 26S pro-
teasome. Regulated degradation of proteins takes place in the
26S proteasome (for a review, see reference 16). The ATPase
Rpt2 is an integral component of the proteasome that is es-
sential for viability (38). Cells carrying a specific point muta-
tion in RPT2, rpt2RF, show a defect in degradation of short-
lived proteins, including known substrates of the proteasome
(38). rpt2RF cells are temperature sensitive, apparently reflect-
ing the increased requirement for protein degradation at ele-
vated temperatures (38; M. Glickman, personal communica-
tion). We used this mutation to determine the effect of the 26S
proteasome on the stability of Ime1. The steady-state level of
Ime1(270-360) was determined in wild-type and isogenic
rpt2RF strains expressing Gal4(bd)-Ime1(id) and Gal4(bd)-
Ime2 from the ADH1 promoter. Proteins were extracted for
Western blot analysis from cells grown in vegetative glucose
medium at the permissive temperature of 25°C and following
6 h of incubation at 37°C (Fig. 6). The level of Gal4(bd)-
Ime1(id) increased in wild-type strains incubated at 37°C in
comparison to 25°C (Fig. 6; compare lanes 1 and 2). Never-
theless, a dramatic increase (sixfold) in the level of Gal4(bd)-
Ime1(id) was observed in the rpt2RF cells incubated at 37°C
(Fig. 6; compare lane 2 with lane 6 and lane 4 with lane 8). We
conclude that Ime1(270-360) is most probably degraded by the
26S proteasome. Overexpression of Ime2 led to a decrease
(threefold) in the level of Ime1, even in the rpt2RF mutant
(Fig. 6; compare lane 2 with lane 4 and lane 6 with lane 8). The
effect of Ime2 could also be observed at the permissive tem-
perature (data not shown). Since the rpt2RF mutation causes a
defect in activity rather than complete inactivation of the pro-
teasome (a lethal event), the effect of Ime2 was still observed.

IME2 encodes an extremely unstable protein. We also stud-
ied the stability of Ime2 using a pulse-chase assay. Figure 5
shows that Gal4(bd)-Ime2 could not be detected when pulsed
for 7 min and chased for longer than 20 min. In order to
determine the half-life of Ime2, we shortened the time of

FIG. 5. Ime2 regulates the half-life of Ime1. Shown are results of a
pulse (7 min)-chase analysis of Ime1(id) and Ime2 tagged with Gal4
(bd). (A) Proteins were extracted from cells grown to a density of
107/ml in SD medium. A MATa ime2� strain (Y1071) carrying pADH1-
gal4(1-147)-ime1(270-360) on a 2�m plasmid (P1969) (lanes 1 to 6) or
pADH1-gal4(1-147)-IME2 on a 2�m plasmid (P1916) (lanes 4 to 6) was
used. (B) Proteins were extracted from cells grown in SD medium to
stationary phase, washed in water, and incubated in SPM at a titer of
107 cells/ml for 4 h. A MATa ime2� strain (Y1071) carrying pIME1-
gal4(1-147)-ime1(270-360) (P1931) (lanes 1 to 6) or pIME1-gal4(1-
147)-IME2 (P1968) (lanes 4 to 6) was used. The film exposure was 15
times longer for the meiotic culture than for the mitotic one. This phe-
nomenon is typical for meiotic cultures that become nonpermissive for the
incorporation of compounds from the media (23). (C) The intensities
of the bands corresponding to Gal4(bd)-Ime1(id) were quantitated by
PhosphorImager analysis and are expressed as percentages of those
present during initiation of the chase. Triangles, vegetative cultures;
circles, meiotic cultures. Open symbols, cells with deletions of IME2;
solid symbols, cells overexpressing Ime2. Brackets indicate that the
gene was present on a multicopy plasmid.
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labeling and the length of the chase. Gal4(bd)-Ime2 expressed
in meiotic cultures from the IME1 promoter was labeled with
[35S]methionine for 4 min and immunoprecipitated after a
chase of 5, 10, or 15 min. Figure 7 shows that Gal4(bd)-Ime2
is an extremely unstable protein with a half-life of about 5 min
(Fig. 7B). A change in the molecular weight of Gal4(bd)-Ime2
(Fig. 5A, lane 5) was observed upon the chase, suggesting that
in vivo, Ime2 is subject to posttranslational modifications.

Expression of Ime2 in vegetative cultures is toxic. Usually,
the detection of an unstable protein such as Ime2 requires
overexpression. Overexpression of Ime2 was accomplished by
expressing it from the strong ADH1 or GAL1 promoter, as well
as by increasing the number of IME2 copies by inserting it on
a 2 �m plasmid. Nevertheless, under these conditions Ime2
was not detected by either Western blot or IP-Western analysis
(Fig. 4A, lane 1, and Fig. 4B, lower panel, lane 1). Ime2 could
be detected only by using more-sensitive assays, such as a
metabolic labeling (Fig. 5 and 7) or kinase activity (Fig. 4B,
upper panel, lane 1) assay. Surprisingly, Ime2 could be de-
tected by Western blot analysis when the gene was integrated
in the genome (Fig. 4B, lower panel, lane 3). These results,
coupled with the short half-life of Ime2, suggest that expres-
sion of this protein in vegetative cultures might be toxic, thus
selecting against cells overexpressing Ime2. Serial dilution
analysis confirmed this suggestion (Fig. 8). The efficiency of
plating of cells carrying IME2 on a 2�m plasmid was slightly
reduced under selection conditions in minimal SD medium in
comparison to that in the rich yeast extract-peptone-dextrose
(YEPD) medium (Fig. 8, third row from top). Moreover, the
kinase-defective Ime2K97A protein, which was easily detected
in Western blot and IP-Western analyses (Fig. 4A, lane 3, and
Fig. 4B, lower panel, lane 2), did not reduce the efficiency of
plating (Fig. 8, top row). When Ime2 was expressed from the
inducible GAL1 promoter and the efficiencies of plating on
glucose (SD) and galactose (SG) media were compared, tox-
icity was observed only in the presence of galactose (Fig. 8).
The amino acid sequence of IME2 reveals putative PEST se-
quences. Such sequences are involved in facilitating the deg-
radation of proteins by the proteasome (5), and could be re-
sponsible for the low stability of Ime2. Expression of an Ime2

derivative with the PEST sequence (amino acids 478 to 499)
deleted led to a more-pronounced decrease in the efficiency of
plating (Fig. 8), suggesting that deletion of this sequence sta-
bilized Ime2. Microscopic observation of vegetative cells ex-
pressing Ime2 showed an accumulation of large and unbudded
cells (data not shown), suggesting that these cells are inefficient
in entering the cell cycle. Alternatively, the reduction in via-
bility might reflect entry of haploid cells into the meiotic path-
way, as previously suggested (33).

DISCUSSION

Transient availability of Ime1 in meiosis. The transcription
of all meiosis-specific genes, including that of the gene encod-
ing their main transcriptional activator, Ime1, is transient (22,
27, 48). However, transient transcription does not necessarily
reflect a transient availability of proteins, which requires that
the encoded proteins are unstable. For instance, even though
transcription of POL1 and CLB5 is periodic in the mitotic cell
cycle, and identically regulated (29, 42), the steady-state level
of Pol1 is constant (10), whereas the level of Clb5 is periodic
(20). The periodicity in the level of Clb5 is accomplished by

FIG. 6. Ime1 is degraded by the proteasome. Proteins were ex-
tracted from cells that were grown in SD medium at 25°C (lanes 1, 3,
5, and 7) and incubated for 6 h at 37°C (lanes 2, 4, 6, and 8). Strains
used were Y1248 (lanes 1 to 4) and its isogenic rpt2RF strain (Y1249)
(lanes 5 to 8) carrying YEp1974 [pADH1-gal4(1-147)-ime1(270-360)]
and YEpLac112 (14) (control) (lanes 1, 2, 5, and 6) or YEp1974 and
YEp1916 [pADH1-gal4(1-147)-HA-IME2] (lanes 3, 4, 7, and 8). Im-
munoblot analysis was performed using antibodies directed against
Gal4(bd). Brackets indicate that the gene was present on a multicopy
plasmid.

FIG. 7. IME2 encodes an unstable protein. Pulse (4 min)-chase
analysis of Ime2 tagged with Gal4(bd). (A) Proteins were extracted
from meiotic cultures at 4 h in SPM. A MATa strain (sub62) (38)
carrying pIME1-IME2 on a 2�m plasmid (YEp1968) was used.
(B) Quantitative analysis of the level of Ime2.
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regulated degradation (20). In this report we show that the
level of Ime1 parallels its transcription pattern, increasing un-
der meiotic conditions, reaching a peak, and then declining
(Fig. 2). These results suggest that Ime1 is an unstable protein.
In vegetative cultures with acetate as the sole carbon source,
Ime1 was undetectable (Fig. 2), although the presence of a low
but substantial level of IME1 mRNA was reported (22). This
phenomenon is due to translational regulation, which leads to
inefficient translation of IME1 mRNA in the presence of a
nitrogen source (45). We also show that Ime1 is subject to
extensive degradation that is regulated by Ime2 (Fig. 2). Ap-
parently, these two mechanisms combine to ensure the absence
of Ime1 from vegetative, mitotic cultures.

The stability of Ime1 depends on the kinase activity of Ime2.
Several approaches were used to show that Ime2 reduces the
stability of Ime1. First, the level of Ime1 was lower in the
wild-type diploid strain than in the ime2� isogenic strain under
vegetative conditions, as well as throughout the meiotic pro-
cess (Fig. 2). Second, we compared the level of Ime1 in haploid
cells with deletions of IME2 to that in haploid cells overex-
pressing Ime2. The results showed that as in diploid cells, the
level of Ime1 increased upon a shift to meiotic conditions.
However, lower levels were observed in the cells overexpress-
ing Ime2 (Fig. 3), pointing again to the role of Ime2 in desta-
bilizing Ime1. Third, the effect of Ime2 was observed when
both Ime1 and Ime2 were expressed from the heterologous
ADH1 promoter (Fig. 4). This approach enabled us to override
the previously reported effect of both Ime1 and Ime2 on the
transcription of IME1 (40, 43, 48, 49). Finally, using pulse-
chase analysis, we showed that under both vegetative and mei-
otic conditions, overexpression of Ime2 shortened the half-life
of Ime1 (Fig. 5).

The effect of Ime2 on the half-life of Ime1 (Fig. 5) seems
minor in comparison to the effect of Ime2 on the steady-state
level of Ime1 as studied by Western blot analysis (Fig. 2, 3, and

6). Two properties of Ime2 may explain this disparity. First,
Ime2 is an extremely unstable protein with a half-life at least 5
to 6 times shorter than that of Ime1 (Fig. 5 and 7). Second,
overexpression of Ime2 is toxic. Thus, at any given time, the
Ime2 protein is absent in many cells. Therefore, in the Western
blot analysis, which measures the accumulative levels of Ime1,
the effect is more significant, and it better reflects the normal
physiological conditions of the cells.

Phosphorylation is a key mechanism in regulating the sta-
bility of proteins. This event facilitates the covalent linkage of
the 8-kDa ubiquitin to these substrates and thus tags them for
degradation by the 26S proteasome (for a review, see reference
5). Since Ime2 is a serine/threonine protein kinase (49), it was
tempting to postulate that phosphorylation of Ime1 by Ime2
tagged it for degradation by the 26S proteasome. Several ex-
perimental approaches supported this hypothesis. (i) Using the
two-hybrid assay, we showed an association between Ime1 and
Ime2 (Table 1). (ii) By an in vitro kinase assay, we showed that
Ime2 phosphorylated the C-terminal domain of Ime1 (Fig. 1).
(iii) A point mutation in IME2, K97A, that abolished its in
vitro kinase activity was unable to promote destabilization of
Ime1 (Fig. 4). (iv) Using a mutation in RPT2, an essential
ATPase subunit in the regulatory particle of the proteasome
(15, 38), we showed that in these rpt2RF cells the stability of
Ime1 was temperature sensitive (Fig. 6), suggesting that Ime1
is degraded by the 26S proteasome. (v) In rpt2RF cells over-
expressing Ime2, a distinct, less mobile form of Ime1 was
observed (Fig. 6; compare lanes 6 and 8). Since this form was
undetected in cells that do not express Ime2, we postulate that
it might represent an Ime2-dependent, phosphorylated form of
Ime1. We further suggest that in wild-type cells this form is
rapidly degraded and thus undetectable.

The importance of transient availability of Ime1. Ime1 is the
master regulator required to initiate meiosis in S. cerevisiae.
Ime1 is subject to multiple levels of regulation, ensuring that

FIG. 8. Overexpression of Ime2 in vegetative cultures is toxic. MATa strains (Y742) carrying various IME2 plasmids grown on SD plates were
plated on YEPD (rich glucose medium), SD (minimal glucose medium), and SG (minimal galactose medium) plates following serial 10-fold
dilutions. Plasmids used were YEp1916 (pADH1-IME2), YEp2126 (pADH1-ime2�PEST), YEp2225 (pADH1-ime2K97A), YEp1985 (pGAL1-
IME2), and YEp2142 (pGAL1-ime2�PEST). As a control, Y742 carried the vector plasmid, YEpLac112 (14). Brackets indicate that the gene was
present on a multicopy plasmid.
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entry into meiosis is an alternative to the mitotic cycle and will
take place only in the absence of nitrogen and glucose sources.
How do cells regulate the availability and activity of Ime1?
First, IME1 is not transcribed in vegetative growth medium
with glucose as the sole carbon source, while low levels are
observed when glucose is replaced with acetate (22). In addi-
tion, in the presence of a nitrogen source, the translation of
IME1 mRNA is inefficient (43). In this report we showed an
additional level of regulation in which Ime1 is subject to reg-
ulated degradation. Finally, the activity of Ime1 is also subject
to nutrient regulation, as Ime1 is excluded from the nucleus in
vegetative cells expressing the G1 cyclins (6), and the associa-
tion of Ime1 with Ume6 or the ability of this complex to
activate transcription depends on the absence of both glucose
and nitrogen (39).

The above discussion explains why Ime1 is not available and
active in vegetative cultures. It should also be emphasized that
the transient expression of Ime1 is required for efficient mei-
osis. Mild overexpression of Ime1 in meiotic cultures leads to
a reduction in the percentage of sporulation, an increase in the
level of dyads, and an increase in the level of nondisjunction
(43). Extensive overexpression of Ime1 is accomplished in cells
with deletions of IME2 (Fig. 2). It is possible that certain
phenotypes previously observed in these cells, specifically, the
second round of DNA replication, and the third round of
nuclear division observed at late meiotic times (12), are due to
accumulation of Ime1 rather than to the absence of Ime2.

A feedback loop controlling meiosis. Entry into, and pro-
gression through, meiosis depends on a transcriptional cascade
that is set off by the transcriptional activator Ime1 and then by
the serine/threonine protein kinase Ime2 (for a review, see
reference 27). IME2 is an early meiosis-specific gene whose
expression is regulated by Ime1 (48, 49). In this report we
showed that in vitro Ime2 phosphorylates Ime1, and in vivo its
kinase activity is required for reducing the steady-state level of
Ime1. We suggest, therefore, that phosphorylation of Ime1 by
Ime2 marks Ime1 for degradation by the 26S proteasome. This
decrease in the level of Ime1 is intensified by the fact that Ime1
exhibits positive autoregulation (40, 43). This autoregulation is
required to relieve the repression mediated by Sok2 (44). Thus,
the decline in the level of Ime1 is due to a decline in its
transcription and an increase in its degradation. This feedback

loop is schematically illustrated in Fig. 9. We suggest that the
effect of Ime2 on the stability of Ime1 is responsible for its role
in negatively regulating the transcription of IME1. In the ab-
sence of Ime2, transcriptional autoregulation by the nonde-
graded Ime1 continues, leading to accumulation of IME1
mRNA. This feedback loop ensures that Ime1 will be active for
only a limited time and that following activation of the meiotic
pathway, its transcription will be shut off. A similar feedback
loop was reported for the transcription factor p53 and its
regulated gene, Mdm2 (36). Mdm2 is an E3 ubiquitin ligase (8,
19), and degradation of p53 by the proteasome depends on the
formation of the Mdm2/p53 complex (36).

Ime1 and Ime2 maintain antagonistic relationships, so it is
important to delay the function of Ime2 in order to ensure that
Ime1 will be accessible for a sufficient time to promote tran-
scription of early meiosis-specific genes. This lag between the
functions of the two proteins is accomplished by two mecha-
nisms. Transcription of IME2 is delayed in relation to tran-
scription of IME1 and, as shown in this report, IME2 itself
encodes an unstable protein whose half-life is shorter than that
of Ime1.
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