MOLECULAR AND CELLULAR BIOLOGY, Jan. 2005, p. 440-450
0270-7306/05/$08.00+0 doi:10.1128/MCB.25.1.440-450.2005

Vol. 25, No. 1

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Glucose Inhibits Meiotic DNA Replication through
SCF°"'P_Dependent Destruction of Ime2p Kinase

Kedar Purnapatre,t Misa Gray, Sarah Piccirillo,
and Saul M. Honigberg*

Division of Cell Biology and Biophysics, School of Biological Sciences, University
of Missouri—Kansas City, Kansas City, Missouri

Received 17 August 2004/Returned for modification 16 September 2004/Accepted 27 September 2004

In the budding yeast Saccharomyces cerevisiae, the cell division cycle and sporulation are mutually exclusive
cell fates; glucose, which stimulates the cell division cycle, is a potent inhibitor of sporulation. Addition of
moderate concentrations of glucose (0.5%) to sporulation medium did not inhibit transcription of two key
activators of sporulation, IME1 and IME2, but did increase levels of Siclp, a cyclin-dependent kinase inhibitor,
resulting in a block to meiotic DNA replication. The effects of glucose on Siclp levels and DNA replication
required Grrlp, a component of the SCF®™'? ubiquitin ligase. Siclp is negatively regulated by Ime2p kinase,
and several observations indicate that glucose inhibits meiotic DNA replication through SCF¢™'P.mediated
destruction of this kinase. First, Ime2p was destabilized in the presence of glucose, and this turnover required
Grrlp, a second component of SCF¢™™P, Cdc53p, and an SCF¢™'P.associated E2 enzyme, Cdc34p. Second,
Ime2p-ubiquitin conjugates were detected under conditions of rapid Ime2p turnover, and conjugation of Ime2p
to ubiquitin required GRRI. Third, a mutant form of Ime2p (Ime2***5T), in which a putative Grrlp-interacting
sequence was deleted, was more stable than wild-type Ime2p. Finally, expression of the IME2*FEST allele
bypassed the block to meiotic DNA replication caused by 0.5% glucose. In addition, Grrlp is required for later

events in sporulation independently of its role in Ime2p turnover.

Sporulation in the yeast Saccharomyces cerevisiae is regu-
lated by three principal nutritional signals: nonfermentable
carbon sources and starvation for essential growth nutrients
promote sporulation, whereas glucose inhibits sporulation.
Sporulation in yeast transforms a diploid cell into four haploid
spores (reviewed in reference 30) and consists of two sequen-
tial processes—meiosis and spore formation. Nutritional sig-
nals regulate both the initiation of meiosis and later stages of
sporulation (reviewed in references 22 and 26).

Glucose regulates initiation of meiosis through several
mechanisms. At one level, glucose inhibits transcription of
IME]. This gene encodes a “master regulator” transcription
factor, which activates transcription of most early meiotic
genes. At a second level, glucose inhibits assembly of Imelp
and other transcription factors into an active complex (33, 41,
50, 53). At a third level, glucose may inhibit the activity Ime2p
kinase, which is encoded by an early meiotic gene. Ime2p
kinase is required at multiple stages throughout sporulation,
suggesting that Ime2p drives meiosis in the same way that
cyclin/Cdk drives the cell division cycle (reviewed in reference
18). Although nutritional controls on Ime2p kinase have not
been identified, this kinase is regulated by phosphorylation (3),
association with other proteins (12), and stability (7).

Glucose inhibits sporulation through several different signal
transduction pathways. Both the protein kinase A pathway and
the glucose-repression pathway mediate glucose controls on
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meiosis as well as many other cellular processes (reviewed in
references 9 and 49). These pathways regulate both initiation
of meiosis and later stages of sporulation (21, 34). A third
pathway, the glucose induction pathway, may also regulate
sporulation since a key regulator of this pathway, Grrlp, is
required to prevent sporulation during late stages of growth
(38).

Grrlp activates the glucose induction pathway by targeting
destruction of the Mthlp transcription factor, leading to the
activation of hexose transporter genes (14, 25, 35). Grrlp is
also required in an array of other cellular processes, including
amino acid import (4), pseudohyphal differentiation (6), and
G, cyclin expression (reviewed in reference 48). Grrlp is the
F-box protein component of the SCFS™'P ubiquitin ligase
complex, also termed an E3 (reviewed in reference 51).
SCFS™!P targets specific proteins for ubiquitination, recogniz-
ing a conserved PEST domain in these proteins. The target
protein must also be phosphorylated before it can be recog-
nized by the SCF. Once ubiquitinated, these targeted proteins,
e.g., Cln2p and Gic2p, are degraded by the proteosome.

In this study, we present evidence that SCFS™'P promotes
ubiquitination and turnover of Ime2p in response to moderate
amounts of glucose, a condition commonly encountered during
late stages of growth. We propose that destruction of Ime2p
under these conditions stabilizes Siclp, a cyclin-dependent ki-
nase inhibitor, resulting in a block to meiotic DNA replication.
In addition, GRRI has separate roles in regulating late meiotic
events.

MATERIALS AND METHODS

Yeast strains and plasmids. All yeast strains used in this study (Table 1) are
isogenic to W303 or SH777, a derivative of W303. Because auxotrophic markers
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TABLE 1. S. cerevisiae strains used in this study

Strain Genotype Source

SH777 MATa/MATo ade?/ade2 canl:ADE2:CAN1/canl:ADE2:CANI his3-11,15/his3-11,15 leu2-3,112/ leu2-3,112 lys2 32
(3'A):HIS3:lys2(5' A)/LYS2 trpl-1/trpl1-3' A ura3-1/ura3-1

SH1740 SH777 except grrl A::TRP1/grrl A::TRPI This study
SH1970 SH777 except TRPI/TRP1 LEU2/LEU2 38
SH1752 SH777 except grrl A::TRP1/grrl A::TRPI LEU2/LEU2 38
SH2778 SH777 except trpl/TRP1 This study
SH2716 MATo ade2 canl:ADE2:CANI his3-11,15 leu2-3,112 trp1-3'A ura3-1 grrl::URA3 w/GALI-IME2::6XHA-TRPI S. Irniger
SH2811 SH1970 containing pS652 (tetO-IME2-6XHA-URA3) This study
SH2813 SH1752 containing pS652 (tetO-IME2-6XHA-URA3) This study
SH2877 SH1970 containing pS669 [tetO-IME2(pestA)-6XHA-URA3] This study
SH3219 SH1740 containing pS714 (tetO-IME2-6XHA-LEU2) and pTer62 (cupl-mycUb.K,-URA3) This study
SH3204 SH2778 containing pRS315 (LEU2) and pTer62 (Cupl-mycUb.K,-URA3) This study
SH2362 SH1970 containing pRS316 (URA3) This study
SH3195 SH2778 containing pS714 (tetO-IME2-6XHA-LEU2) and pTer62 (Cupl-mycUb.K -URA3) This study
‘W303 MATa/MATo ade2/ade2 canl/canl his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 trp1-1/trp1-1 ura3-1/ura3-1
MTY1537 W303 except cdc34-2/cdc34-2 M. Tyers
MTY1538 W303 except cdc53-1/cdc53-1 M. Tyers
MTY1831 MATa ade2 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3-1 siclA M. Tyers
SH3179 MTY1537 with pS652 (tetO-IME2-6XHA-URA3) This study
SH3181 MTY1538 with pS652 (tetO-IME2-6XHA-URA3) This study
SH3183 W303 with pS652 (tetO-IME2-6XHA-URA3) This study
SH2898 SH777 except grrl A::TRP1/GRRI1 LEU2/leu2-3,112 This study
SH2896 SH777 except grrl A::TRP1/grrl A::TRPI LEU2/leu2-3,112 This study

affect the transition from mitosis to meiosis, we compared strains with identical
auxotrophies. For each mutant, at least two independent isolates were con-
structed and analyzed.

pS652, which contains the tetO-IME2-6XHA gene, was constructed by PCR
amplification of the IME2-6XHA gene from yeast strain SH2716, digestion of the
fragment with BglII and Sbfl, and cloning of the resulting BglII-Sbfl fragment
into the BamHI and PstI sites of pCM188 (Euroscarf). pS714, a LEU2 derivative
of pS652, was generated by digesting pS652 with Stul, which cleaves the plasmid
in URA3, and cotransforming this linearized plasmid with a PCR fragment
containing the LEU2 gene flanked by 40 bp of homology to the 5" or 3’ end of
the URA3 open reading frame. pS669, a derivative of pS652 with the IME2 PEST
sequence precisely deleted, was constructed by cotransforming yeast with pS652
(linearized at BstEIT) and a PCR fragment containing the IME22"E5T allele. This
IME24PEST fragment was constructed by fusion PCR between a 1.5-kb fragment
homologous to the region immediately 5’ to the deletion and a 650-bp fragment
homologous to the region immediately 3’ to the deletion. The 650-bp fragment
also contained 40 bp at its 5’ end that was homologous to the sequence imme-
diately 5’ to the deletion, allowing fusion of the two fragments. pS588, used to
prepare the CLN2 probe, was constructed by cloning a 1.6-kb EcoRI/HindIII
fragment from pCM214 (10) into the EcoRI and HindIII sites of pRS306 (46).
All plasmids constructed for this study were verified by DNA sequencing.
pRS315, pTERG62, and pCM188 have been described elsewhere (1, 16, 46).

Growth and sporulation conditions. Cultures were inoculated at a concentra-
tion of 5 X 10* cells/ml in 10 to 100 ml of growth medium. Mid-log-phase cultures
were harvested after 12 to 16 h at a cell concentration of 0.5 X 107 to 1 x 107
cells/ml, and late-log phase cultures were harvested after 36 h at a cell concen-
tration of 5 X 107 to 7 X 107 cells/ml. To prepare sporulation cultures, growth
cultures were harvested, washed three times, and then resuspended in sporula-
tion medium. All cultures were incubated at 30°C with constant shaking.

Growth medium was synthetic complete (SC) medium (pH 4.6) containing
glucose as the sole carbon source (40). For strains containing plasmids, the
medium lacked leucine, uracil, or tryptophan to maintain selection for the plas-
mid. Sporulation medium (Sp) was 2% potassium acetate (pH 7.0) supplemented
with amino acids to balance auxotrophies and 0.17% yeast nitrogen base (lacking
ammonium sulfate and amino acids). Sp+0.5 and Sp+2 media contained the
same components as Sp medium with the addition of 0.5 and 2.0% glucose,
respectively.

In experiments that measured the stability of tetO-IME2-6XHA, cultures were
grown to mid-log phase in SC medium lacking tetracycline and then transferred
to Sp or Sp+0.5 medium containing 2 g of tetracycline/ml to repress transcrip-
tion from the tetO promoter. In experiments with temperature-sensitive strains,
cultures were grown to mid-log phase at 25°C, shifted to 37°C for 1 h, and then
transferred to Sp+0.5 medium containing 2 pg of tetracycline/ml. In experiments

to detect conjugation of ubiquitin to Ime2p, cultures were grown to mid-log
phase in SC medium containing 2 g of tetracycline/ml and then transferred to
Sp+0.5 medium lacking tetracycline and containing 150 uM CuSO, for 6 h to
induce both myc-Ub.K, and Ime2p-6XHA.

Assays for DNA replication, recombination, nuclear divisions, spore forma-
tion, and spore viability. Fluorescence-activated cell sorter (FACS) analysis of
late-log-phase cultures was performed as described previously (32). To avoid
complications in FACS analysis caused by branched or elongated grr/A cells,
meiotic DNA replication was monitored by lysing cells, staining DNA in the
extracts with diaminobenzoic acid, and measuring DNA content with a spec-
trofluorimeter as described elsewhere (27).

DNA recombination between LEU2 and MAT was monitored by random
spore analysis as follows. Diploid strains (SH2896 and SH2898) heterozygous at
the LEU2 locus (LEU2/leu2-3,112) were incubated for 72 h in sporulation me-
dium and then plated on medium lacking leucine and arginine and containing
canavanine, which selects for haploids (32). The colonies that formed on this
medium were assayed for mating type as described elsewhere (40). Map distance
was calculated as 100 cM multiplied by the frequency of Leu™ Can' colonies that
displayed a change in coupling between LEU2 and MAT.

Meiotic chromosome segregation was assayed by staining nuclei with 4',6'-
diamidino-2-phenylindole (DAPT) and visualizing nuclei by fluorescence micros-
copy (20). Spore formation was assayed by light microscopy. In both assays, at
least 300 cells were counted for each determination. Spore viability was deter-
mined by dissecting tetrads and determining the ability of each spore to form a
colony. For these studies, 20 to 30 tetrads were dissected in each of three
independent trials.

All values for the frequency of DNA replication, recombination, nuclear
divisions, and spore formation are the means of at least three independent
experiments. Data in the text are represented as the mean = standard error. In
graphs, the error bars represent the standard error; where error bars are not
shown, they are less than the width of the symbol.

RNA and protein assays. Yeast RNA was isolated by vortexing 2 X 10% to 4 X
108 yeast cells with glass beads and phenol (13). Transcript levels were measured
by S1 nuclease protection (32). Templates for the IME1, IME2, and DEDI
riboprobes used in S1 nuclease analysis have been described previously (21, 38);
the CLN2 riboprobe was prepared using T3 RNA polymerase and pS588 cleaved
with Xmnl.

For analysis of protein expression levels, extracts were prepared by glass
bead-trichloroacetic acid lysis (17). Ime2-6XHAp was detected by Western blot-
ting using monoclonal antibody to the hemagglutinin (HA) epitope (12CAS;
Covance), and Siclp was detected by rabbit polyclonal antibodies (gift of M.
Tyers, University of Toronto). Cdc28p was detected using anti-Cdc2 (PSTAIRE)
antibody (Santa Cruz Biotechnology). Immunoprecipitation was performed us-
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FIG. 1. Inhibition of meiotic DNA replication by moderate concentrations of glucose requires GRRI. (A) Late-log-phase cultures of a wild-type
strain (SH1970) were transferred to Sp, Sp+0.5, or Sp+2. Spore formation was measured at the indicated times after transfer. (B) Late-log-phase
cultures of SH1970 were transferred as described for panel A, and expression levels of IME1, IME2, and a control (DEDI) transcript were
measured at the indicated times by S1 analysis. (C) Late-log-phase cultures of a wild type (SH1970) and a grr/ A mutant (SH1742) were transferred
to Sp or Sp+0.5 medium, and DNA replication was measured at the indicated times after transfer. (D) Wild-type and grr A late-log-phase cultures
were transferred to Sp medium, and IME1, IME2, and control (DEDI) transcript levels were analyzed at the indicated times as described for panel

B.

ing an ethanol-glass bead lysis method (31); the immunoprecipitation buffer
contained 20 pl of protein inhibitor cocktail for yeast (Sigma)/ml, 20 pg of
leupeptin/ml, 20 pg of pepstatin A/ml, and 1 mM phenylmethylsulfonyl fluoride.
Ime2p-6XHA was immunoprecipitated with rabbit polyclonal anti-HA (Co-
vance), and ubiquitin-conjugated proteins were detected with monoclonal anti-
myc antibody (Santa Cruz Biotechnology). Protein bands from Western blot
assays were visualized with horseradish peroxidase-conjugated secondary anti-
bodies (Santa Cruz Biotechnology) and a fluorescence detection system
(ECLplus; Amersham). Bands from RNA or protein analysis were quantitated
with a STORM PhosporImager.

RESULTS

Addition of 0.5% glucose to sporulation medium inhibits
meiotic DNA replication without inhibiting IMEI and IME2
transcription. In addition to glucose inhibition of IMEI and
IME? transcription, glucose may also regulate meiotic initia-
tion through additional targets. For example, in late-log-phase
cultures, IME] and IME?2 are expressed to moderate levels, but
meiotic DNA replication and later stages of meiosis are
blocked (21). These cultures contain moderate amounts of
glucose as well as nonfermentable carbon sources such as eth-
anol. Late-log-growth cultures containing less glucose initiate

meiosis at higher frequencies than cultures containing more
glucose (38).

To identify mechanisms by which glucose inhibits meiotic
initiation after IMEI and IME2 have been transcribed, we
transferred late-log-phase glucose cultures to sporulation me-
dium lacking glucose (Sp), sporulation medium containing a
moderate amount of added glucose (Sp+0.5), or sporulation
medium containing a higher amount of added glucose (Sp+2).
As an initial experiment, we measured spore formation after
24,48, and 72 h (Fig. 1A). We found that addition of either the
moderate or high concentration of glucose to sporulation me-
dium almost completely blocked spore formation even after
72 h.

We next examined the induction of IME] and IME?2 in Sp,
Sp+0.5, and Sp+2 media. Whereas IME1 and IME?2 induction
was almost completely blocked in Sp+2 medium, induction of
these genes was delayed only slightly if at all in Sp+0.5 me-
dium (Fig. 1B). Thus, addition of 0.5% glucose to sporulation
medium was not sufficient to inhibit /ME and IME?2 transcrip-
tion but was sufficient to block sporulation at some later stage.

We next compared the timing and efficiency of the first
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FIG. 2. Siclp accumulates in wild-type but not grrl A Sp+0.5 cultures. Wild-type and grrlA cultures were transferred to Sp or Sp+0.5 medium.
After transfer, samples were removed from these cultures at the indicated times, and the levels of Siclp and a control protein (Cdc28p) in the
samples were measured. (A) Western blot analysis; (B) quantitation of Western blot assay in a trial independent from the data shown in panel A.

cellular event of sporulation, meiotic DNA replication, in Sp
and Sp+0. 5 medium. To measure meiotic DNA replication,
cultures were grown to late log phase, transferred to Sp or
Sp+0.5 medium, and then assayed for DNA content at various
times after the transfer. At the time of transfer, >85% of cells
were in G, phase, as measured by FACS analysis (K. Purna-
patre and S. Honigberg, unpublished data). After transfer,
meiotic replication occurred efficiently in Sp medium but oc-
curred with much lower efficiency in Sp+0.5 medium (Fig. 1C).
Thus, moderate concentrations of glucose inhibit sporulation
at some stage after IME?2 transcription but before initiation of
meiotic DNA replication.

GRRI is required for glucose to inhibit DNA replication.
Because grrl A mutants are defective in repressing sporulation
during late stages of growth (38) and Grrlp is required in the
glucose induction pathway, inhibition of meiotic DNA replica-
tion by moderate concentrations of glucose might require
Grrlp. To test this hypothesis, a gr7/A mutant was grown to
late-log phase and then transferred to either Sp or Sp+0.5
medium. DNA replication was monitored at various times af-
ter transfer, as described above for the wild type. In contrast to
the results described above for the wild type, the timing of
meiotic DNA replication in the grr/A mutant was approxi-
mately the same in Sp+0.5 medium as in Sp medium (Fig. 1C).
Thus, inhibition of meiotic DNA replication by 0.5% glucose
required GRRI.

Interestingly, even in the absence of glucose, meiotic DNA
replication occurred approximately 4 h earlier in the grriA

mutant than in the wild type (Fig. 1C). Consistent with this
result, IME] and IME?2 transcript appeared several hours ear-
lier in this mutant than in the wild type (Fig. 1D). The reason
for early initiation of meiosis in this mutant is not known, but
one possibility is that the grr/A mutant adapts from glucose
growth medium to sporulation medium more rapidly than the
wild type. In addition, at later times in sporulation medium,
IME? transcript accumulates to higher levels in the gr77A mu-
tant than in the wild type (Fig. 1D). As discussed below, this
accumulation may result from increased Ime2p stability.
Grrlp is required for Siclp stabilization in Sp+0.5 medium.
The cyclin-dependent kinase inhibitor Siclp binds and inhibits
Cdc28p/ClIbs,6p, preventing the onset of DNA replication until
Siclp is destroyed (11, 44). To determine whether glucose
affects Siclp levels, cultures were grown to mid-log phase and
then transferred to Sp or Sp+0.5 medium. Samples were re-
moved at the indicated times, and the level of Siclp and a
control protein (Cdc28p) were measured by Western blotting.
As a control, we verified that the Siclp band was absent in a
siclA strain (M. Gray and S. Honigberg, unpublished data).
In Sp medium, Siclp levels were moderate at the time of
transfer, remained low or decreased slightly after 2 or 4 h, and
increased slightly by 6 h, at which time meiotic replication had
initiated in most cells (Fig. 2A, lanes 1 to 4, and B). In contrast,
in Sp+0.5 medium, Siclp levels increased continuously from 0
to 6 h and reached levels approximately fivefold higher than in
Sp medium (Fig. 2A, lanes 5 to 7, and B). Thus, addition of
0.5% glucose to sporulation medium led to increased Siclp
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levels, a likely cause of the block to meiotic replication in this
medium.

We next asked whether the increase in Siclp caused by
glucose depends on Grrlp. The grr/A mutant was assayed for
Siclp levels as described above for the wild type. In Sp me-
dium, the pattern of Ime2p expression was similar to that in the
wild type. However, in Sp+0.5 medium, Siclp levels in this
mutant failed to increase significantly (Fig. 2A, lanes 8 to 14,
and B). Thus, Grrlp is required for the increase in Siclp levels
caused by addition of 0.5% glucose to sporulation medium.

Ime2p-6XHA is stabilized in a grrIA mutant. Although
Grrlp and Siclp both regulate meiotic DNA replication, it is
unlikely that Siclp is targeted for destruction by SCFS™'P, For
one thing, the grrIA mutant displays decreased, rather than
increased, Siclp levels. Furthermore, during the cell cycle,
Siclp is targeted for destruction not by SCFS™'P but by
SCF<%4_In order for SCF“U**P to target Siclp for destruc-
tion, the latter protein must be specifically phosphorylated
(36), and in meiosis this phosphorylation requires Ime2p ki-
nase (11). These findings suggest the hypothesis that SCF°™'P
stabilizes Siclp by targeting Ime2p for destruction.

To test whether Ime2p is destabilized in the presence of
glucose, we compared the stability of an epitope-tagged ver-
sion of Ime2p, Ime2p-6XHA, in Sp and Sp+0.5 media. To
separate transcriptional control of IME2 from posttranscrip-
tional control on Ime2p, IME2-6XHA was expressed from the
tetO promoter, which is repressed by tetracycline and induced
in its absence (2). The tetO-IME2-6XHA gene was first in-
duced in growth medium lacking tetracycline, and then cul-
tures were transferred to Sp or Sp+0.5 medium containing
tetracycline to shut off transcription of this gene. Indeed,
IME2-6XHA transcript levels decreased rapidly after transfer
to either Sp medium (Purnapatre and Honigberg, unpub-
lished) or Sp+0.5 medium (Fig. 3A, lanes 1 to 6).

At various times after cultures were transferred to Sp or
Sp+0.5 medium, we measured the level of Ime2p-6XHA pro-
tein by Western blotting. Ime2p-6HA was relatively stable in
Sp medium (Fig. 3B, lanes 1 to 6, and C) over the time period
examined (0 to 90 min), but it was turned over rapidly in
Sp+0.5 medium (Fig. 3D, lanes 1 to 6, and E). Thus, addition
of glucose to sporulation medium increases the rate of
Ime2p-HA turnover.

We next asked whether turnover of Ime2p-HA in Sp+0.5
was dependent on GRRI. We repeated the experiments de-
scribed in the previous paragraph in a grrl A mutant. Transcrip-
tion shutoff in this mutant was equivalent to shutoff in the wild
type (Fig. 3A). In Sp medium, the stability of Ime2p-HA was
approximately the same in the gr7/ A mutant as in the wild type.
In contrast, in Sp+0.5 medium Ime2p-HA was much more
stable in the grr/ A mutant than in the wild type. Thus, turnover
of Ime2p-HA in Sp+0.5 medium depends on GRRI.

Ubiquitination of Ime2p-6XHA in Sp+0.5 medium requires
Grrlp. Because Grrlp is required for Ime2p-6XHA turnover,
we tested whether Grrlp was also required to ubiquitinate
Ime2p. To determine whether Ime2p-6XHA was ubiquiti-
nated, we utilized a plasmid bearing a Myc-tagged version of
ubiquitin (mUb.K,) under the control of the CUPI promoter
(1). The Ub.K, allele contains mutations that change all five
lysines in ubiquitin to arginine, thus preventing the formation
of multi-Ub chains. Cultures containing the CUP1-mUb.K,
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plasmid and/or the tetO-IME2-6XHA plasmid were grown to
mid-log phase and then transferred to Sp+0.5 medium for 6 h.
Extracts were prepared from these cultures, Ime2p-6XHA was
immunoprecipitated, and the immunoprecipitate was analyzed
by Western blotting for Ime2p-6XHA and for ubiquitin-con-
jugated proteins. From strains expressing both mUb.K  and
Ime2p-6XHA, a ladder of protein bands was detectable with
antibody to mUb.K, (Fig. 3F, lane 2). This pattern of bands
indicated recovery of a protein that is ubiquitinated at multiple
residues. As expected, the fastest-mobility band in the ladder
migrated slightly slower than unmodified Ime2p-6XHA. This
ladder of bands was absent in a strain which lacked the Ime2p-
6XHA plasmid (Fig. 3F, lane 1). These results indicate that in
Sp+0.5 medium, Ime2p becomes conjugated to ubiquitin at
multiple residues.

To determine whether conjugation of ubiquitin to Ime2p
requires Grrlp, the above experiments were repeated in a
grrl A mutant. Ime2p was immunoprecipitated from the grr/A
mutant at least as efficiently as from the wild type, but no
ladder of ubiquitinated products was detected (Fig. 3F, lane 3).
These results indicate that Grrlp is required for conjugation of
Ime2p to ubiquitin.

Ime2p instability requires the SCFS™'P component,
Cdc53p, and the associated E2, Cdc34p. To verify the role of
SCFS™'P in Ime2p turnover, we determined whether rapid
destruction of Ime2p in Sp+0.5 medium requires a second
component of this SCF, Cdc53p. At the same time, we deter-
mined whether the ubiquitin-conjugating enzyme (E2) that
associates with SCFS™'P_ Cdc34p, is also required for Ime2p
turnover. CDC53 and CDC34 are essential genes, so we em-
ployed temperature-sensitive cdc53-1 and cdc34-2 mutants.
Both mutants are defective in ubiquitination of the SCF°™'P
substrates, Cln2p and Gic2p, at 37°C but grow almost normally
at a lower temperature (25°C) (23, 52).

The tetO-IME2-6XHA plasmid was expressed in both mu-
tants and in a wild-type control strain. These strains were
grown at the permissive temperature and then shifted to
Sp+0.5 medium at 37°C. Under this condition, Ime2p-6XHA
was more stable in the mutants than in the control, indicating
that Cdc53p and Cdc34p, like Grrlp, are involved in glucose-
stimulated turnover of Ime2p (Fig. 3G). However, Ime2p-
6XHA was not completely stabilized in either mutant at 37°C;
indeed, Ime2p-6XHA was not completely stabilized at 37°C
even in a grrlA mutant (data not shown). Incomplete stabili-
zation of Ime2p-6XHA in the temperature-sensitive mutants
could reflect residual SCFE™'P activity at the restrictive tem-
perature or thermal instability of Ime2p-6XHA. Interestingly,
Cln2p-HA is also only partially stabilized in cdc53-1 and
cdc34-2 mutants (52). In any case, the delayed turnover of
Ime2p-6XHA in cdc53-1 and cdc34-2 mutants is consistent
with SCFC™'P being required for Ime2p degradation in Sp+0.5
medium.

An allele of IME?2 lacking the C-terminal PEST sequence is
stabilized in Sp+0.5 medium. SCF“"'P recognizes a PEST
sequence at the C terminus of Cln2p (5). A putative PEST
sequence (HSIPDVGTDSTISDSIDETELSK) can also be
found near the C terminus of Ime2p (Fig. 4A). PEST se-
quences contain at least one proline and several serines,
threonines, glutamates, and aspartates and are flanked by pos-
itively charged amino acids. The C-terminal domain of IME?2,
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FIG. 3. Ime2p-6XHA is stabilized in the grr/ A mutant. (A) Shutoff of transcription from the tetO promoter occurs normally in the gr7/ A mutant.
Wild-type (WT) or grrl A strains expressing the tetO-IME2-6XHA allele (SH2811 and 2813, respectively) were transferred to sporulation medium
containing tetracycline, samples were removed at the indicated times (0 to 75 min), and IME1, IME?2, and a control transcript (Cntrl) were analyzed
as described for Fig. 1. (B) Ime2p-6XHA levels in Sp medium. For the cultures shown in panel A, samples were removed at the indicated times
(0 to 90 min) and Ime2p-6XHA levels and Cdc28p were analyzed by Western blotting. (C) Graph representing Ime2p-6XHA expression relative
to Cdc28p expression in wild-type (triangles) and grr/A (circles) strain from three independent trials of the experiment shown in panel B.
(D) Ime2p-6XHA stability in Sp+0.5 medium. Cultures were grown and analyzed as described for panel B. (E) Graph representing Ime2p-6XHA
expression relative to Cdc28p expression in wild-type (triangles) and grrlA (circles) strains for three independent trials of the experiment shown
in panel D. Error bars in panels C and E represent the standard errors of the means of three independent experiments. (F) Strains expressing both
Ime2p-6XHA and myc-Ubi(K,) were incubated in Sp+0.5 medium for 6 h, immunoprecipitated with anti-HA antibodies, and analyzed for both
Ime2p-6XHA and myc-Ubi(K)-conjugated proteins by Western blotting. The arrow points to the expected position of unmodified Ime2p-6XHA
on the anti-Myc blot based on comparison of this blot with the anti-HA blot. (G) Ime2p-6XHA stability in Sp+0.5, analyzed as described in the
legend for panel B, for wild-type (WT), cdc34-2, and cdc53-1 strains at 37°C (SH3183, SH3179, and SH3181, respectively).
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in Sp+0.5 medium. (A) Diagram of Ime2p, highlighting a putative PEST sequence. The proposed negative

regulatory acidic domain and kinase domain of Ime2p are indicated below the line. (B) Western blot analysis of Ime2p and Ime2p”=5™. Mid-log
cultures containing Ime2p-6XHA or Ime2p*EST2-6XHA were transferred to Sp+0.5 medium containing tetracycline (SH2811 and SH2877,
respectively). Samples were removed at the indicated times (0 to 120 min), and blots were probed with anti-HA and anti-Cdc28 antibodies.
(C) Graph representing Ime2p-6XHA (filled triangles) and Ime2p**ST4-6XHA (open triangles) levels relative to Cdc28p in Sp+0.5 for repeated
trials of the experiment shown in panel B. Error bars represent the standard errors of the means of three independent experiments. (D) Meiotic
DNA replication in Sp+0.5 medium in wild-type strains expressing Ime2p"=STA-6XHA (SH2877; open triangles), Ime2p-6XHA (SH2811; filled

circles), or the vector, pRS316 (SH2362; open circles).

including the putative PEST sequence, has been implicated as
a negative regulatory domain (29), consistent with a role of this
domain in Ime2p stability.

To determine whether the Ime2p-PEST sequence was re-
quired for Ime2p destruction, we generated a tagged allele of
IME?2 on a plasmid with the putative PEST sequence precisely
deleted  (tetO-IME2°PEST-6XHA).  The  stability  of
Ime2p”PHST-6XHA was compared to that of Ime2p-6XHA
under the conditions where the latter protein was found to be
unstable (Sp+0.5). We found that Ime2p*""ST-6XHA was
much more stable than Ime2p-6XHA in Sp+0.5 medium (Fig.
4B and C). Thus, the IME2 PEST domain is required for
glucose-dependent turnover of Ime2p, consistent with this reg-
ulation being mediated through Grrlp. In the mutant,
Ime2p”PEST.6XHA levels actually increase two- to fivefold
(Fig. 4A), implying that Ime2p synthesis continues even after
the addition of tetracycline to the medium.

Expression of the IME2*P“ST.6XHA allele bypasses inhibi-
tion of replication by glucose. As a direct test of the hypothesis
that glucose represses meiotic DNA replication by stimulating
Ime2p turnover, we asked whether expression of the stabilized
allele of IME2, IME2*PZ5T would bypass inhibition of meiotic
replication by glucose. We measured the timing of meiotic
DNA replication in Sp+0.5 medium in a strain containing
tetO-IME2PEST | a strain containing tetO-IME2, and a strain
bearing only the tetO vector. Under these conditions, DNA
replication in the IME2*"*5T strain occurred much more rap-
idly and more efficiently than did the control strain (Fig. 4D).

Overexpression of the wild-type tetO-IME? allele was less ef-
fective than IME2*""S7 at bypassing the replication block (Fig.
4D), consistent with the idea that glucose represses meiotic
replication by stimulating Ime2p turnover.

Spore packaging is defective in the grr1A mutant. Because
meiotic DNA replication is resistant to glucose in the grriA
mutant, spore formation might also be expected to be resistant
to glucose. However, we found that spore formation was sen-
sitive to glucose in this mutant. When wild-type mid-log-phase
cultures were transferred to Sp+0.5 or Sp medium, the effi-
ciency of spore formation was twofold lower in Sp+0.5 than in
Sp medium. For unknown reasons, addition of glucose to
sporulation medium inhibited spore formation more effectively
in cultures transferred from late log phase (Fig. 1A) than in
those transferred from mid-log phase (Table 2). In contrast to
the wild type, mid-log-phase grrIA cultures transferred to
sporulation medium displayed 10-fold-lower spore formation
in Sp+0.5 medium than in Sp medium (Table 2). Thus, while
meiotic DNA replication is resistant to glucose in the grriA
mutant, spore formation in this mutant is actually more sensi-
tive to glucose.

We also observed that late-log-phase grrlA cultures have a
reduced ability to form spores relative to mid-log-phase grr/A
cultures. When mid-log-phase cultures were transferred to Sp
medium, the grr7A mutant formed spores almost as efficiently
as the wild type (Table 2). In contrast, when late-log-phase
cultures were transferred to Sp medium, the grr/A mutant
formed asci much less efficiently than the wild type (only 3.3%
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TABLE 2. Spore formation, recombination, and spore viability*

WT grlA
Assay S
p + Sp +

Sp glucose Sp glucose
Spore formation 52+3 25*5 44+%3 43*09
Dyads, total asci (%) 342 49x7 643 93*4
LEU2-MAT recomb. (¢cM) 332 30*x2 38*1 34%3
Spore viability (%) 93+x1 96*x2 713 44x8

“ Mid-log-phase cultures were transferred to Sp or Sp plus glucose medium,
incubated for 72 h, and then assayed for spore formation, the fraction of dyads
among total asci, recombination (recomb.) in the LEU2-MAT interval, and spore
viability. Recombination was assayed in SH2898 (grr1 A/grr1A) or SH2896 (grrIA/
GRRI); all other experiments were assayed in SH1752 (grr1A/grrlA) or SH1970
(WT). Values are means * standard errors. W7, wild type.

*+ 1.6% asci from the mutant compared to 57% = 2% from the
wild type). Because IMEI and IME? transcription and meiotic
replication occur efficiently after transfer of either mid- or
late-log-phase cultures to Sp medium (Fig. 1) (Gray and
Honigberg, unpublished), the defect in spore formation from
late-log-phase cultures was likely specific to the later stages of
sporulation. As reported previously (6), late-log-phase grr/A
cultures contained many pseudohyphal cells, i.e., cells contain-
ing elongated or branched buds. Because pseudohyphal differ-
entiation may interfere with spore formation (43), we used
mid-log-phase cultures to characterize late stages of sporula-
tion in the grr/A mutant.

Even though the grr/A mutant formed spores efficiently
when cells were transferred from mid-log-phase cultures to Sp
medium, the asci formed from these cultures were morpholog-
ically distinct from wild-type asci. Specifically, grrIA spores
were usually packaged in a linear arrangement, whereas wild-
type spores were packaged in a tetrahedral arrangement (Fig.
5). In addition, the frequency of two-spore and three-spore asci
was much higher in the grw/A mutant than in the wild type
(Table 2). Using fluorescence microscopy, we determined that
30% of grrlA asci contained at least one unpackaged nucleus,
and these types of asci were rare in the wild type. In at least
some of these asci, small structures that may have been anucle-

FIG. 5. Cell morphology in the wild type (WT, SH1970) and the
grrl A mutant (SH1752) in Sp and Sp+0.5 medium. Mid-log cultures
were transferred to Sp or Sp+0.5. After 72 h, images were captured
using Nomarski optics on a Nikon TE2000-U with a ColorView imag-
ing system and analySIS software (SIS).
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DIC

DAPI

FIG. 6. Spore packaging in the grm/A mutant. Mid-log-phase cul-
tures of a grr/A mutant (SH1752) were transferred to Sp. After 72 h,
nuclei were stained with DAPI and images were captured using No-
marski (left side) and fluorescence (right side) optics, with Nomarski
optics on a Nikon TE2000-U with a ColorView imaging system and
analySIS software (SIS). Arrows indicate unpackaged nuclei. DIC,
differential interference contrast.

ate spores were observed (Fig. 6). Thus, one cause of the
decreased number of spores per asci in the grr/ A mutant is the
failure to efficiently package nuclei into spores. The cause of
the linear morphology of grrIA asci is not known but could be
related to the cell polarity defect in grr/A mutants (8, 23, 24).

Late stages of meiosis are sensitive to glucose in the grr/A
mutant. To further characterize defects in sporulation ob-
served in the grrl A mutant, we measured several cellular events
that occur after meiotic DNA replication but prior to spore
formation. For each of these events, we compared the effi-
ciency in the mutant to that in the wild type in both Sp and
Sp+0.5 medium.

Meiotic DNA recombination occurs immediately after mei-
otic DNA replication. To determine if grr/A mutants are de-
fective in meiotic recombination, we measured recombination
in the LEU2-MAT interval on chromosome III (see Materials
and Methods). In both Sp and Sp+0.5 media, the frequency of
recombination in this interval was approximately the same in
the grrl A mutant as the wild type (Table 2). The frequency of
recombination observed in these experiments was very close to
the expected frequency based on map distance (35 cM). Thus,
GRRI is not required for crossover recombination in meiosis.

After completion of meiotic DNA recombination, meiotic
cells undergo two cycles of chromosome segregation. We mon-
itored meiotic chromosome segregation over time in the grr/A
mutant and the wild-type control by the appearance of binu-
cleate and tetranucleate cells. In the wild type, both cycles of
chromosome segregation were delayed and somewhat less ef-
ficient in Sp+0.5 medium than in Sp medium (Fig. 7). In the
grrl A mutant, the meiotic divisions occurred more rapidly than
in the wild-type in Sp medium, consistent with the earlier
timing of IME1 induction, IME?2 induction, and meiotic DNA
replication in this mutant. In contrast, the meiotic divisions
were substantially delayed in this mutant in Sp+0.5 medium
(Fig. 7). Comparing the grrI A mutant to the wild type, addition



448 PURNAPATRE ET AL.

A.

D
O

@ girlA(0%)
10 grri A(0.5%)
A WT (0%)

A WT (0.5%)p

N
<o

Meiosis I (% total cells)

201 1
0 L ’ . ) ) L
10 20 3
Time (hrs) 0
B. o orrin (0%)
40 [ o grrin(0.5%) I

A WT (0%)
 AWT(0.5%)

(el NV

o

Meiosis II (% total cells)

10 20 30
Time (hrs)

FIG. 7. Meiotic divisions in the grr/A mutant. (A) Mid-log-phase
cultures of the wild type (WT) and the grr/A mutant (SH1970 and
SH1752, respectively) were transferred to Sp or Sp+0.5 medium. Sam-
ples were removed from these cultures at the indicated times (0 to
36 h) and analyzed for the meiosis I nuclear division (fraction of cells
in the culture that are in binucleate or later stages of meiosis). (B) The
same samples as shown in panel A were assayed for meiosis II nuclear
division (fraction of cells in the culture that are in tetranucleate or later
stages of meiosis).

of glucose delayed chromosome segregation by 12 to 16 h in
the mutant but only by 5 to 6 h in the wild type. Thus, in
Sp+0.5 medium the grr/A mutant initiates meiosis more rap-
idly than the wild type but completes chromosome segregation
less efficiently.

Defects in either chromosome segregation or spore forma-
tion, such as were observed in the grr/A mutant, can lead to
decreased spore viability. To measure spore viability, we dis-
sected asci of both the grr/A mutant and the wild type after
incubation for 72 h in either Sp or Sp+0.5 medium. In the wild
type, spore viability was >90% in either medium (Table 2). In
contrast, in the grr/A mutant, spore viability was significantly
less than the wild type in Sp medium and even lower in Sp+0.5
medium. Thus, the gr/A mutant is defective in producing
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viable spores, and this defect is exacerbated by moderate con-
centrations of glucose.

Expression of IME2*""S™ does not cause defects in spore
formation. Because Ime2p is stabilized in the grr7 A mutant, we
asked whether this stabilization caused the observed defects in
spore formation. To test this idea, a wild-type strain containing
a plasmid bearing IME2*"%5" was grown to mid-log phase and
then transferred to Sp+0.5 medium (SH2877). After 72 h, we
compared the frequency of spore formation in this strain to
that in a control strain bearing an empty vector (SH2362). We
found that expression of IME27FST increased rather than
decreased the level of spore formation (30% * 4% of cells
formed spores in the tetO-IME2*"25T strain, compared to only
13% * 3% of cells from the control strain). This result is
consistent with earlier studies showing that Ime2p is required
at late stages of meiosis as well as for the initiation of meiosis
(3). Thus, it is unlikely that glucose inhibits late stages of
meiosis in the grr/ A mutant by stabilizing Ime2p.

DISCUSSION

The principal conclusions from this study are the following:
(i) adding moderate concentrations of glucose to sporulation
medium destabilizes Ime2p, stabilizes Siclp, and inhibits mei-
otic DNA replication; and (ii) these three effects of glucose
require the SCFS™'P ubiquitin ligase.

Several lines of evidence indicate that the SCFS™'P complex
directly causes ubiquitination and destruction of Ime2p. First,
Ime2p is less stable in Sp+0.5 medium than in Sp medium and
is stabilized in the former medium in grrlA, cdc53-1, and
cdc34-2 mutants. Second, Ime2p is ubiquitinated in Sp+0.5
medium, and this ubiquitination requires Grrlp. Third, a re-
gion of Ime2p containing a putative PEST sequence, a domain
found in other SCFS™'P gsubstrates, is necessary for Ime2p
destruction. Fourth, strains containing an IME2 allele that
lacks this PEST sequence bypass the block to meiotic replica-
tion in Sp+0.5 medium.

Degradation of ectopically expressed Ime2p during rapid
growth in glucose medium does not depend on Cdc34p (7), the
E2 that associates with SCFS™'P; thus, it is likely that Ime2p is
degraded during rapid growth through an SCFS™'P-indepen-
dent pathway, in contrast to the SCFS™'P-dependent pathway
operable in Sp+0.5 medium. In this regard, we note that
Ime2p-6XHA was only partially stabilized in the cdc34-2 and
cdc53-1 mutants in Sp+0.5 medium, possibly because these
mutants retain residual Cde34p or Cdc53p activity at the re-
strictive temperature. Because destruction of SCFS™'P targets
such as Cln2p, Gic2p, and Mthlp requires phosphorylation of
these targets, it is likely that glucose also regulates Ime2p
stability by phosphorylation, although the kinase that mediates
this step is not known. Nitrogen and glucose may regulate
Ime2p through independent pathways, since Gpa2p, the alpha-
subunit of a trimeric G-protein, binds Ime2p in vitro and is
required for nitrogen to inhibit Ime2p kinase in vivo (12).

Surprisingly, the grr/A mutant is less sensitive to glucose
than the wild type during early stages of sporulation and more
sensitive during late stages. For example, both meiotic chro-
mosome segregation and spore formation were more sensitive
to glucose in the grr/A mutant than in the wild type. This
increased glucose sensitivity does not result from stabilization
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of Ime2p, because expression of the stabilized form of Ime2p,
Ime22PESTp, does not increase glucose sensitivity. Wild-type
meiotic cells become resistant to glucose as the nuclear divi-
sions initiate (commitment to meiosis) (15, 19, 28). The con-
tinued sensitivity to glucose in late stages of sporulation sug-
gests that the grr/ A mutant may be defective in commitment to
meiosis.

Turnover of Ime2p when glucose is present inhibits meiotic
DNA replication (at least in part) by stabilizing Siclp. Siclp
inhibits CIb5,6p/Cdc28p kinase activity, which is necessary for
replication (44), and so for replication to ensue Siclp must be
destroyed and this destruction requires Ime2p (11). Indeed,
addition of glucose to sporulation medium led to increased
Siclp levels, and this increase depended on Grrlp. Interest-
ingly, an analogous pathway of kinase turnover and Siclp sta-
bilization occurs in the cell division cycle. In the cell cycle,
SCFS™'P targets Clnlp and CIn2p cyclins for destruction, and
these cyclins (together with Cdc28p kinase) phosphorylate
Siclp, targeting it for ubiquitination by SCF“***? and subse-
quent destruction. Thus, DNA replication is regulated by
SCFS"'P in both meiosis and mitosis, but the substrate for this
ubiquitin ligase is different in the two programs. Ime2p has
additional roles in meiosis beyond regulating Siclp (3, 37, 42),
so Ime2p turnover likely prevents progression of meiosis
through additional mechanisms. Indeed, we observed an accu-
mulation of IME2 transcript in the grr/A mutant. Because
Ime2p kinase activates the Ndt80p transcription factor (3, 45,
47), which may activate JME2 transcription during late stages
of meiosis (22), it is possible that stabilization of Ime2p may
lead to increased levels of IME2 transcript via an IME2-NDTS80
positive feedback loop.

As described in the introduction, glucose inhibits sporula-
tion through several signaling pathways and targets. One po-
tential advantage of these multiple layers of control may be to
permit specialized responses to different glucose concentra-
tions. As described in this study, addition of high concentra-
tions of glucose to sporulation medium completely blocks
IME] and IME?2 transcription, whereas addition of lower con-
centrations of glucose allows transcription of these genes with-
out allowing meiotic DNA replication. The latter condition
approximates the conditions present during late stages of
growth in glucose. During these stages, cells express moderate
levels of IMEI but do not initiate meiotic DNA replication
(21). We propose that moderate concentrations of glucose
present during late stages of growth block meiotic DNA rep-
lication via the Grrlp/Ime2p/Siclp pathway without preventing
moderate expression of IME] and IME2. This moderate ex-
pression of IME1 and IME?2 during late stages of growth may
explain why these cultures can initiate meiosis much faster
than mid-log cultures (39).
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