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The yeast meiotic activator IME1 stimulates transcription of many early meiotic genes. These genes share
a 5’ sequence called URS1. URSI sites function as repression sites in cells that lack IME1; we show here that
URSI sites are weak activation sequences in cells that express IMEL. Repression through URSI sites is known
to depend upon the URS1-binding protein UME6. We have identified a UMEG6 allele (previously called
rim16-12) that causes a defect in IME1-dependent activation of meiotic genes but not in repression through
URSTI sites. In contrast, a ume6 null mutation causes defects in both IME1l-dependent activation and in
repression through URSI1 sites. A LexA-UMES6 fusion protein is an IME1-dependent transcriptional activator,
whereas a LexA-UMES6 fusion carrying the rim16-12 substitution cannot activate transcription. These findings
argue that IME1 activates meiotic genes by converting UMEG6 from a negative regulator to a positive regulator;
the rim16-12 mutant protein is defective in conversion to a positive regulator.

The yeast UMESG6 protein and URSI site are components of
a sequence-specific repression system. URS] sites are widely
distributed in genetic regulatory regions (29), where they func-
tion as repression sites in growing, nonmeiotic cells (4, 10, 12,
17, 31). Repression of URS1-containing genes requires the
UMEY®6 gene product (16, 27). UMESG is a zinc cluster protein
that binds specifically to a URSI site in vitro (27). A second
protein, the RPA1/2/3 heterotrimer (RP-A), also binds to
URST sites (11). Binding of RP-A is independent of UMEG6
(16), and binding of recombinant UMES®6 is independent of
RP-A (27). The functional relationship among RP-A, URS],
and other URSI1-binding proteins is presently unclear. How-
ever, genetic analysis indicates that UMES6 is a repressor or
part of a repression complex that acts through URSI sites in
nonmeiotic cells (16, 27).

Three observations made in nonmeiotic cells indicate that
the URS1/UMES6 system participates in repression of early
meiotic genes. First, URS1-like sites are found upstream of
almost all early meiotic genes (4; see reference 14 for a com-
pilation). Second, mutations that remove or disrupt these
URSI sites cause increased expression in nonmeiotic cells (1,
4, 31). Third, ume6 loss-of-function mutations cause increased
early meiotic gene expression in nonmeiotic cells (1, 26, 27).
Thus, repression by the URS1/UMEG6 system prevents inap-
propriate meiotic gene expression in nonmeiotic cells.

Entry into meiosis is accompanied by elevated expression of
IME1 (7); the IME1 gene product is required for expression of
almost all meiotic genes (see reference 14 for a review). Two
observations indicate that the URS1/UMES6 system may be
required for IME1 to activate early meiotic genes. First, mu-
tations in the URSI sites near the meiotic genes SPOI3,
HOPI, and IME?2 cause reduced expression during meiosis (1,
4,31). At HOPI and IME?2, mutations in nearby positive sites
(called the UASy [UAS, upstream activating sequence] and
T,C sites) also cause reduced expression during meiosis (1,
31). Second, UMES is required for the IME1-dependent acti-
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vation of IME?2 expression (1). Whether UMES6 has a positive
role in expression of other meiotic genes is unknown (27).

In this study, we provide evidence that URS1 is the IME1
response element and that UMEG6 protein is an IME1-depen-
dent activator. Our analysis of an unusual ume6 allele indicates
that UMES® has separable positive and negative activities.

MATERIALS AND METHODS

Strains and media. Saccharomyces cerevisiae strains (Table 1) are derivatives
of strain SK-1 (6). Mutations previously described include auxotrophic markers
and ime2-4-lacZ::LEU2, P4, ;-IMEI::TRPI, ime2-7-HIS3::LEU2 (25), ume6::
LEU2 (1), rim16-12 (15), and rim11::LEU2 (2). The gal80::LEU2 mutation (30)
present in several strains permits GALI promoter activity in the absence of
glucose, such as in galactose, acetate, and sporulation media. rim16-12 and
ume6::LEU2 were generally followed in crosses through failure to complement
rim16-12 or ume6::LEU?2 tester strains for sporulation.

Yeast and bacterial media, including media used for YPD, YPAc, SD, SC,
SGal, and galactose indicator plates, were prepared by standard recipes (20).
Potassium acetate (KAc) plates containing 5-bromo-4-chloro-3-indolyl-B-p-ga-
lactopyranoside (X-Gal) have been described previously (15).

RIM16/UMEG6 plasmid complementation tests. Our analysis of UME6 plasmid
function relies on tests for complementation of rim16-12 and ume6::LEU2 mu-
tations. The rim16-12 mutation prevents Pg,; ,-IME] strains from expressing
IME2: Pg 4, -IMEI ime2-lacZ strains are Lac™, and Pgy, ,-IMEI ime2-lacZ
rim16-12 strains are Lac™ (15). Similarly, P4, ;-IMEI ime2-HIS3 strains are
His*, and Pg 4, ;-IMEI ime2-HIS3 rim16-12 strains are His~. Complementation
of the riml6-12 defect by a plasmid is indicated by a Lac* phenotype of a
Pgap - IMEI ime2-lacZ rim16-12 transformant or by a His™ phenotype of a
Pgar - IME] ime2-HIS3 rim16-12 transformant. The ume6::LEU2 mutation pre-
vents repression of IME?2 that occurs in the absence of IME1: imelA ime2-HIS3
strains are His™, and imelA ime2-HIS3 ume6::LEU2 strains are His"™ (1).
Complementation of the ume6::LEU2 defect by a plasmid is indicated by a His™
phenotype of an imelA ime2-HIS3 ume6::LEU2 transformant. Lac™/~ pheno-
types were scored on KAc-X-Gal plates; His*/~ phenotypes were scored on
synthetic galactose medium lacking histidine.

CYClI-lacZ plasmids. DNA manipulations were carried out by standard meth-
ods. Oligonucleotides are listed in Table 2. Plasmids pLGA312SASS, pKB110K,
and pKB112 were described previously (1, 5). Plasmid pKB143 was constructed
by digesting pKB112 with X#ol and ligating to kinase-treated, annealed URS1-A
and URS1-B oligonucleotides. Plasmids pKB148 and pKB150 were constructed
by digesting plasmid pLGA312SASS with Xhol and ligation to kinase-treated,
annealed URSI1-A and URSI-B oligonucleotides. Plasmid pKB144 was con-
structed by digesting pKB112 with Kpnl and Sa/l and ligation to kinase-treated,
annealed T4C-A and T4C-B oligonucleotides. pKB160 was constructed by di-
gesting pKB144 with X%ol and ligation to kinase-treated, annealed URS1-A and
URSI1-B oligonucleotides. Inserts in the CYCI promoter were sequenced by
using the CYCI-P primer described previously (1).

Integrating CYCI-lacZ plasmids (used for URSI repression assays) were con-
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TABLE 1. Yeast strains used in this study
Strain Genotype*

a/oa GAL80/GALS0
..ala imel A12::TRPI/imel A12::TRP1 GALS0/GALS0
..ala
a/oa imel A12::TRPI/imelA12::TRP1 arg6/ARG6
his3ASK/HIS3 met4/MET4
a imel A12::TRPI hisl
..a Py -IMEI-14 his3ASK
o Pi - IMEI-14 arg6
a rim16-12 Pg 4y -IME1-14 ime2-4-lacZ met4
o imel A12::TRPI his3ASK
...aimelAl2::TRPI his3ASK
..a Poy -IMEI-14 arg6
o rim16-12 imel A12::TRP1 his3ASK metl3
a ume6::LEU2 his3ASK arg6 GALS0
o Piyp - IMEI-14 ime2-7::HIS3 his3ASK
..ala rim16-12/rim16-12 arg6/ARG6 his3ASK/HIS3
o riml6-12 Pg 4, - IME1-14 ime2-7::HIS3 his3ASK
met4
KB538.....cvcerevnaee a rim16-12
KB539 ... o ume6::LEU2 imelA12::TRP1 ime2-7::HIS3
his3ASK met4 GALS0
a ume6::LEU2 his3ASK arg6 met4
.ala riml1:LEU2/rim11:LEU2 met4/ MET4 GALSO0/
GALS80
KB572x129-2A ...a/o ume6::LEU2/ume6::LEU2 arg6/ARG6
met4/MET4
..o 1im16-12 his3ASK arg6
o 1iml16-12 Pg 4y - IME1-14 ime2-7::HIS3 his3JASK
met4
..ariml6-12 Pg 4, -IMEI-14 his3ASK arg6
o argb
..ot RIM16::URA3 arg6
..ot RIM16::URA3 arg6
...a ume6::LEU2 arg6

HEY33-4B...
HEY33-7A ..

HEY32-1A ..

@ All strains carry additional markers ura3 leu2::hisG trpl1::hisG lys2 ho:LYS2
gal80::LEU?2 except as noted. Diploid strains are homozygous for these markers.

structed by deletion of the HindIII fragment containing 2um sequences from
plasmids pKB112 and pKB143. Resulting plasmids were cleaved within the
URA3 gene with Stul and transformed into strain AMP1281. Transformants were
colony purified, analyzed by Southern blotting, and mated to strains 1415-1A,
HEY33-4B, 1421-1C, and AMP1178. Meiotic progeny of these crosses were
assayed for B-galactosidase activity.

Isolation and manipulation of UMEG6 (RIM16) and rim16-12. YCP50-based
genomic libraries (19) were transformed into strain HEY33-7A («a rim16-12
ime2-HIS3). Approximately 6,000 Ura* colonies were patched onto SC-Ura
plates and replica plated to SGal-His to identify His™ colonies. Plasmid depen-
dence of the His™ phenotype was determined among 5-fluoro-orotic acid-in-
duced plasmid cures. Plasmid-dependent His* colonies were tested for the
ability to complement the rim16-12 sporulation defect by mating to HEY32-1A
(a rim16-12). Plasmid pB3-3II contained a 10-kb fragment that was determined
to complement the rim16-12 mutation.

The rim16-12 allele was retrieved onto plasmid pHY14-2 by gap repair (21).

TABLE 2. Oligonucleotides used in this study
Sequence

5'-TCGAGGTTACGGCGGCTATBTC
5'-TCGAGAAATAGCCGCCGTAACC
5'-TCGAGGGTAGCCGCCGAGEBGC
5'-TCGAGCCCTCGGCGGCTAGCC
5'-CTCCTTTTCTCCGGTIG
5'-TCGACAACCGGAGAAAAGGAGGBTAC
5'-CTAGGACACTACCGC
5'-GCCTGTGCGACATGG

5'-TAAGAATGGCGGCCGCAAAGCGTTAACGGGBCAGG
5'-TAAGAATGCGGCCGCCTGGTTCACCGGCAGBCCAC

5'-GCAATGAAAAAAAAAGGCGGCCGCTAAAAGCTCAETGAA . (agsive s

MoL. CELL. BIOL.

Plasmid pHY14-2 was constructed by inserting a Spel-Sall fragment from pB3-
311 into plasmid pRS316 (22). This fragment includes the entire UME6 coding
region (27) and extends into YCp50 sequences. We digested pHY14-2 with
BamHI and Clal and transformed linearized DNA into riml6-12 strain
AMP1168. The resulting plasmid is pHY16-2. The riml6-12 mutation was
mapped to a 2.0-kb BamHI-to-Spel fragment by exchange of this fragment with
wild-type plasmid pHY14-2. The mutation was then identified by sequencing
mutant plasmids with oligonucleotides RIM16-A and RIM16-B (Table 2).

To construct pKB189 (lex4-UMEG6), pHY14-2 was first subjected to site-di-
rected mutagenesis using oligonucleotide UMEG6-N6 (Table 2) to generate a Notl
site, forming pKB178. A high-copy-number plasmid was generated from pKB178
by subcloning the Spel-to-Sall fragment carrying UMEG into the high-copy-
number plasmid pKB174, generating pKB183. pKB174 was made by digesting
pRS426 with BssHII and religation to create a plasmid in which the polylinker is
in the reverse orientation, such that toxicity of UMEG inserts to Escherichia coli
would be relieved. pKB183 was digested with Notl and ligated to a segment
encoding the LexA DNA-binding domain derived from pSH2-1 (13) by PCR
amplification using primers lexA-N1 and lexA-N2. pKB193 (lexA-rim16-12) was
constructed by swapping the Spel-BamHI fragment from pHY16-2 with the
Spel-BamHI fragment on pKB189 to generate pKB193.

Linkage of the pB3-3II insert to the RIMI6 and UMEG6 loci. Integrating
plasmid pHY15-3 (Fig. 1) was constructed by inserting a 2-kb Clal fragment from
pB3-31I into plasmid YIPS5 (18). pHY15-3 was linearized with X#ol and trans-
formed into strain AMP1008 (UMEG6); integration was confirmed by Southern
analysis. Four transformants were crossed to strain AMP1168 (rim16-12); all 64
meiotic tetrads from these crosses displayed 2 Ura® Rim™:2 Ura™ Rim™~ segre-
gation. Two Ura™ Rim™ meiotic segregants from these crosses, 1415-1C and
1416-5A, were mated to KB48 (ume6::LEU2); all 32 meiotic tetrads from these
crosses displayed 2 Ura™ Leu™:2 Ura™ Leu™ segregation.

B-Galactosidase assays. B-Galactosidase assays were performed on permeabi-
lized cells as described previously (25). Activities are the averages of at least
three independent transformants. For assays of high-copy-number CYCI-lacZ
reporter plasmids, cells from an SC-Ura overnight culture were inoculated into
either YPD or YPAc. Vegetative cells were harvested after at least two gener-
ations at a density of 107 cells per ml. Sporulating cells were harvested after
transfer of YPAc cultures to sporulation medium (2% KAc plus required amino
acids at 20 mg/liter) for 4 h. For assays of LexA fusion protein activity, strains
AMP1007 and AMP1179 were transformed with pKB189 (lexA-UMEG) or
pKB193 (lexA-rim16-12). Strain AMP1178 was transformed with reporter plas-
mid pHS178, pHS179, or pHS180, containing zero, one, or six operators, respec-
tively, upstream of a gall-lacZ fusion (23). Saturated cultures in SC-His-Ura
containing 0.5% glucose were filtered and resuspended in sporulation medium
for 4 h.

Assays of integrated CYCI-lacZ reporter plasmids were conducted on expo-
nential-phase YPD cultures. Values are the averages of four meiotic segregants
for each genotype.

RNA analysis. Procedures for cell growth, preparation of RNA, and Northern
(RNA) filters have been described previously (24). Probes for meiotic genes (2)
and control probe pC4/2 (9, 28) have been described elsewhere.

RESULTS

Allelism of RIM16 and UME6. We previously identified a
recessive mutation, riml6-12, that impairs IME1-dependent
UAS activation and sporulation (1, 15). We isolated a genomic
DNA segment, in plasmid pB3-3II, that complemented
rim16-12 defects in IME2 expression and sporulation (Fig. 1).
To confirm that the complementing DNA segment contained
the RIM16 gene, we showed that the subclone carried in plas-
mid pHY15-3 could direct plasmid integration to the RIM16
locus (see Materials and Methods). Three observations indi-
cated that the UMEG gene was also carried on plasmid pB3-311.
First, the pB3-3II restriction map closely resembled that of the
UMESG locus (27). Second, plasmid pB3-3II complemented a
ume6::LEU2 mutation to permit repression of an ime2-HIS3
gene (Fig. 1). Third, the site of subclone pHY15-3 integration
was tightly linked to the UMEG6 locus (see Materials and Meth-
ods). These results indicate that the riml6-12 mutation is
tightly linked to the UMEG6 locus and that plasmid pB3-3II
includes both RIM16 and UMEG.

A complementation test indicated that rim16-12 is a UME6
allele. The rim16-12 and ume6::LEU2 mutations both cause
porulation defects (15, 27). We observed that several
rim16-12/ume6::LEU2 diploids sporulated poorly (<14%),
whereas rim16-12/+ and ume6::LEU2/+ diploids sporulated
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FIG. 1. Maps of UMEG/RIMI16 plasmids. The arrow denotes the UMEG6 coding region (27). Complementation of ume6::LEU2 and rim16-12 mutants (KB539 and
KB480), as described in Materials and Methods, is indicated in the right-hand columns (nd, not determined). Plasmid pB3-31I is the original UMEG clone carried in
plasmid YCp50. Plasmid pHY15-3 is a YIp5 derivative. Plasmid pHY14-2 contains a Spel-Sall fragment in vector pRS316. Plasmid pHY16-2, derived from pHY14-2,
contains the rim16-12 allele retrieved by gap repair. Plasmid pKB189 encodes wild-type UMES6 fused to the LexA DNA-binding domain at the last UME6 codon.
Plasmid pKB193 is identical to pKB189 but includes the T9IN (rim16-12) missense substitution. Restriction site abbreviations: B, BamHI; S, Sau3A; C, Clal; Sp, Spel;
X, Xhol; N, Ncol; RV, EcoRV; Sh, Sphl; K, Kpnl; RI, EcoRI; St, Stul; H, HindIlI; Xb, Xbal.

efficiently (>95%). Therefore, rim16-12 and ume6::LEU?2 fail
to complement for sporulation ability.

Sequence determination confirmed that the riml6-12 muta-
tion lies in UME6. We used gap rescue to retrieve the UME6
gene from the chromosome of a riml6-12 mutant. The wild-
type plasmid, pHY14-2, complemented both rimi16-12 and
ume6::LEU2 mutants (Fig. 1). The gap-repaired plasmid,
pHY16-2, failed to complement a rim16-12 mutant but could
complement a ume6::LEU2 mutant (Fig. 1). This result indi-
cated the presence of riml6-12 on the plasmid. The rim16-12
mutation mapped to a 2-kbp BamHI-Spel fragment. The se-
quence of this fragment revealed a single nucleotide change
from the wild-type UMEG6 sequence (27), resulting in a substi-
tution of threonine at UME6 codon 99 with asparagine. There-
fore, rim16-12 is a missense mutation in UMEO®.

Comparison of rim16 and ume6 mutant phenotypes. UME6
is required for repression through the CARI URSI site (16).
To determine whether rim16-12 causes a repression defect, we
compared expression of integrated CYCI-lacZ fusion genes
with or without a URS1 site in wild-type, rim16-12, and
ume6::LEU2 strains (Table 3). These experiments used the
IME?2 URST1 site inserted between the CYCI UAS and TATA

TABLE 3. Repression through URSI in ume6 mutants

CYCl-lacZ expression”

Plasmid” URSI site
UMEG6 rim16-12 ume6::LEU2
pKB112AH - 390 420 310
pKBI143AH + 90 90 380

“ CYCl-lacZ plasmids were integrated at the URA3 locus in strain AMP1281,
and haploid segregants carrying an imelAl2 mutation and the UMEG6 allele
indicated were constructed through crosses.

b Cells were grown to mid-exponential phase in YPD. Numbers are the mean
of determinations with at least four segregants of each genotype; standard errors
were less than 20% of the mean.

regions. In the wild-type and rim16-12 strains, the URS] site
caused fourfold repression. In the ume6:LEU2 strain, the
URSI site caused no repression. We conclude that the
riml6-12 mutation does not cause a defect in repression
through this URSI site.

UMEPS is also required for IME1-dependent activation of
the early meiotic IME2 promoter (1). We examined effects of
rim16-12 and ume6::LEU2 mutations on expression of several
early meiotic genes through Northern blot analysis (Fig. 2).

+ ime1 rim16-12 ume6
hours: 0 246 80 246 80246 8 0246 8
IME2 o
IME1 " W o w
SPO13 -
Hort 8 -

N

”11 12 13 14 15 16 17 18 19 20

control S5 ek ik e o 4y
lane: 1 2 3 4 56 7 8 9

FIG. 2. Meiotic RNA accumulation in ume6 mutants. Cultures were grown
to mid-exponential phase in YPAc and then transferred to sporulation medium.
RNA was prepared from YPAc-grown cells (0 h) and after 2, 4, 6, or 8 h in
sporulation medium. Northern filters were probed for the indicated meiotic
transcripts and with the control probe pC4/2. Strains: AMP1179 (a/c; lanes 1 to
5); AMP258x1184 (a/o imelAfimelA; lanes 6 to 10); KB426x569 (a/a rim16-12/
rim16-12; lanes 11 to 15); KB572x129-2A (a/o ume6::LEU2/ume6::LEU2; lanes
16 to 20).
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6 Operators 1 Operator Q Operators
EREEEE |gal1-lacz £ |gal7-lacz Iga/?-lacz
lexA Fusion PGAL1-IMET imelA PGAL1-IMET imel4 PGAL1-IME1 imelA
lexA-UME6 5900 <1 3 <1 <1 <1
lexA-UMEB-T99N <1 <1 <1 <1 <1 <1

FIG. 3. Transcriptional activation by LexA-UMES6. Diploids from either AMP1007 and AMP1178 (P4, ;-IME1/imelA) or AMP1179 and AMP1178 (imelAlimelA)
carrying one lexA-derived plasmid and one reporter plasmid were assayed for B-galactosidase activity after incubation in sporulation medium for 4 h. Numbers are the

means of three determinations; standard errors were less than 20% of the mean.

Wild-type and imelA/imelA diploids served as positive and
negative controls, respectively. We examined expression of the
early meiotic genes IME2, HOPI, and SPO13, each of which
contains a 5" URSI site required for high-level, meiotic ex-
pression (1, 4, 31). In the wild type, transcript levels of these
genes were very low in growing cells (0 h) and increased after
incubation for 4 h in sporulation medium. The imelA mutation
abolished meiotic transcript accumulation. The rim16-12 mu-
tation also caused a severe reduction in transcript accumula-
tion in sporulation medium. The ume6::LEU2 mutation caused
a slight increase in transcript levels in growing cells, but there
was little further increase in transcript levels during incubation
in sporulation medium. These results indicate that both
rim16-12 and ume6::LEU2 mutations reduce expression of
IME2, HOPI, and SPO13 in meiotic cells.

We also observed effects of rim16-12 and ume6::LEU2 mu-
tations on IME] transcript accumulation (Fig. 2). In the wild
type, IME1 transcript levels increased until 4 h in sporulation
medium and then declined. The rim16-12 mutation caused a
slight reduction in IME1 RNA accumulation. The ume6::LEU2
mutation caused elevated IMEI RNA levels. These results
indicate that UMES is formally a negative regulator of IME1
expression.

IME1l-dependent activation by LexA-UMEG6. Two general
models have been proposed for the role of UMES6 in early
meiotic gene expression. According to one model, UMES6 is
modified by IME1 to convert it from a negative regulator to a
positive regulator (1). A second possibility is that UMES6 is
strictly a repressor and competes for binding with an activator
(27). These models account for the rim16-12 defect in different
ways. The first model argues that the rim16-12 mutant product
has a specific defect in transcriptional activation: it may be
insensitive to modification by IME1 or have a defect in a
hypothetical UMES6 activation domain. The second model ar-
gues that the rim16-12 mutant product is a superrepressor: it
may bind to URST1 sites too tightly, or repress too severely, to
permit effective competition by a hypothetical positive regula-
tor. These models may be distinguished by examining the tran-
scriptional activation properties of UMEG6 derivatives with al-
tered DNA binding specificities. The first model predicts that
binding of UMED®G to a novel site will enable the novel site to be
an IME1l-dependent UAS; binding of the rimi16-12 mutant
product to the novel site will not confer UAS activity. The
second model predicts that binding of UMES6 or the rim16-12
mutant product will not confer UAS activity.

To enable UMES6 to bind to a heterologous sequence, we
constructed a LexA-UMES6 fusion protein. We verified that

LexA-UMEG6 could complement both wume6:LEU2 and
rim16-12 defects (Fig. 1). Promoter activation by LexA-UME6
was examined with gall-lacZ reporter genes containing zero,
one, or six lexA operators. The reporter gene with no lexA
operators was expressed at the same low level in the presence
and absence of IME1 (P, ;-IMEI and imel A strains, respec-
tively [Fig. 3]). The reporter gene with one lex4 operator was
expressed at 10-fold-higher levels in the presence of IMEL.
The reporter gene with six lex4 operators was expressed at
6,000-fold-higher levels in the presence of IMEL. These results
indicate that LexA-UMESG can function as an IME1-dependent
activator.

We also examined activation by a LexA-UME6-T99N mu-
tant protein, which has the riml6-12 substitution. We con-
firmed that LexA-UMEG6-T99N complemented ume6::LEU2
but not rim16-12 defects (Fig. 1). We observed that gall-lacZ
reporter genes with zero, one, or six lex4 operators were ex-
pressed at the same low level in the presence or absence of
IMEL1 (Fig. 3). These results indicate that the rim16-12 defect
prevents UMEG6 from becoming an IME1-dependent activator.

Analysis of the IME2 UAS. The hypothesis that UMES is an
IME1-dependent transcriptional activator predicts that the
UMESG6-binding site, the URSI site, should be an IME1-depen-
dent UAS. We tested this prediction through comparison of
strains that lack IME1 (imel A strain; Fig. 4) and express IME1
(Pgar-IMEI strain). Cells were grown in glucose medium, in
which P4, ,-IME]I is not expressed, and in acetate and sporu-
lation media, in which P, ,-IME] is expressed.

An IME1-dependent UAS from the IME2 gene consists of
two functional elements: a T,C site and a URSI site (1). The
T,C site had low-level UAS activity in both P4, ,-IMEI and
imelA strains (compare pKB144 with ASS in Fig. 4). Because
the T,C site has less activity in glucose medium than in acetate
medium in both strains, it may be a glucose-repressible UAS.
The URSI site had low-level UAS activity in the P, ,-IME]
strain and no UAS activity in the imelA strain (pKB148 and
pKB149). Two URSI sites together had greater UAS activity
than a single site (pKB150). UAS activity of single or double
URSTI sites was greater in sporulation medium than in acetate
growth medium, as observed for the intact IME2 UAS. Func-
tional activity of the T,C and URSI site oligonucleotides was
established by reconstitution of an active, IME1-dependent
UAS (compare pKB160 with pKB110K). We conclude that the
IME?2 URSI1 site transmits an IME1-dependent activation sig-
nal. The IME2 T,C site augments UAS activity of the URS1
site but does not respond to IMEI on its own.

The URSI site and its properties were first established
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Glucose Acetate Spo

]cyc1 -lacZ

ime1A PGAL1-IME1 imelA PGAL1-IME1 imelA PGAL1-IME1

pKB110K <0.6 0.7 <0.6 150 <0.6 530
pKB160 <0.6 <0.6 <0.6 260 <0.6 760
pKB144 <0.6 <0.6 20 18 12 11
pKB148 <0.6 <0.6 <0.6 1.4 <0.6 6.1
pKB149 <0.6 <0.6 <0.6 22 <0.6 7.0
pKB150 <0.6 <0.6 <0.6 9.3 <0.6 50
pKB204 <0.6 <0.6 <0.6 1.3 <0.6 9.4
pKB205 <0.6 <0.6 <0.6 26 <0.6 130

ASS (no UAS) <0.6 <0.6 <0.6 <0.6 <0.6 <0.6

FIG. 4. UAS activity of individual URS1 and T,C sites. Strains KB202 (P4, ;-IME1 ime2) and AMP722 (imelA) were transformed with the indicated high-copy-
number CYCI-lacZ reporter plasmids. Plasmids pKB110K and pKB148-160 contain the IME2 URSI site; plasmids pKB204 and pKB205 contain the CARI URSI site.
B-Galactosidase assays were conducted on log-phase YPD (glucose) or YPAc (acetate) cultures or after 4 h in sporulation medium (Spo). Numbers are the means for

at least three independent transformants; standard errors were less than 30% of the mean.

through studies of the CARI gene (12, 29). The CARI and
IME?2 URSI sites share nine nucleotides (TAGCCGCCG) but
differ at flanking nucleotides on both sides. We sought to
determine whether the CARI URSI site also had IME1-de-
pendent UAS activity. We constructed reporter plasmids con-
taining one and two copies of the CARI URSI site (pKB204
and pKB205, respectively) and examined their expression in
P -IMEIT and imelA strains (Fig. 4). These reporters were
expressed only in the P, ,-IMEI strain; UAS activity was
comparable to that of the IME2 URSI site. Therefore, the
CARI URSI site can transmit an IME1-dependent activation
signal.

DISCUSSION

This report provides evidence that UMESG is converted by
IMET1 from a negative regulator to a positive regulator and that
this conversion is vital for activation of several early meiotic
genes. Our arguments are based on the structure of the IME2
UAS and functional properties of UME6 and LexA-UME®G.
However, our evidence does not rule out the possibility that
IME1 has other roles in meiosis in addition to modifying
UMESG activity.

Structure of the IME2 UAS. Mutational studies first indi-
cated that both T,C and URSI sites have positive roles in
activation of the IME2 UAS (1). The T,C site, in isolation, is
a weak IMEl-independent UAS that responds to the carbon
source. The URSI site, in isolation, is a weak IME1-dependent
UAS. The canonical URSI site, from the CARI gene (29), also
behaves as a weak IME1-dependent UAS. Absence of IME1
from mitotic cells and from haploid a and « cells can explain
why previous studies have detected only repression activity of
isolated URS1 sites (10, 12, 16, 17, 29). Indeed, the IME2
URSI site is a negative site in the absence of IMEL. These
observations support a simple model in which the URSI site
responds to IME1 activity. The T,C site is not required for
URSI to respond to IME1; rather, the T,C site amplifies the
IME1-dependent activation signal. In addition, the T,C site
may be responsible for glucose repression of IME2, which is
independent of IME1 expression (8).

Activation through URSI sites and through the IME2 UAS

is greater in starved cells (incubated in sporulation medium)
than in growing cells, despite constant expression of the P, ,; ;-
IME] gene. Similarly, levels of several meiotic transcripts in-
crease after transfer to sporulation medium in P, ,-IME]
strains (25). This starvation response may reflect starvation
responsiveness of IME1 protein itself, because a LexA-IME1
fusion protein is a more potent activator in starved cells than in
growing cells (23).

The proposal that URS1 is an IME1 response element ac-
counts well for the presence of URSI sites in the regulatory
regions of almost all known early meiotic genes (4; reviewed in
reference 14). Where examined, these URSI sites have been
found to have positive roles in meiotic cells (1, 4, 31). The
puzzling observation is that URSI sites also exist in regulatory
regions of genes that are not known to be expressed at elevated
levels during meiosis (29). We have observed that two URS1-
containing genes, CARI and INOI, are expressed at elevated
levels in sporulation medium, but elevated expression is inde-
pendent of IME1 (3). One explanation for the difference in
URSI activity is that our studies of activation through URS1
sites have used strains that overexpress IME1. Lower levels of
IMEL1 in wild-type strains may have less pronounced activity. In
addition, we note that URSI sites are often accompanied by
either T,C sites or UASy; sites at meiotic genes (1, 31). The
ability of such sites to augment IME1-dependent UAS activity
may permit preferential activation of functionally important
meiotic genes by IME1.

Dual roles of UME6. Two models can explain the finding
that URSI sites can have alternate activities. One is that a
single URS1-binding protein is responsible for both activities.
A second is that two different proteins with alternate activities
compete for binding at URSI sites. Our findings clearly sup-
port the first model.

The idea that binding of UMEG6 to URSI sites anchors a
repression complex has been well established. That UMEG6
binds to URSI sites is indicated by two observations: a null
ume6 mutation alters the spectrum of URS1-protein com-
plexes detectable by gel shift assays (16, 27), and the UME6
C-terminal region forms a specific complex with DNA contain-
ing a URSI site (27). That UMESG6 binding causes repression is
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indicated by the finding that ume6 mutants are defective in
repression through URSI sites in nonmeiotic cells (16, 27).
Although the heterotrimer RP-A also binds to URSI sites
(11), no functional role for the RP-A-URS1 complex has been
established.

The idea that UMEG might adopt a positive role in the
presence of IME1 stems from the observation that activation
of the IME2 UAS by IME! is defective in ume6 loss-of-func-
tion mutants (1). The behavior of the IME2 UAS might have
appeared exceptional in light of the report that a ume6 null
mutant expresses several early meiotic genes at elevated levels
in cells lacking IME1 (27). We also found that IME2, HOPI,
and SPO13 RNA levels were elevated during vegetative growth
of a ume6 mutant. This result confirms that repression through
URSI sites is defective in the ume6 mutant. However, in the
wild-type strain, there is a substantial increase in levels of these
meiotic transcripts in sporulation medium. In the ume6 mu-
tant, there was little increase in transcript levels in sporulation
medium. These observations clearly argue that UMES is re-
quired for activation of several early meiotic genes.

Studies of LexA-UME®6 provide the most compelling evi-
dence that UMEG6 becomes a transcriptional activator in the
presence of IME1. We observed that LexA-UMES6 activated
gene expression, when bound to upstream lexA operators, only
in the presence of IMEL. The finding that a LexA fusion to the
rim16-12 mutant product does not activate gene expression,
despite the presence of IME]1, provides a key parallel between
the rim16-12 defects in meiotic gene expression and in the
artificial lex4-reporter system.

Role of UMEG6 in IMEI expression. UMES6 is apparently a
negative regulator of IMEI expression: the ume6::LEU2 mu-
tation caused increased IME1 RNA levels in both vegetative
and sporulating cells, and the rimi6-12 mutation reduced
IME1 RNA levels in sporulating cells. (Reduced IME! expres-
sion is not sufficient to explain the rim16-12 sporulation defect
because Pg 4, ,-IMEI rim16-12 strains are defective in sporu-
lation and IME?2 expression [1, 15].) We infer that the effect of
these ume6 mutations on IME1 RNA levels is indirect because
IME] has no obvious URSI site. One simple explanation for
this phenotype is that UMES is a negative regulator of one of
the many positive regulators of IME] expression (see reference
14). In that context, we note that RIM11 has a URSI site and
functions, in part, as a positive regulator of IME] RNA accu-
mulation (2).

Nature of the interaction between UME6 and IME1. We
have proposed that IME1 converts UMEG6 from a repressor to
an activator. The observation that LexA-IMEI1 fusion proteins
are transcriptional activators, and that the IME1 activation
domain is required for function (23), suggests a simple mech-
anism for this conversion: that IME1 binds to a UMES repres-
sion complex at URS1 sites and exposes the IME1 transcrip-
tional activation domain. A second possibility is based on the
finding that IME1 is detectable in RIM11 immune complexes
(2): IME1 may permit RIM11 to phosphorylate UME6; phos-
phorylation would convert UME6 to an activator. Our bio-
chemical experiments have thus far failed to reveal either type
of interaction in solution. We note that the presence of T,C or
UASy; sites improves the IME1 responsiveness of URSI sites
10- to 100-fold. Proteins that act at T,C and UAS,; sites, which
are presently unidentified, may be required to stabilize a hy-
pothetical IME1-UME6 complex.
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