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The DNA-binding protein Ume6 is required for both repression and activation of meiosis-specific genes,
through interaction with the Sin3 corepressor and Rpd3 histone deacetylase and the meiotic activator Ime1.
Here we show that fusion of a heterologous activation domain to Ume6 is unable to convert it into a constitutive
activator of early meiotic gene transcription, indicating that an additional function is needed to overcome
repression at these promoters. Mutations in UME6 allowing the fusion to activate lie in a predicted amphipath-
ic alpha helix and specifically disrupt interaction with Sin3 but not with Teal, an activator of Ty transcription
also found to interact with Ume6 in a two-hybrid screen. The mutations cause a loss of repression by Ume6 and
precisely identify the Ume6 Sin3-binding domain, which we show interacts with the paired amphipathic helix
2 region of Sin3. Analysis of these mutants indicates that conversion of Ume6 to an activator involves two
genetically distinct steps that act to relieve Sin3-mediated repression and provide an activation domain to
Ume6. The mutants further demonstrate that premature expression and lack of subsequent rerepression of
Ume6-Sin3-regulated genes are not deleterious to meiotic progression and suggest that the essential role of
Sin3 in meiosis is independent of Ume6. The model for Ume6 function arising from these studies indicates that
Ume6 is similar in many respects to metazoan regulators that utilize Sin3, such as the Myc-Mad-Max system
and nuclear hormone receptors, and provides new insights into the control of transcriptional repression and
activation by the Ume6-URS1 regulatory complex in yeast.

Saccharomyces cerevisiae adapts to changing environmental
conditions by initiating new programs of gene expression that
alter the normal progression of mitosis. Depending on cell type
and nutritional cues, budding cells switch to a form of invasive
pseudohyphal growth, mate to form diploids, stably arrest in
stationary phase, or undergo meiosis to form spores (see ref-
erence 48, 50, 61, and 91 for reviews). Sporulation typically
occurs in MATa/MATa diploids starved for nitrogen and glu-
cose in the absence of a fermentable carbon source and in-
volves the coordinated expression of over 500 genes (13, 63).
Analysis of this process in yeast is providing important new
insights into common strategies and components that regulate
not only meiosis and gametogenesis but also cell proliferation
and differentiation in multicellular organisms.

Meiosis-specific genes in yeast have been divided into sev-
eral classes depending on their time of expression (13, 48, 84).
UME6 is one of nine UME genes (UME1 to UME9) whose loss
causes unscheduled meiotic expression of early meiotic genes
during vegetative growth (76, 77; B. Washburn, unpublished
data). Although it was originally identified as a transcriptional
repressor of early genes, UME6 has also been shown to func-
tion in their meiosis-specific activation (9, 65, 74). UME6 en-
codes a C6 zinc cluster protein that binds to the URS1 cis-
elements found upstream of most early meiotic genes (2, 74,
77) and some middle and late meiotic genes (13, 63, 94). Work
from several labs, as well as recent whole-genome analysis, has
indicated that many nonmeiotic genes containing URS1 ele-

ments are also regulated by UME6 (19, 20, 47, 71, 77, 80;
R. Williams, M. Primig, E. A. Winzeler, B. K. Washburn,
R. W. Davis, and R. E. Esposito, unpublished data). These
genes participate in a wide variety of metabolic pathways, in-
cluding phospholipid biosynthesis, peroxisomal function, acetyl
coenzyme A synthesis, nitrogen metabolism, and heat shock
response. UME6 also participates in regulating genes that con-
tain noncanonical URS1 elements, such as PHR1 and other
DNA repair genes (79). Although Ume6 is required for normal
repression and/or activation of genes in these various path-
ways, their regulation also usually involves a complex interplay
of additional trans-acting and cis-acting factors which integrate
the various signals influencing the expression of each particular
set of genes.

Repression of meiotic gene expression by UME6 during veg-
etative growth involves the additional participation of SIN3
(UME4) and RPD3 (UME7) (8, 85, 86, 88; Washburn, unpub-
lished). Aside from UME6, these are the only other UME
genes whose loss leads to a nearly complete failure to sporulate
(32, 76, 85). Recent studies have demonstrated that Sin3 and
Rpd3 are components of a corepressor complex that represses
transcription of many genes in yeast as well as higher eu-
karyotes. Sin3, which can act as a transcriptional repressor
when fused to a DNA binding domain (42), contains four
paired amphipathic helices thought to be involved in protein-
protein interactions (43). It has been shown to interact with
Ume6 in vivo and in vitro, indicating that Ume6 acts to recruit
the Sin3 corepressor to early meiotic gene promoters (40). Sin3
appears to exert its effect on gene expression, at least in part,
by altering chromatin structure through its association with
Rpd3 (39, 66). Rpd3 is a histone deacetylase that genetically
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and physically interacts with Sin3 in yeast (40, 43), and this
interaction has been shown to result in the deacetylation of one
to two nucleosomes at the Ume6-binding site (41, 66).

Sin3 and Rpd3 homologs also provide a similar repression
function in multicellular organisms. In mammalian cells, core-
pressor complexes containing homologs of Sin3 (mSin3a or
mSin3b) and Rpd3 (HDAC1p or HDAC2p) are involved in
regulation of transcription by a number of important systems,
including the nuclear hormone receptors (reviewed in refer-
ence 26) and the Max-interacting members of the Myc/Mad/
Max family of basic helix-loop-helix-leucine zipper (bHLHZip)
transcription factors (Mad1, Mad3, Mad4, Mxi, and Mnt[Rox]
[reviewed in reference 57]). Like Ume6, the nuclear hormone
receptors and Myc/Mad/Max families participate in both acti-
vation and repression of genes involved in differentiation and
development (reviewed in references 14, 31, and 82; see also
Discussion).

In yeast meiosis, the conversion of Ume6 from a repressor to
an activator of early meiotic gene expression is critical for
induction of the early genes and for the progression of meiosis.
The switch in Ume6 activity requires the presence of Ime1
(inducer of meiosis), which accumulates to high levels very
early in sporulation (9, 65, 74). Ime1 is known to function as an
activator of transcription when fused to a DNA binding do-
main (56, 72) and, like Sin3, has been shown to interact with
Ume6 in two-hybrid assays (65). Thus, one function of Ime1 is
apparently to provide an activation domain to Ume6, allowing
it to be converted to an activator. This interaction is facilitated
by phosphorylation of the Ume6 amino terminus by either
Rim11 or Mck1 (65, 93).

Taken together, these findings have led to the current view
of Ume6 as a multifunctional DNA-binding protein compo-
nent of transcriptional regulatory complexes, capable of alter-
nately repressing or activating early meiotic transcription
through its association with Sin3 or Ime1, respectively. The
function and regulation of these interactions are further ad-
dressed below. In this study, we observed that fusion of a heter-
ologous activation domain to Ume6 fails to convert it to an acti-
vator of early gene expression during vegetative growth. We took
advantage of this behavior to isolate mutations in UME6 that
allow the fusion to function as an activator. These mutations
disrupt interaction with Sin3 in vivo and in vitro and identify
the Sin3 binding domain of Ume6, the first target binding
sequence for Sin3 defined in yeast. These mutations were used
to further investigate the function and regulation of the Sin3-
Ume6 interaction during vegetative growth and meiosis.

MATERIALS AND METHODS

Strains. All yeast strains used in genetic studies are closely related to W303
(81). SFY59 (MATa ade2 ade6 can1-100r his3-11,15 leu2-3,112 trp1-1 ura3-1) and
YC105 (MATa ade2 ade6 can1-100r his3-11,15 leu2-3,112 trp1-1 ume6-D1 ura3-1)
were derived from W303 as previously described (74). YC121 (MATa ade2
can1-100:ADE2:CAN1 his3-11,15 leu2-3,112 trp1-1 ume6-D1 ura3-1) was derived
from W303 by insertion of the ume6D and can1-100:ADE2:CAN1 cassettes as
previously described for YC122 (74). REE3574 (MATa ade2 ade6 can1-100r
his3-11,15 leu2-3,112 trp1-1 ume6D::KanMX ura3-1) was constructed by replace-
ment of the UME6 open reading frame (ORF) in SFY59 with a KanMX6 cas-
sette, using the short flanking PCR-generated homology (87). Isogenic deriva-
tives of this strain containing UME6 (REE4175), ume6-6 (REE4178), ume6-7
(REE4181), ume6-9 (REE4184), ume6-6,9 (REE4187), and ume6-7,9 (REE4190)
were produced by transformation with the integrating plasmids pBK100, pBK102,
pBK103, pBK104, pBK105, and pBK106, respectively (see below), cut with PacI

to select for integration adjacent to ume6D::KanMX (64). An isogenic sin3D
strain (REE4123) was similarly derived by integration of UME6 into REE3575
(MATa ade6 can1-100r his3-11,15 leu2-3,112 trp1-1 sin3D::HIS3 ura3-1 ume6D::
KanMX). REE2276 (MATa ade2 ade6 can1-100r his3-11,15 ime1::URA3 leu2-
3,112 trp1-1 ura3-1) was constructed by insertion of an ime1::URA3 disruption
into SFY59, and REE3086 (MATa ade2 ade6 can1 his3 his4 leu2 trp1 ura3 ime1::
URA3) was derived from outcrosses with W303.

Two-hybrid analysis was performed in REE3311 (MATa trp1-901 leu2-3,112
ura3-52 his3-200 gal4D GAL80D GAL-ADE2 LYS2::GAL-HIS3 met2::GAL7-
lacZ rpd3D::KanMX6), a derivative of PJ69-4A (38) in which the RPD3 ORF was
replaced with KanMX6. BJ2168 (MATa leu2 trp1 ura3-52 prb1-1122 pep4-3 prc1-
407), obtained from E. Jones, was used for production of yeast lysates. Esche-
richia coli lysates were prepared in strain BL21 (78). All other E. coli plasmid
manipulations were performed in strain DH5a or DH10B (Gibco BRL).

Plasmids. pBK8 carries two SPO13 fusions, SPO13-URA3 and SPO13-lacZ, on
a single 2mm TRP1 plasmid. Each fusion contains 2847 to 145 of the SPO13
gene and exhibits meiosis-specific regulation similar to that of SPO13. pBK8 was
constructed by inserting a BamHI fragment containing SPO13-lacZ (10) into the
unique BglII site of pPL128 (provided by R. Surosky, this lab), which contains the
SPO13-URA3 fusion from pMS49 (77) inserted into YEp13. The wild-type
UME6 plasmid pPL5905 carries UME6 on a centromeric (CEN) LEU2 vector
(77). pBK54, a ume6-6 derivative of this plasmid, was produced by swapping the
BamHI-StuI and BssHII-SalI UME6 fragments, respectively, from pGAD-ume6-6
into pPL5905. Integrating UME6 and ume6-6 plasmids (pBK100 and pBK102,
respectively) were constructed by cloning the SpeI-SalI UME6 fragments from
pPL5905 and pBK54, respectively, into pRS305 (69). Integrating ume6-7,
ume6-9, ume6-6,9, and ume6-7,9 plasmids (pBK103-106) were derived from
pBK100 and pBK102 by swapping appropriate restriction fragments from the
GAD-ume6 mutants.

Several transcriptional and translational fusions to full-length Ume6 were
constructed for these studies. For construction of the UME6 translational fu-
sions, the start site of UME6 in pPL59095 was altered by site-directed mutagen-
esis (67) (provided by C. Steber) to contain a unique NcoI site, creating pPL5905-
M1P. To construct Gal4 activation domain and Gal4 DNA binding domain
fusions (GAD-Ume6 and GBD-Ume6), the NcoI (filled with Klenow enzyme)-
SalI UME6 fragment from pPL5905-M1P was inserted into pGADC3 and
pGBDUc3 (38) cut with BamHI (filled with Klenow enzyme) and SalI. Two-
hybrid studies have previously indicated that it is the amino-terminal end of
Ume6 that normally interacts with the meiotic activator Ime1 in meiosis (65), and
so the heterologous activation domain in the GAD-Ume6 fusion was positioned
as closely as possible to the location of the native activator. Yeast glutathione
S-transferase (GST)–UME6 fusions were similarly constructed by inserting the
NcoI (filled with Klenow enzyme)-HindIII fragment from pPL5905-M1P into the
XbaI (filled with Klenow enzyme)-HindIII site of pEG-KG (62). For all yeast
Ume6 fusion plasmids, the junctions were sequenced to verify that they were in
frame. All of these fusions (including GAD-UME6) are functional in yeast, as
determined by complementation of the SPO13 derepression phenotype of a
ume6D mutant.

It is important for our studies to note that the ADH1 promoter in pGADc3
(38), used above in the construction of GAD-UME6, is derived from pGAD424
and is truncated and located at a different position in comparison to the ADH1
promoter in pGAD2F (6), used in the construction of the GAD-Ume6 fusions by
Rubin-Bejerano et al. (65). The promoter in our study confers a lower level of
expression than that of pGAD2F (51), making it suitable for use with proteins
that are deleterious when overexpressed. High-level overexpression of Ume6
from a GAL1 promoter is lethal (Washburn, unpublished), and in our strains the
constitutive high level of expression of GAD-Ume6 from the full-strength ADH1
promoter on pGAD2F derivatives causes poor viability. In contrast, expression of
our GAD-Ume6 fusion under the control of the attenuated ADH1 promoter, like
expression of UME6 on a high-copy-number plasmid under the control of its own
promoter, causes no ill effects. This difference in expression levels affects some of
the interpretation of the results from the two studies (see Discussion). It should
also be noted that the Ume6 fusions used in the present study are full length,
whereas those used by Rubin-Bejerano et al. lack the first 158 amino acids of
Ume6. However, we find that the first 158 amino acid residues Ume6 are not
involved in vegetative repression or activation by GAD-UME6 (see Fig. 1B), and
this difference therefore has no impact on the present study.

Yeast and E. coli methods. Growth and sporulation media have been previ-
ously described (45). Yeast strains were transformed by the lithium acetate
method (25), and E. coli strains were transformed by electroporation (Bio-Rad).

b-Galactosidase assays. For plate assays, yeast cells were grown on paper
filters (3MW; Midwest Scientific) overlaid on agar medium selective for the
plasmids. Filters were then frozen in liquid nitrogen and placed on agar con-
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taining 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal) (76). After
2 to 36 h, color development was stopped by air drying. For determination of
b-galactosidase activity due to activation of SPO13-lacZ expression by GAD-
Ume6 derivatives in liquid cultures, at least three independent transformants
were grown to an optical density at 600 nm of 0.7 to 0.75 in synthetic dextrose
medium and collected by centrifugation. Colorimetric assays of lysates obtained
by bead beating were then performed with o-nitrophenyl-b-D-galactopyranoside
(ONPG) as previously described (10). For determination of b-galactosidase
activity due to derepression of SPO13-lacZ by ume6 mutations, at least two
independent transformants were grown on selective agar medium and lysed in
Y-PER buffer (Pierce), and activity was determined using the reagents and
protocols in the Pierce yeast b-galactosidase activity kit.

Two-hybrid screen and assays. The two-hybrid strain and plasmids used to
identify Ume6 interactors have previously been described (38). The PJ69-4A
reporter strain was modified by replacement of the RPD3 ORF with KanMX6
(above), in order to alleviate repression of the reporters by the GAD-UME6 bait.
Approximately 2 million transformants for each of the three reading frame Gal4
activation domain fusion libraries were plated to His2 medium. His1 transfor-
mants (;1,000) were replica plated to Ade2 medium, and His1 Ade1 isolates
were then tested for bait dependence. Six bait-dependent clones were obtained.
DNA sequencing (Applied Biosystems Inc.) indicated that four isolates encoded
Tea1 fusions, and two encoded identical Sin3 fusions. A Sin3 paired amphipathic
helix 1 (PAH1) deletion (amino acid residues 238 to 295) was derived from the
Sin3 library clone by removal of the internal BspEI fragment. A deletion of the
entire Sin3 PAH2 region (residues 290 to 670) was constructed by removal of the
internal BsmI-PstI fragment, followed by treatment with T4 polymerase and
ligase. The more precise PAH2 deletion (residues 424 to 450) was from plasmid
M1285 (90), inserted on a BsmI-CelII fragment. All Sin3 deletion constructs were
sequenced to verify intact reading frames.

Ume6 mutagenesis and mapping. Plasmid DNA was mutagenized by growth in
the bacterial mutator strain XL1-Red (Stratagene) and used to transform wild-
type yeast (SFY59) containing pBK8 (SPO13-lacZ SPO13-URA3). Ura1 Lac1

transformants were selected as described in Results. Restriction fragment swaps
between mutant and wild-type parent plasmids were used to localize the muta-
tions in UME6 responsible for causing activation of SPO13. Of the 10 mutations
mapped, 9 localized to a 157-bp EcoRI-StuI fragment encoding amino acids 508
to 560 of Ume6, and one mutation localized to a PvuII-AlwNI fragment encoding
amino acids 593 to 659. Sequencing of the indicated fragments indicated that
none contained multiple mutations.

GST pulldowns. GST-Ume6 fusion plasmids were constructed by in-frame
fusion of the PvuII-EcoRI fragment encoding amino acids 508 to 584 of Ume6 to
GST in pGEX-KG (29). Plasmid M1155, containing ADH1-HA (hemagglutinin)-
SIN3, was obtained from David Stillman (43). For production of GST-Ume6
fusion proteins in bacteria, E. coli BL21 containing GST-Ume6 fusions (Ume6
amino acid residues 508 to 584) was grown to an optical density at 600 nm of 0.5
at 37°C, and expression of the fusions was induced with 0.1 mM isopropyl-b-D-
thiogalactopyranoside for 3 h. Cells were collected by centrifugation, and the
pellet from 40 ml of cells was resuspended in 500 ml of bacterial lysis buffer
(phosphate-buffered saline [PBS] containing 1 mM phenylmethylsulfonyl fluo-
ride, 1 mM EDTA, and 1.5 mg of leupeptin/ml). Lysates were prepared by
sonication. For production of yeast lysates containing HA-tagged Sin3, BJ2168
containing the Adh1-HA-Sin3 plasmid M1155 (43) was harvested at a density of

107 cells/ml. Lysates were prepared by bead beating in 300 ml of yeast lysis buffer
(20 mM Tris, 150 mM NaCl, 10 mM MgCl2, 5% glycerol, 1 mM phenylmethyl-
sulfonyl fluoride, 1 mM aprotinin, leupeptin [1.5 mg/ml], pepstatin A [3 mg/ml],
chymostatin [1 mg/ml]).

For the GST pulldown experiments, 500 ml of E. coli lysate (above) was mixed
with 25 ml (bed volume) of glutathione-agarose (Sigma) for 15 min at 4°C,
collected by centrifugation, and washed three times with PBS. A single HA-Sin3
lysate was prepared and divided equally (500 mg each) between the various
mutant conjugate pellets and incubated overnight at 4°C. Glutathione-agarose–
GST–Ume6–HA-Sin3 complexes were recovered by centrifugation, washed
three times with PBS, and eluted by boiling in sodium dodecyl sulfate (SDS)
loading buffer for 5 min. One-third of this eluate was electrophoresed on an
SDS–10% polyacrylamide gel and electroblotted to a polyvinylidene difluoride
membrane (Millipore) in CAPS [3-(cyclohexylamino)-1-propanesulfonic acid]
buffer (10 mM CAPS, pH 11.0, 10% methanol). HA-Sin3 was detected with
anti-HA-peroxidase antibody conjugate (Boehringer Mannheim Biochemicals)
and visualized with enhanced chemiluminescence detection (Amersham). Paral-
lel gels were stained with Coomassie R-250 to verify that equivalent amounts of
GST-Ume6 were present in each sample.

RESULTS

Addition of an activation domain to Ume6 is not sufficient to
convert it to an activator. Two-hybrid studies have indicated
that Ime1 physically interacts with Ume6, providing a tran-
scriptional activation domain for the induction of early meiotic
gene expression (55, 65). If the only requirement for conver-
sion of Ume6 from a repressor to an activator is the addition
of an activation domain, one might predict that fusion of a
heterologous activation domain to Ume6 would cause it to
function as a constitutive activator of SPO13 and other early
meiotic genes during vegetative growth (i.e., in the absence
of Ime1 induction). The ability of such heterologous activa-
tion domains to activate transcription of reporter genes when
linked to appropriate DNA-binding proteins is fundamental to
the widespread success of yeast two-hybrid systems (6).

To determine whether the addition of an activation domain
to Ume6 could promote vegetative expression of SPO13, we fused
the Gal4 activation domain (Gal4 amino acids 768 to 881) in
frame to the amino-terminal end of full-length Ume6 to pro-
duce GAD-UME6. Vegetative SPO13 expression was monitored
using SPO13-URA3 and SPO13-lacZ reporter fusions and as-
sayed by growth of ura3-1 strains in the absence of uracil and
the development of blue color on X-Gal medium. Wild-type
cells, in which expression of SPO13 is repressed, are Ura2 and
white.

FIG. 1. Activation of SPO13 expression by wild-type and mutant GAD-Ume6 fusions. A wild-type haploid (SFY59) containing pBK8 (SPO13-
URA3 SPO13-lacZ) and UME6 plasmids was replica plated to either Ura2 medium or filters on X-Gal medium to detect expression of SPO13. (A)
Comparison of SPO13 activation by wild-type (GAD-UME6; lane 1) and mutant (GAD–ume6-6; lane 4) fusions, and wild-type (pPL5905; lane 2)
and mutant (pBK54; lane 3) UME6, in the absence of GAD. (B) Activation by GAD-UME6 derivatives lacking the Ime1 binding domain. Fusions
contain either full-length UME6 (lane 1) or ume6-6 (lane 3), or derivatives of each (lanes 2 and 4, respectively) lacking the first 158 amino acids
of Ume6. Deletions derivatives were created by cutting the parent plasmids with BamHI and religating, thus removing the coding region between
the polylinker at the GAD-UME6 junction and UME6 nucleotide 1474.
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As shown in Fig. 1A, a high-copy-number plasmid expressing
the GAD-UME6 fusion from the ADH1 promoter does not
cause detectable activation of SPO13 in a wild-type haploid
(lane 1) or diploid (not shown), resulting in cells that remain
Ura2 and white. The failure of the GAD-UME6 fusion to ac-
tivate gene expression in vegetatively growing cells suggested
that Ime1 or some other meiosis-specific component was spe-
cifically required for conversion of Ume6 to an activator. Such
factors may act to modify and/or interact with specific regions
of Ume6 to relieve Sin3-mediated repression or may in some
way allow Ume6 to adopt an activating configuration. We
took advantage of the failure of GAD-Ume6 to activate tran-
scription by using this fusion as the starting point in a mutant
screen designed to identify regions of Ume6 involved in this
process.

Isolation of mutations that allow activation by GAD-Ume6.
To identify amino acid residues in Ume6 involved in regulating
its conversion to an activator, mutations in GAD-UME6 that
led to expression of SPO13 during vegetative growth were
sought. These mutants were selected by transforming a wild-
type haploid, containing SPO13-URA3 and SPO13-lacZ fu-
sions, with a pool of mutagenized GAD-UME6 plasmid. Ura1

transformants were selected and then screened for b-galacto-
sidase activity to identify mutants exhibiting high-level expres-
sion of SPO13; 115 Ura1 Lac1 transformants were obtained
from a population of ;106 transformants. Since the Gal4 ac-
tivation domain and Ume6 DNA binding domain are located
at opposite ends of the GAD-Ume6 protein and are both
required for activation of the reporters, this collection of mu-
tants should not include simple loss-of-repression alleles re-
sulting from frameshifts leading to a truncated protein or from
mutations that cause a loss of transcription of UME6 or trans-
lation of the UME6 message or decreased Ume6 stability.

A typical activating isolate, ume6-6, is shown in Fig. 1A.
Unlike the wild-type GAD-UME6 fusion, the GAD–ume6-6
fusion (lane 4) causes vegetatively growing wild-type cells to
express SPO13-URA3 at levels sufficient to allow robust growth
in the absence of uracil and to express SPO13-lacZ at easily
detectable levels. This activation requires the presence of the
Gal4 activation domain, since expression of the correspond-
ing Gal4 binding domain (GBD)–ume6-6 fusion (from a pro-
moter identical to that used for the GAD–ume6-6 fusions) fails
to cause activation of GAL1-HIS3 or GAL2-ADE2 reporters
(see Fig. 4) or SPO13-lacZ (not shown). Similarly, a CEN
plasmid carrying UME6 (under the control of its own pro-
moter) into which the ume6-6 mutation was inserted causes no
activation (lane 3). Thus, the ume6-6 mutation allows activa-
tion by Ume6 only when an activation domain is supplied but
does not cause activation itself or uncover a cryptic activation
domain in Ume6. Based on the requirement for a linked acti-
vation domain, we conclude that the increased SPO13 expres-
sion caused by GAD–ume6-6 results from a gain of activation
function by the fusion rather than a loss of repression by
ume6-6 alone. The participation of the meiotic activator Ime1
is not required for this activation, since deletion of amino acid
residues 1 to 158 of Ume6, previously shown to contain the
Ime1 binding domain (65), has no effect on activation by
GAD-UME6 or GAD–ume6-6 (Fig. 1B, lanes 2 and 4).

GAD–ume6-6 and nine additional activating GAD-ume6 mu-
tants, picked at random, were chosen for further study. Each of

these causes a three- to ninefold increase in SPO13 expression
in comparison to wild-type GAD-UME6 in b-galactosidase as-
says (Fig. 2). Like ume6-6, all of the alleles fail to show detect-
able activation when fused to the Gal4 DNA binding domain
(not shown). To determine whether these GAD-ume6 fusions
could also cause activation of other early meiotic genes, GAD–
ume6-6 (M530T [see below]) was also tested for vegetative
activation of a HOP1-lacZ fusion (pAV79 [21]). Like SPO13,
HOP1 contains a URS1 element and its expression is induced
in meiosis. In the presence of this reporter, the GAD–ume6-6
fusion causes a greater than 20-fold increase in b-galactosidase
activity to 3.5 U, versus 0.12 and 0.17 U for GAD and GAD-
UME6, respectively. The effect of the ume6-6 mutation on
HOP1 expression is even more dramatic than that seen with
SPO13 and indicates that the ability of GAD–ume6-6 to acti-
vate early meiotic gene expression is not restricted to SPO13.

The mutations allowing activation cluster in a region of
UME6 predicted to encode an amphipathic a helix. The loca-
tions of ume6-6 and the nine other mutations were determined
to identify possible functional domains. As shown in Fig. 3A,
ume6-6 (M530T) and all but one of the other nine mutations
localized to an eight-amino-acid sequence (residues 523 to
530) in the central part of the protein. This sequence is within
the only region of Ume6 (residues 508 to 584) previously
identified as being sufficient for Sin3 binding and for conferring
repression when fused to LexA (40). Sequence analysis indi-
cates that this cluster of mutations lies within a region, residues
516 to 530, that is predicted to adopt an a-helical configura-
tion. This is also one of the few hydrophobic regions of an
unusually hydrophilic protein (2). When displayed as a helical
wheel plot (Fig. 3B), the hydrophobic residues appear to be
distributed in an amphipathic pattern (i.e., one face of the helix

FIG. 2. Activation of SPO13-lacZ expression by mutant GAD-
Ume6. ONPG liquid assays of b-galactosidase (bgal) activity in a wild-
type haploid (SFY59) containing pBK8 (SPO13-URA3 SPO13-lacZ)
and plasmids carrying GAD, GAD-UME6, and various GAD-ume6
mutant fusions (denoted by the amino acid alteration [Fig. 3]) were per-
formed as described in Materials and Methods. The M530T, L527P,
S528P, and K635E alleles have been designated ume6-6, ume6-7 ume6-
8, and ume6-9, respectively.
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is predominantly hydrophobic and the opposite face is pre-
dominantly hydrophilic). The nature of the ume6 mutations
recovered in this study supports the conclusion that the ability
of this region to adopt an amphipathic a-helix configuration is
important for repression by Ume6. Except for the M530V sub-
stitution, all of the mutations in the predicted a helix either
change an amino acid residue on the hydrophobic face to hy-
drophilic (A523S, A524T, A525D, V526Q, and M530T) or in-
troduce a proline (L527P and S528P), which is expected to dis-
rupt the a helix. The unusual deletion of an alanine at position
525, resulting from the loss of a single CAG triplet in a (CAG)4

repeat, is predicted to cause a hydrophilic amino acid (S528) to
shift into a position on the hydrophobic face previously occu-
pied by a hydrophobic amino acid (L527).

Intriguingly, in mammalian cells the Sin3 binding domains
of Mnt/Rox (35, 59), Mxi (68), and the Mad proteins (5, 36),
though different in sequence from Ume6, have also been
shown to contain predicted amphipathic helices that are essen-
tial for repression. For the Mad1 and Mxi helices, mutation of
hydrophobic residues in the helix was shown to result in a loss
of binding to Sin3 (5, 18, 68) and in the case of Mad1, to result
in a loss of repression (5, 18). It has recently been demon-
strated that the Sin3 binding domain in Mad1 does indeed
adopt an amphipathic a-helix configuration in vitro and is suf-
ficient for Sin3 recruitment (18). The location of the ume6
mutations within the stretch of amino acids already known to
contain the Sin3 interaction domain, as well as the similarity of
the predicted secondary structure of the region to that of
previously identified Sin3 interaction domains, suggested that
these mutations allow the GAD-ume6 fusions to activate tran-
scription by interfering with the interaction of Ume6 with Sin3.
This conclusion was confirmed in the studies below.

Mutations in the a helix interfere with the ability of Ume6
to interact with Sin3. Two-hybrid assays were used to test the
ability of Ume6-6 to form stable complexes in vivo. For these

experiments, full-length Ume6 was fused to the Gal4 DNA
binding domain as bait. The interactions were tested using two
Gal4 activation domain fusions that we isolated from a two-
hybrid screen designed to identify Ume6 interactors (see Ma-
terials and Methods). The first of these interactors is Sin3. The
interaction of Sin3 with Ume6 had previously been demon-
strated in a pairwise two-hybrid test and with GST pulldown
assays (40). Our recovery of Sin3 in this screen provides addi-
tional evidence for the interaction of Sin3 and Ume6 in vege-
tatively growing yeast cells. The second gene isolated from this
screen was TEA1. Like UME6, TEA1 encodes a C6 zinc cluster
DNA-binding protein. Tea1 has been shown to bind a cis-
element in the Ty enhancer and is required to achieve full
levels of Ty enhancer-mediated transcription (28). The nature
of the relationship between Ume6 and Tea1 is the subject of a
separate study (Washburn, unpublished).

As shown in Fig. 4A, the ume6-6 mutation has a dramatic
effect on the interaction of Ume6 with Sin3. The wild-type
GBD-Ume6 bait (lane 2) exhibits interaction with both Tea1
and Sin3, demonstrated by growth on Ade2 medium due to
activation of GAL2-ADE2 reporter expression. Introduction of
the ume6-6 mutation into GBD-Ume6 (lane 3) abolishes the
ability of the GBD-Ume6 fusion protein to interact with GAD-
Sin3 in this assay. However, it does not alter the ability of
Ume6 to interact with GAD-Tea1, which serves as an internal
control indicating that this loss of binding ability by Ume6 is
specific to the Sin3 interaction. Neither Sin3 or Tea1 interacts
with GBD alone (lane 1), demonstrating that these interac-
tions are with the Ume6 portion of the fusion rather than the
region containing the Gal4 C6 zinc cluster DNA binding do-
main, which has some limited homology to Ume6.

To test additional ume6 mutants and to confirm the effects
of the ume6-6 mutation on Sin3 interaction, the ability of
Ume6 to bind Sin3 was tested in vitro by GST pulldown assays.
For these assays, the region of Ume6 encoding amino acids 508

FIG. 3. Mutations in UME6 allowing activation by GAD-UME6. (A) Map of UME6 showing locations of mutations and predicted structure.
Overall sequence predictions were by the Chou-Fasman method, performed by the Protean sequence analysis program (DNASTAR). The more
detailed presentation of the a helix predicted from 516 to 530 (top) is the consensus of four prediction methods (16, 22–24, 52). Mutations are
denoted as arrows. Regions known to contain the Ime1 binding domain (BD) (65), Sin3 binding domain (40), and C6Zn DNA binding domain (77)
are indicated as boxes. (B) Helical wheel diagram of the predicted a helix (residues 516 to 530 are shown) showing locations of mutations. The
curved arrow indicates the shift in position of amino acid 528 resulting from the deletion of amino acid 525.
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to 584, previously shown to be sufficient for Sin3 binding (40),
was used instead of full-length Ume6. These segments from
wild-type and mutant Ume6 derivatives were fused to GST,
and the resulting proteins were allowed to bind Sin3 in yeast
cell extracts. Complexes were recovered by affinity purification
on glutathione-agarose. As shown in Fig. 5, Western blot as-
says detecting HA epitope-tagged Sin3 indicate that the mu-
tations in UME6 (lanes 3 to 8) do indeed dramatically reduce
binding of Ume6 to Sin3 in comparison to wild-type UME6
(lane 2). These results confirm that the mutations in this region
interfere with the ability of Ume6 to interact with Sin3 and
support the identification of the putative amphipathic a helix
as the Sin3 binding domain. The one mutation that lies outside
the a helix (ume6-9/K635E) has no detectable effect on Sin3
interaction in two-hybrid assays (not shown), suggesting that it
exerts its effect by a different mechanism.

Ume6 interacts with the PAH2 region of Sin3. Having iden-
tified the region of Ume6 that interacts with Sin3, it was of
interest to identify the corresponding region in Sin3 that in-
teracts with Ume6. Sin3 contains four paired amphipathic he-
lices (PAH1 to PAH4) which have been proposed to be in-
volved in protein-protein interactions (43). Sin3 is now known
to interact with several corepressors in higher eukaryotes,
through a variety of contact points (1, 3). We found that both
of the Ume6-interacting Sin3 clones isolated from the two-
hybrid screen encoded fusions to Sin3 amino acid residues 228
to 671 and therefore contain only PAH1 (residues 238 to 285)
and PAH2 (residues 426 to 472); PAH3 and PAH4 are pre-
dicted to start at residues 680 and 1153, respectively (88). The
region of Sin3 required for interaction with Ume6 was fur-
ther determined by deletion analysis of the GAD-Sin3 clones.
These studies showed that removal of residues 238 to 295,
encompassing PAH1 in Sin3, has no effect on its ability to
interact with Ume6 (Fig. 4B, lane 4). Thus, neither PAH1,

PAH3, nor PAH4 in Sin3 is required for interaction with
Ume6. That PAH2 is necessary for the interaction was initially
suggested by the finding that deletion of residues 290 to 670
abolishes the interaction (Fig. 4B, lane 2). A more precise
deletion specifically localized within PAH2 (residues 424 to
450; lane 3) confirmed this conclusion. Among known Sin3-
binding proteins, the Max-interacting proteins, which as de-
scribed above also contain a Sin3 binding domain with some
similarity to that of Ume6, have also been shown to interact

FIG. 5. GST pulldown assay. HA-Sin3 from yeast extracts was
bound to GST (lane 1) or GST fused to amino acids 508 to 584 of
wild-type (wt; lane 2) or mutant (lanes 3 to 8) Ume6 as described in
Materials and Methods. A single HA-Sin3 lysate was evenly divided
among the tubes (500 mg each). Complexes were eluted with boiling
loading buffer, separated by SDS-polyacrylamide gel electrophoresis
and visualized with anti-HA antibodies (top) to assay Sin3 interaction
or Coomassie (bottom) to verify equivalent amounts of GST-Ume6
fusion in each sample. Several presumed GST-Ume6 degradation
products uniformly appear (as previously observed [55]) in all of the
GST-Ume6 lanes.

FIG. 4. Two-hybrid analysis of Ume6 interactions, using an rpd3D derivative of PJ69-4A containing GBD-Ume6 baits and either GAD-Sin3 or
GAD-Tea1 library clones. (A) Interaction between Ume6 and library clones is shown by growth on Ade2 medium resulting from expression of the
GAL2-ADE2 reporter. (B) Interaction between GBD-Ume6 with deletion derivatives of GAD-Sin3, shown by growth on His2 medium resulting
from expression of the GAL1-HIS3 reporter.
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with PAH2 of yeast Sin3 (42) and mammalian Sin3 homologs
(5, 18, 35, 59, 68).

Premature expression of Ume6-Sin3-regulated meiotic genes
is not detrimental to subsequent sporulation. As shown above,
the mutant GAD-ume6 fusions cause early meiotic genes to
be expressed during vegetative growth, whereas normally
the early genes are not induced until several hours after the
initiation of meiosis. The three regulators whose loss leads
to the highest level of derepressed early meiotic gene expres-
sion (ume6, sin3, and rpd3) also confer a severe sporulation
defect (32, 76, 85). Until now it has been difficult to determine
whether premature expression interfering with meiotic pro-
gression is a cause of the Spo defect of these strains and/or
whether it due to other meiotic roles of these genes, such as
Ume6 function in activation. The properties of the GAD–
ume6-6 fusion provided a convenient tool to address this ques-
tion. As described above, the introduction of a GAD–ume6-6
plasmid into an otherwise wild-type strain (i.e., UME61 SIN31

RPD31) results in vegetative expression of the early genes,
similar to the levels observed in sin3 and rpd3 mutants. If
premature expression of early meiotic genes is responsible for
the sin3 and rpd3 sporulation defects, then dominant overex-
pression of the early genes conferred by GAD–ume6-6 is ex-
pected to inhibit sporulation. As shown in Fig. 6, wild-type
diploids containing GAD–ume6-6 (column 3) sporulate as ef-
ficiently as strains containing the wild-type GAD-UME6 fusion
(column 2) or no fusion at all (column 1). We thus conclude
that premature expression of the early genes alone does not
interfere with subsequent sporulation and is therefore an un-
likely explanation for the inability of sin3 and rpd3 mutants to
sporulate.

Activation of early meiotic gene expression by GAD–ume6-6
can partially substitute for Ime1. Since the GAD–ume6-6 mu-
tant exhibits a dominant gain of vegetative activation function,
it seemed plausible that in the absence of Sin3 binding, high-

level activation of early gene transcription by the Gal4 activa-
tion domain might be able to substitute for Ime1 in sporula-
tion. To test this, an ime1D diploid was transformed with GAD
fusion plasmids and transformants were tested for the ability to
sporulate. As shown in Fig. 6, the GAD–ume6-6 plasmid (col-
umn 6) conferred a significant level of sporulation in the ab-
sence of Ime1 (;25% of the wild-type level), in contrast to
plasmids containing GAD (column 4) or the wild-type GAD-
UME6 fusions (column 5). Thus, the addition of a functional
heterologous activation domain to Ume6-6 can partially sub-
stitute for the presence of Ime1 in meiosis. Although the
sporulation level afforded by GAD–ume6-6 is less than in the
wild-type level (columns 1 to 3), this difference may be ex-
plained by the poor expression of the ADH1-GAD–ume6-6
fusion in meiosis (65). The failure of a wild-type GAD-UME6
fusion to promote sporulation in an ime1D strain implies that
the Sin3-Ume6 interaction resulting in repression persists in
the absence of Ime1 even after the shift to sporulation me-
dium. Taken together, these data suggest that in wild-type
strains, Ime1 may play a dual role in relieving Sin3-mediated
repression as well as providing an activation domain (see Dis-
cussion).

Mutations in the a helix cause a loss of repression by Ume6.
The experiments above indicate that ume6-6 and the other
mutations in the a helix allow a GAD-ume6 fusion to activate
gene expression by interfering with the ability of Sin3 to bind
Ume6. Therefore, these mutants should exhibit a repression
defect in the absence of the Gal4 activation domain. This was
tested by introducing the mutations into otherwise wild-type
UME6 (lacking GAD) on CEN plasmids and transforming a
diploid ume6D/ume6D mutant. As shown in Fig. 7, all of the
mutations tested cause a loss of repression by Ume6. Like the
uncomplemented ume6D mutant containing only vector (lane
1), ume6D cells containing ume6-6 and the other mutant ume6
alleles (lanes 3 to 6) are Ura1, indicating that expression of
SPO13-URA3 is derepressed.

The relative level of derepression resulting from the ume6
mutations cannot be determined using the UME6 and ume6
plasmids described above, since occasional loss of the plasmids
in individual cells results in transient derepressed expression of

FIG. 6. Sporulation of strains containing fusions of the Gal4 acti-
vation domain to UME6 or ume6-6. A wild-type diploid (W303a/a;
lanes 1 to 3) or ime1D diploid (REE2276/REE3086; lanes 4 to 6) was
transformed with GAD, GAD-UME6, or GAD–ume6-6 plasmids.
Transformants were replica plated to sporulation medium, and asci
were counted after 5 days at 37°C.

FIG. 7. Complementation of a ume6D diploid by UME6 plasmids.
Vegetative derepression and sporulation in a ume6D diploid (YC105/
YC121) containing pBK8 and either vector (pRS315; lane 1), wild-type
(WT) UME6 plasmid (pPL5905; lane 2), or mutant derivatives of
pPL5905 containing the indicated mutations in the a helix (lanes 3 to
6). Lanes 4 and 5 represent two independent isolates of the L527P
mutation.
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SPO13-lacZ in the nongrowing ume6 cells and therefore an
overall low but detectable background of b-galactosidase ac-
tivity. To determine the degree of derepression conferred by
ume6-6, the mutation was integrated into the genome to re-
place UME6. As shown in Fig. 8A, ume6-6 (lane 2) results in
expression of SPO13-URA3 and SPO13-lacZ, in a manner sim-
ilar to loss of SIN3 (lane 4). As indicated in Fig. 8B, ume6-6,
ume6-7, and sin3D mutants all exhibit less derepression than a
ume6D strain, indicating that Ume6 must have a repression
function independent of Sin3 (see Discussion). Combination of
the mutations within the a helix (ume6-6 or ume6-7) with the
one that lies outside the a helix (ume6-9/K635E), creating the
double mutations ume6-6,9 and ume6-7,9 results in a strong
additive effect on SPO13-lacZ expression. Thus, the K635E
mutation may affect the Ume6-dependent Sin3-independent
pathway noted above.

The Ume6-Sin3 interaction is not required for sporulation.
sin3 mutants were previously shown to be Spo2, and it was
initially proposed that their failure to sporulate might be due
to premature expression of the early genes (76). The results
described above indicate that this explanation is unlikely to be
correct. Since both sin3 and rpd3 mutants show a failure to
rerepress the early genes later in meiosis (32), an alternative
hypothesis is that the Spo2 defect is due to the absence of
repression, which may be necessary for meiotic progression.
The process of restoring the early meiotic genes to the re-

pressed state is expected to require binding of Sin3 to Ume6,
presumably using the same mechanisms as employed for veg-
etative repression. Another possibility is that Sin3, like Ume6,
is involved in activation of meiotic gene expression as well as
repression. If so, this activation pathway may also involve in-
teraction with Ume6.

To determine whether disrupting the interaction of Sin3
with Ume6 causes a Spo2 phenotype, ume6D diploids trans-
formed with plasmids containing wild-type UME6, ume6-6
(M530T), ume6-7 (L527P), or ume6-8 (S528P) were sporu-
lated. As shown in Fig. 7, strains containing these ume6 a-helix
mutants as the only available source of Ume6 (columns 3 to 6)
sporulated normally. Since the disruption of Sin3 interaction
has no effect on sporulation, these results suggest that the
essential role of Sin3 in meiosis is independent of its interac-
tion with Ume6. The ability of these mutants to sporulate also
confirms the previous conclusion that premature expression of
the early genes does not inhibit sporulation. Efficient binding
of Sin3 to Ume6 is thus dispensable for sporulation.

DISCUSSION

This study addresses the mechanism by which Ume6
switches from a repressor to an activator of meiosis-specific
genes and the role of Sin3-mediated repression in the regula-
tion of meiosis by Ume6. Prior studies have shown that Ume6
binds to URS1 elements in the promoters of early meiotic
genes (2, 77) and that UME6 and URS1 are both required for
repression as well as activation (8, 9, 74, 77). Ume6-mediated
activation is known to be dependent on interaction with Ime1
(65), which does not bind to DNA on its own but exhibits
activation function when fused to LexA (72) or the Gal4 DNA-
binding domain (56). It has therefore been proposed that one
role of Ime1 is to provide an activation domain to the Ume6
complex (9, 65, 74). This model gained support from the find-
ing that a GAD-UME6 fusion was able to cause Ime1-indepen-
dent vegetative activation of the early meiotic gene HOP1 (65).
We constructed a similar GAD-UME6 fusion in the course of
our two-hybrid studies, using a weaker ADH1 promoter variant
to alleviate the poor viability resulting from high-level overex-
pression of GAD-Ume6 from the stronger ADH1 promoter
construct (see Materials and Methods) and found that it did
not activate transcription of HOP1 or SPO13. For this fusion
the repression activity provided by the Sin3 binding domain
appeared to be dominant and in that respect similar to Sin3
interaction domains in other proteins (4, 30, 35, 42) as well as
to direct fusions of activation domains to yeast Sin3, which fail
to activate transcription (44). The only critical difference be-
tween the constructs in the two studies appears to be the
promoters used to express the GAD-Ume6 fusions. The pos-
sibility that variations in the GAD-Ume6 protein sequence are
responsible was excluded by demonstrating that the coding
region from the wild-type Ume6 fusion used in this study can
activate expression of SPO13 and HOP1 when moved into the
expression plasmid used by Rubin-Bejerano et al. (not shown).
We further determined that neither the strains or lacZ report-
ers used in the two studies can account for the different results,
since the GAD-Ume6 fusion used in the previous study (65)
activates the same reporter fusions and strains that fail to be
activated by the GAD-Ume6 fusion used in this study (not

FIG. 8. Derepression of SPO13 expression in chromosomal ume
mutants. Strains containing UME6, ume6D::KanMX, ume6-6, ume6-7,
ume6-9, ume6-6,9 and ume6-7,9, or sin3D were constructed as de-
scribed in Materials and Methods. (A) Plate assays of SPO13-URA3
and SPO13-lacZ expression. (B) Quantitative b-galactosidase (b-gal)
assays of SPO13-lacZ expression of cells grown on plates, normalized
to wild-type levels.
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shown). The analysis of ume6 mutants in this study indicates
that the higher level of GAD-UME6 expression from the stron-
ger ADH1 promoter variant used by Rubin-Bejerano et al. may
exceed the steady-state levels of Sin3 available to bind to
Ume6, thereby allowing activation.

Our finding that fusion of the Gal4 activation domain to
Ume6 fails to activate early meiotic genes (e.g., SPO13 and
HOP1) indicated that an additional function that cannot be
substituted for by Gal4 is required. Here we provide evidence
indicating that two genetically separable steps—relief of Sin3-
mediated repression and addition of an activation domain—
are involved in conversion of Ume6 to an activator. When
ume6 mutations that disrupt Sin3-Ume6 interaction are intro-
duced, GAD-Ume6 can function as a transcriptional activator
of meiosis-specific genes. Furthermore, GAD-Ume6 under these
conditions can substitute for the presence of Ime1 in meiosis.

The Sin3 binding domain in Ume6. Prior two-hybrid and
GST pulldown assays localized the Sin3 binding domain in
Ume6 to the region between amino acid residues 508 and 584
(40). The mutant analysis described in this study has now
allowed the domain to be precisely mapped to sequences with-
in a predicted amphipathic helix encoded by amino acid resi-
dues 515 to 530. Although Sin3 was first identified in yeast (75,
89) and has mammalian homologs and binding partners that
are currently the subject of extensive investigation, this is the
first time a Sin3 interaction site in a yeast protein has been
defined. Here we show that the Ume6 amphipathic helix that
binds Sin3 is similar in structure, but not sequence, to the
amino-terminal Sin3 binding domains of Mad1 and other
mammalian Max-interacting bHLHZip proteins (reviewed in
reference 57). These proteins also resemble Ume6 in that their
repression domains interact with Sin3 PAH2 and are dominant
with respect to linked activators (42, 57). At present, Sin3
PAH2 is also thought to interact with as many as six other yeast
proteins (STB1 to STB6) (44), but none of these proteins
appear to contain strong homologies to the Sin3 binding do-
main in Ume6. Therefore, if any of them interact with Sin3
PAH2 by a direct physical contact, they may do so by a mech-
anism that differs from that used by Ume6. Intriguingly, one
yeast protein that shows significant homology to the Ume6
Sin3 binding domain is the DNA-binding protein Sum1. Six of
eight consecutive amino acids within a predicted a helix in
Sum1 are identical to the critical eight-amino-acid Sin3 binding
sequence (residues 523 to 530) in the Ume6 a helix. Both
Sum1 and Sin3 have been implicated in DNA silencing (12,
83), and both were identified as regulators of middle gene
expression (32, 94). The possibility that Sum1, like Ume6, re-
cruits Sin3 to repress transcription is currently being investi-
gated. In higher eukaryotes, aside from the Max-interacting
proteins, most of the proteins that appear to interact directly
with Sin3 (including the Krüppel-like transcriptional repres-
sors Laz3 [BCL6] and PLZF, the corepressors NCoR and
SMRT, Sin3-associated polypeptides SAP18 and SAP30, and
Rpd3 histone deacetylase homologs) do so through regions
other than Sin3 PAH2 (15, 17, 49, 92, 95). Although the precise
sequences through which most of these proteins make contacts
with Sin3 are not yet known, current indications suggest that
multiple mechanisms are involved.

Previous studies showed that amino acid residues 508 to 594
in Ume6 comprise the only region that exhibits significant

interaction with Sin3 in vitro and that it is necessary and suf-
ficient for Sin3 binding (40). The present analysis indicates that
all but one of the mutations in UME6 that allow activation by
the GAD-Ume6 fusion fall within this region. The one excep-
tion is located at residue 635, over 100 amino acids away from
the predicted a helix. Since the mutation appears to have no
effect on Ume6-Sin3 interaction, it may identify another re-
pression site that is Sin3 independent (see below). For exam-
ple, it may interfere with recruitment of the Isw2 chromatin
remodeling complex, which has recently been shown to interact
with Ume6 and repress transcription independently of Sin3
(27). Since the mutation alters a lysine residue and such resi-
dues in transcription factors are potential sites of ubiquitina-
tion (33) and acetylation (46), it may also prevent a crucial
regulatory posttranslational modification or increase the sta-
bility of the protein.

What is the role of Ime1 in conversion of Ume6 to an acti-
vator? Our analysis of GAD-Ume6 fusions has indicated that
the conversion of Ume6 to an activator requires two steps that
are genetically separable: (i) relief of Sin3-mediated repression
and (ii) introduction of an activation domain. We propose that
for wild-type Ume6, Ime1 is essential for both processes. With
regard to the derepression step, there are two lines of evidence
that support the idea that Sin3 remains present and functional
in the nucleus when Ume6 is actively promoting transcription,
and that it must be inactivated or physically removed from
Ume6 by an Ime1-dependent mechanism for activation to oc-
cur. First, wild-type GAD-UME6 is unable to promote sporu-
lation if Ime1 is absent but can do so if the Sin3 binding site is
disrupted (Fig. 6). This indicates that the Sin3 protein is nor-
mally still present during meiosis and that if an activation
domain is added to Ume6, Ime1 is dispensable only if repres-
sion is also removed (i.e., ume6-6). Second, it is well estab-
lished that vegetative expression of Ime1 under control of the
GAL1 promoter can cause activation of early meiotic genes in
vegetative cells, when Sin3 normally functions in repression of
transcription (73).

Two models for how Ime1 relieves Sin3 repression are that
Ime1 either prevents Sin3 binding to Ume6 or interferes with
Sin3 function in the complex. It has been hypothesized that
due to its highly hydrophilic nature, the Ume6 protein is rather
unstructured on its own and that interaction with other pro-
teins such as Ime1 may have a dramatic impact on its structure
(2). Thus, the addition of Ime1 may result in a change in the
conformation of Ume6 and thereby directly eliminate Sin3
repression by either mechanism. Alternatively, Ime1 may act
indirectly by promoting the synthesis or activity of other pro-
teins that bind to and/or modify (e.g., phosphorylate) Ume6
and/or Sin3, thereby disrupting their interaction or function.
At present, it is not clear whether Sin3 remains in the complex
following Ime1 induction. Moreover, it is also not known
whether indirect effects such as phosphorylation play a role in
derepression. For example, while Ume6 is known to be phos-
phorylated (by Rim11 and/or Mck1 [93]), this phosphorylation
does not appear to require Ime1 in vivo or in vitro (55, 93) and
is thus unlikely to be involved in the Ime1-dependent dere-
pression step.

The second function of Ime1, providing an activation do-
main to Ume6, has previously been described (9, 65, 74) and is
supported by this work. We have found that this activation

VOL. 21, 2001 MEIOTIC REGULATION BY Ume6 2065



function is required in addition to derepression, since in the
absence of either Ime1 or a heterologous activation domain,
Ume6 cannot activate even when Sin3 binding is disrupted
(e.g., in ume6-6 and GBD–ume6-6). This finding, together with
the observation that GAD–ume6-6 can partially complement
an ime1D in meiosis, provides strong evidence that Ime1 does
indeed provide an activation domain as proposed (9, 65, 74).

Based on these findings, the conversion of Ume6 from a
repressor to an activator by a two-step process dependent on
Ime1 is similar to regulation of metazoan Sin3-binding pro-
teins that function in activation and repression, such as the
nuclear hormone receptors (e.g., retinoic acid and thyroid hor-
mone receptors) and the Myc/Mad/Max pathway (Fig. 9). For
the thyroid hormone and retinoic acid receptors, ligand bind-
ing has been shown to result in a conformational change in the
receptor and trigger a release of the histone deacetylase core-
pressor complex, which is replaced by a coactivator complex
(53). For Myc/Mad/Max, a change in heterodimer partner oc-
curs to replace the corepressor-binding Mad family protein
with the coactivator-binding Myc protein (reviewed in refer-
ences 31 and 82). In the case of Myc and the nuclear hormone
receptors, the switch from repression to activation involves the
recruitment of one or more histone acetylases (58). A role for
the histone acetylase Gcn5 at the early meiotic promoter IME2
has been similarly demonstrated (11), although it is not known
whether Gcn5 interacts with Ime1. Finally, certain oncogenic
mutations in the thyroid hormone receptor (v-ErbA), as well as
retinoic acid fusions (to PML and PLZF) implicated in the
development of acute promyelocytic leukemia, retain the abil-
ity to recruit the Sin3 corepressor complex but cannot be con-
verted to activators by physiological levels of hormone, thus
blocking differentiation (7, 54). An unusual allele of ume6
identified as rim16-12 (9) behaves analogously. The point mu-
tation (T99N) in rim16-12 interferes with Ime1 binding and
conversion of Ume6 to an activator, thereby causing Ume6 to

become a constitutive repressor of early meiotic genes, block-
ing meiotic development (9).

It should be noted that there are also a number of nonmei-
otic genes in yeast that require Ume6 for their repression
and/or activation (e.g., INO2 and PHR1 [37, 79]). Since Ime1 is
not implicated in the regulation of these genes, there may be
additional, as yet unidentified Ume6 partners similar to Ime1
that relieve Sin3-mediated repression. For example, ARGR1
and ARGRII, two activators of nitrogen-regulated genes re-
cently shown to interact with Ume6 in two-hybrid assays (60),
may act in this way. Likewise, Tea1, a transcriptional activator
of Ty enhancer-mediated transcription that interacts with
Ume6 (this study), may have a similar function.

UME6-dependent and UME6-independent roles of SIN3. In
the absence of the Gal4 activation domain, mutations in the
potential amphipathic a helix (e.g., ume6-6 [M530T], ume6-7
[L527P], and ume6-8 [S528P]) result in a partial loss of repres-
sion to a level similar to a deletion of SIN3, as expected for
Ume6 mutants that have lost the ability to interact with Sin3.
Since the level of derepression that occurs in sin3D and the
ume6 Sin3-binding-domain mutants is less than occurs in
ume6D or URS1 mutants, we have concluded that Ume6 must
have a repression function at early meiotic promoters that is
independent of Sin3. A similar Sin3-independent repression
function is seen at the nonmeiotic INO1 promoter, which
shows a much higher level of derepression when URS1 or
Ume6 is mutated than when SIN3 is deleted (20, 70). The
repression conferred by Ume6 in the absence of Sin3 may re-
sult from either a Sin3-independent repression site in Ume6
(e.g., perhaps defined by ume6-9/K635E, the derepressing mu-
tation that lay outside the a helix) or simply to the binding of
Ume6 to URS1, excluding binding of other activators to URS1
or nearby sequences (21, 80). Ume6-dependent Sin3-indepen-
dent repression probably does not involve Sin3-independent
recruitment of Rpd3, since activity of Rpd3 at URS1 has been

FIG. 9. Transcriptional regulation by Ume6, nuclear hormone receptors, and Myc/Mad/Max. DNA-binding proteins (Ume6, nuclear hormone
receptors [NHR], or Max heterodimer) in conjunction with cis-acting DNA elements (e.g., URS1, hormone response element [HRE], or E box,
as indicated), repress transcription through interaction with a corepressor complex containing Sin3, Rpd3, and additional proteins (not all are
shown). In each system, the switch from repression to activation requires that the Sin3 corepressor complex be replaced by an activation complex.
In meiosis, this involves the binding of Ime1. For NHR, this involves binding of hormone and a number of potential coactivators (not all are shown)
including histone acetylases (HAT) (see references 26, 31, and 82 for reviews). For Max, it involves heterodimerization with Myc, which possesses
a transactivation domain that may act through a variety of additional proteins (14, 31, 58).
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shown to require the presence of Sin3 (40, 85). Recent studies
suggest that a likely mechanism for Sin3-independent repres-
sion of SPO13 by Ume6 may involve the Isw-2 chromatin
remodeling complex, which has now been shown to bind to
Ume6 and repress transcription independently of Sin3 (27).

Mutations in SIN3 and RPD3 confer a severe sporulation
defect, causing arrest in pachytene after premeiotic S phase
prior to the onset of middle gene expression (32; A. Helms and
R. E. Esposito, unpublished data). Here we provide evidence
that this sporulation defect is not a result of the premature or
derepressed expression of early meiosis-specific genes that oc-
curs in these mutants in the absence of IME1 induction. This
is demonstrated by the sporulation proficiency of ume6-6,
ume6-7, and ume6-8 Sin3-binding-domain mutants, which ex-
hibit derepression similar to that of sin3D and rpd3D, and by
the sporulation proficiency of wild-type diploids constitutively
overexpressing the early genes due to the presence of GAD–
ume6-6. The ability of the Ume6 Sin3-binding-domain mutants
to sporulate at wild-type levels also suggests that repression of
early meiotic gene expression is not essential for proper pro-
gression. These results indicate that the essential role of Sin3
in sporulation may be independent of its interaction with
Ume6, which thus far is the only known DNA-binding partner
for Sin3 in yeast. The effects of deletions of individual Sin3
PAH on sporulation support this view. Deletion of Sin3 PAH3
has the most severe effect on sporulation (90), rather than
deletion of PAH2, which we now know to interact with Ume6.
Since mammalian Rpd3 homologs bind Sin3 near PAH3 (92),
recruitment of deacetylase activity by Sin3 and repression
through proteins other than Ume6 may play a critical, as yet
undefined role in sporulation. Two-hybrid studies have identi-
fied other potential DNA-binding proteins besides Ume6
that can interact with Sin3 (44). Determination of the tar-
gets of these potential transcription factors, together with re-
cent whole-genome analysis of transcription in sin3D mutants
(34), may allow the essential meiotic role of SIN3 to be iden-
tified.
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