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Acetylation of the Transcriptional Repressor Ume6p Allows Efficient
Promoter Release and Timely Induction of the Meiotic Transient
Transcription Program in Yeast

Michael J. Law,® Michael J. Mallory,* Roland L. Dunbrack, Jr.,” Randy Strich®

Department of Molecular Biology, Rowan University School of Osteopathic Medicine, Stratford, New Jersey, USA? Institute for Cancer Research, Fox Chase Cancer Center,
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Differentiation programs require strict spatial and temporal control of gene transcription. Genes expressed during meiotic de-
velopment in Saccharomyces cerevisiae display transient induction and repression. Early meiotic gene (EMG) repression during
mitosis is achieved by recruiting both histone deacetylase and chromatin remodeling complexes to their promoters by the zinc
cluster DNA binding protein Ume6p. Ume6p repression is relieved by ubiquitin-mediated destruction that is stimulated by
Gen5p-induced acetylation. In this report, we demonstrate that Gen5p acetylation of separate lysines within the zinc cluster do-
main negatively impacts Ume6p DNA binding. Mimicking lysine acetylation using glutamine substitution mutations decreased
Ume6p binding efficiency and resulted in partial derepression of Ume6p-regulated genes. Consistent with this result, molecular
modeling predicted that these lysine side chains are adjacent to the DNA phosphate backbone, suggesting that acetylation inhib-
its Ume6p binding by electrostatic repulsion. Preventing acetylation did not impact final EMG induction levels during meiosis.
However, a delay in EMG induction was observed, which became more severe in later expression classes, ultimately resulting in
delayed and reduced execution of the meiotic nuclear divisions. These results indicate that Ume6p acetylation ensures the proper

timing of the transient transcription program during meiotic development.

,VI eiosis is the process in which a diploid cell produces haploid
gametes capable of sexual reproduction. In Saccharomyces
cerevisiae, many genes required for meiotic landmark events are
transcriptionally repressed during mitotic cell division and then
induced at particular stages in meiosis (1, 2). Posttranslational
modifications of histones allow the coordinated execution of these
gene transcription programs (3, 4). For example, the acetylation
and deacetylation of histone lysine residues are associated with
transcriptional activation and repression, respectively (5). His-
tone acetyltransferases (HATSs) are directed to promoters through
interaction with methylated histones or chromatin binding pro-
teins (6). Conversely, transcriptional repression is mediated by
histone deacetylases (HDAC:s) that are recruited to promoters by
sequence-specific DNA binding proteins (7).

In budding yeast, the SAGA complex containing the Gen5p
acetyltransferase promotes the transcription of several genes, in-
cluding those involved in the stress response (8) and meiosis (9).
Gen5p is not required for mitotic cell division, although mutants
lacking this factor grow slower (10). However, gen5A mutants are
defective for meiosis, arresting before the first meiotic division (9).
Similarly, the HDAC Rpd3p and its adaptor Sin3p display rela-
tively minor growth defects but also fail to undergo any meiotic
nuclear divisions or make spores (11, 12). The findings that Rpd3p
and Sin3p are required for meiosis are even more remarkable, as
both activities are required for full early meiotic gene (EMG) re-
pression (12, 13). These results indicate that posttranslational his-
tone modifications are critical for execution of a differentiation
pathway, while their loss is more tolerated in mitotically dividing
cells.

In addition to histones, there is a rapidly growing list of non-
histone proteins whose acetylation also stimulates transcription
(7,14-17). In these cases, gene expression is enhanced by upregu-
lation of the modified factor’s activity. We recently identified a
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new mechanism for acetylation-dependent gene induction
through targeted destruction of the yeast transcriptional repressor
Ume6p (18). Ume6p destruction is initiated by Gen5p-dependent
acetylation at a cluster of three lysines (15). Ume6p is a Zn,Cysg
zinc cluster protein that binds EMG promoters through the URS1
DNA element (19). Ume6p represses EMG transcription by re-
cruiting the Sin3p-Umelp-Rpd3p deacetylase and Isw2p chroma-
tin remodeling complexes (20-23). Here, we show that Gen5p
acetylates Ume6p at a second set of lysines located adjacent to the
Zn,Cysg zinc cluster domain. Rather than regulating protein sta-
bility, acetylation at this additional site helps release Ume6p from
early meiotic gene promoters, allowing timely initiation of the
meiotic transient transcription program.

MATERIALS AND METHODS

Yeast strains, plasmids, and culture conditions. Strains and plasmids
used in this study are described in Tables 1 and 2, respectively. UME6
mutations were generated by site-directed mutagenesis and then intro-
duced into the chromosome by using a two-step transplacement strategy
(24). All genomic mutations were verified by sequencing of PCR products
derived from genomic DNA. Gene deletions were performed by using
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TABLE 1 Yeast strains used in this study

TABLE 2 Plasmids used in this study

Strain Genotype® Reference  Plasmid Genotype Reference
RSY335 MATa/o cyh2R-z ho::LYS2 leu2::hisG 18 pRS306 YIp URA3 66

lys2 trp1::hisG ura3 pMM285 T7-UMES6 in pRS315 CEN6 LEU2 18
RSY1079 T7-UME6 18 pML2 T7-UMEG #2RESIBRKSIAR iy 5MM285 This study
RSY1091 gen5:TRPI This study ~ pML3 T7-UMEGK812QK813QKS14Q 1y s MM285 This study
RSY1152 ume6::leu2:KanMX 18 pMLI11 T7-UMEG 81308148 i hMM285 This study
RSY1404 gen5:TRP1 ume6::leu2:KanMX This study ~ pML16 T7-UMEGE*#>QK814Q jn pMM285 This study
RSY1407 T7-UME6"*® This study ~ pML23 T7-UMEG*8*RK81R i pRS306 This study
RSY1408 T7-UMEG"3? gen5:: TRP1 This study ~ pML24 T7-UMEGK#3QK814Q i pRS306 This study
RSY1420 T7-UME6"*? This study ~ pMM288 HIS,-UMEG">¢-83¢ This study
RSY1500 ADA2-TAP-his3MX6:LEU2 This study ~ pML38 HIS4-UMEGR72ORK737RK745R This study
RSY1563 ADA2-TAP-his3MX6::LEU2 gcn5:: TRP1 This study ~ pMM293 HIS,-UMEGK812RKEI3RKE14R This study
RSY1632 rpd3::TRPI This study ~ pML40 HIS,-UMEGR7?6QK737QK745Q This study
RSY1717 MATa cyh2R-z ho::LYS2 leu2:hisG lys2 This study ~ pML41 HISs-UMEGR7?ORK737TRKTASRKE12R KIEIRK14R This study

trp1:hisG ura3 T7-UMEG<'R }3R pML53 HIS,-UMEGR812QK813QK814Q This study
RSY1718 MATo cyh2R-z ho::LYS2 leu2::hisG lys2 This study  pML63 T7-Ume6p in pRS316; CEN6 URA3 This study

trp1::hisG ura3 T7-UMEG<1? %39 pML64 T7-Ume6p*>? in pRS316; CEN6 URA3 This study
RSY1732 MATao cyh2R-z ho::LYS2 leu2::hisG lys2 This study  pML65 T7-Ume6p™*Q in pRS316; CEN6 URA3 This study

trpl::hisG ura3 T7-UMEG<R ©5Q
RSY1733 MATo cyh2R-z ho::LYS2 leu2::hisG lys2 This study

trp1:hisG ura3 T7-UMEG<!'Q <R
RSY1743 T7-UMEG"* rpd3:TRP1 Thisstudy  duration, and a +10-ppm exclusion mass width. All data were acquired by
RSY1835 MATa/alys2 ura3 LYS2::hoA This study  using Xcalibur 2.1 operation software (Thermo-Fisher Scientific) and

ume6::KANMX

@ All strains are isogenic to RSY335 except as noted. All alleles are homozygous except
as noted.

homologous recombination as described previously (25). Meiotic cul-
tures were generated and analyzed as described previously (26).

In vitro acetyltransferase assays. In vitro acetyltransferase assays were
conducted as described previously (27), with the following modifications.
Whole-cell lysates were prepared from mid-log-phase cultures of
RSY1500 (TAP-ADA2) or RSY1563 (TAP-ADA2 gcn5A) as described pre-
viously (28), except that the ultracentrifugation step was replaced with
centrifugation at 20,000 X g for 30 min. Since standard tandem affinity
purification (TAP) methodology resulted in purification of inactive
acetyltransferase complexes, it was necessary to perform a modified puri-
fication protocol. Total acetyltransferase complexes were enriched by us-
ing Ni** affinity chromatography followed by a modified TAP procedure
(29, 30). HAT complexes were isolated directly following tobacco etch
virus (TEV) endopeptidase cleavage without further purification. We as-
sayed the ability of these purified HAT complexes to incorporate [*H]ace-
tyl coenzyme A ([*H]acetyl-CoA) into recombinant hexahistidine (His,)-
tagged proteins containing the carboxyl-terminal 110 amino acids (aa) of
Ume6p harboring either the wild-type (wt) sequence, a truncation re-
moving lysine clusters 4 and 5 (A4,5) (carboxyl-terminal 15 amino acids),
or lysine-to-arginine mutations in lysine cluster 1 (K736R, K737R, and
K745R) and lysine cluster 3 (K812R, K813R, and K814R) in isolation or in
tandem. Histone H3.3 and histone H4 were used as positive controls.
Approximately 2.5 g of each substrate was incubated in HAT assay buf-
fer (27) containing [*H]acetyl coenzyme A for 30 min at 30°C and re-
solved by using SDS-PAGE. The resulting gels were Coomassie stained
prior to fluorography.

Protein identification by nanoLC-ESI-MS/MS analyses. SDS-PAGE-
separated samples for both control and test samples (~500 ng) were sub-
jected to in-gel digestion by chymotrypsin and subsequent extraction as
reported previously (31). The chymotryptic digest was subjected to nano-
scale liquid chromatography-electrospray ionization-tandem mass spec-
trometry (nanoLC-ESI-MS/MS) analysis using an LTQ-Orbitrap Velos
(Thermo-Fisher Scientific, San Jose, CA) mass spectrometer equipped
with a Plug and Play nanoscale ion source device (CorSolutions LLC,
Ithaca, NY). Dynamic exclusion parameters were set at repeat count 1
with a 20-s repeat duration, an exclusion list size of 500, a 30-s exclusion
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processed by using Proteome Discoverer 1.1 (PD1.1; Thermo) against a
yeast protein database. All MS/MS spectra for identified acetylated pep-
tides were manually inspected and validated by using PD1.1 and Xcalibur
2.1 software.

In vitro binding analysis. Surface plasmon resonance (SPR) binding
experiments were performed on a Biacore 3000 instrument (Biacore Inc.,
Piscataway, NJ). URS1°7©'3 and mutant URS1““ DNA probes (Table 2)
were chemically synthesized carryinga 5’ biotin tag on one strand of DNA
and then annealed to their complement to allow immobilization of the
double-stranded DNA (dsDNA) onto streptavidin-coated sensor chips
(SA chips; Biacore Inc.). The DNA probes were diluted in running buffer
[10 mM Tris-HCI (pH 8.0), 150 mM NaCl, 10 uM Zn(O,CCH,),, 5%
glycerol, 125 pg/ml salmon sperm DNA, 62.5 pg/ml acetylated bovine
serum albumin, 1 mM dithiothreitol, 0.05% surfactant P20] and injected
over the sensor chip surface at 10 pl/min at 20°C. His, fusion proteins
containing the 110-amino-acid carboxyl-terminal DNA binding domain
of Ume6p containing either the wild type, lysine-to-glutamine (Hisg-
3QQQ), or lysine-to-arginine (His,-3RRR) mutations in lysine cluster 3
sequences were purified from Escherichia coli and quantitated by using
SDS-PAGE followed by Coomassie staining. Recombinant proteins were
serially diluted in 3-fold steps in running buffer with a maximum concen-
tration of 350 nM and injected in triplicate at 20°C at a flow rate of 50 .l
min~! for 2 min. Disruption of any complex that remained bound after a
5-min dissociation was achieved by using a I-min injection of 1 M NaCl at
20 pl min~". Data were processed and analyzed by using Scrubber2 (Bio-
Logic Software, Australia). Electrophoretic mobility shift assays (EMSAs)
were performed as previously described (32). Unlabeled competitors were
added at 75- and 150-fold molar excesses prior to incubation with the
protein extracts.

Molecular modeling. Side chain conformations for the model were
built from the known backbone coordinates from the Gal4p DNA binding
domain/DNA cocrystal structure (33), and sequence alignments were
performed by using SCWRL (34) and a backbone-dependent rotamer
library (35, 36). Loops with gaps in the sequence alignment were built with
the program MODELLER (37). SCWRL was then used to rebuild the side
chains on the structure built by MODELLER.

Western blot and chromatin immunoprecipitation assays. Western
blot analysis was performed as described previously (18). Chromatin im-
munoprecipitation (ChIP) assays were performed essentially as described
previously (38), with the following modifications. Twenty milliliters of
meiotic cultures or 50 ml of mid-log-phase dextrose cultures was cross-
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TABLE 3 qPCR primers used in this study

Primer

SPO13 URS1 f
SPO13 URSI r

Sequence (5'-3")"
GCT AGT TAG TAC CTT TGC ACG GAA A
TCT TAT TGC GCT AAT TGT CTG TTA GAC

SPO13 cod f AAG CCC ACA TCC AGG ATT AAATT

SPO13 cod r CGA ACA TCT CCA GCC TTT GAG

INOI cod f TTT TGT TCC CGG CTT GGT T

INOI cod r CGT CTC CCG CAA TGA ATG TAC

CARI cod f TGG GTA TCG CCG CCT TT

CARI cod r TGA CAG CGT TGA TGC CGT AT

IME]I cod f TCC CCT AGA AGT TGG CAT TTT G

IMEI cod r CCA AGT TCT GCA GCT GAG ATG A

SPS100 cod f ACT GTT CCT GTG GGC GTT TT

SPS100 cod r ACA GGC ATC AAA GAA CCA TTG A

SPS4 cod f GCA CAA ACA AAG CCT AGA ATC GA

SPS4 cod r CAC TGG TGC TAC GGC TTG AA

NUP85 cod f TTC GCG AAG GAG CAT AAT GC

NUP85 cod r ACA CTT CCA ATT CAT TCA GAA TCG
ENOI cod f GCC GCT GCT GAA AAG AAT GT

ENOI cod r TGG AGA GGT CTT GGA CTT AGA CAA
URS15FO13 Biotin-GAAATAGCCGCCGACAAAAAGGAATT
URS1°7°" complement  AATTCCTTTTTGTCGGCGGCTATTTC
URS146¢ Biotin-GAAATAGATTAATACAAAAAGGAATT

AATTCCTTTTTGTATTAATCTATTTC

@ Underlining indicates the location of the core URS1 consensus element within the
oligonucleotide.

URS149€ complement

linked with 1% formaldehyde (15 min at room temperature), followed by
quenching of cross-linked protein-DNA complexes with 140 mM glycine
for 5 min. The anti-acetylated lysine antibodies do not cross-react with
acetylated Ume6p (15). The Ume6p antibody was specific for Ume6p in
ChIPs (see Fig. S3 in the supplemental material). Immune complexes were
collected, washed, and eluted prior to reversing cross-links. DNA was
precipitated, treated with proteinase K, and subjected to quantitative PCR
(qPCR). Relative ChIP signals were calculated by using the formula
2*IP(CT target —CT control)/input(CT target — CT control). The NUPS5 COdi]’lg re-
gion was used as an internal control for nonspecific anti-Ume6p or anti-
acetylated lysine immunoprecipitations.

RT-qPCR. Total nucleic acids were prepared from either 5 ml of a
sporulation culture (meiotic analyses) or 10 ml of mid-log-phase cultures
(steady-state measurements). Total nucleic acid preparations were then
treated with DNase I (New England BioLabs) and incubated with Molo-
ney murine leukemia virus (Mu-MLV) reverse transcriptase (RT) (New
England BioLabs) in oligo(dT)-primed reaction mixtures to allow reverse
transcription of poly(A) mRNA. Subsequent qPCRs were prepared by
using Power SYBR Master mix (Applied Biosystems) containing primers
(Table 3). For meiotic experiments, all threshold cycle (C;) values were
normalized to NUP85 values to allow relative mRNA abundance esti-
mates (ACy). For steady-state experiments, C;. values were first normal-
ized to NUPS85 values, followed by normalization to wild-type values
(AAC;). Values reported are the averages of three or more independent
biological replicates; error bars represent the standard errors of the means.

RESULTS

Ume6p contains a second lysine cluster acetylated by SAGA.
Previously, we identified three lysines in the carboxyl-terminal
110 amino acids of Ume6p (aa 726 to 836) (Ume6p’>°~%°) that
are asubstrate for SAGA (lysine cluster 1) (Fig. 1A) (15). However,
mutation of all three sites to arginine did not abolish in vitro acet-
ylation of His,-Ume6p”>°~#¢ (Fig. 1B, compare lanes 3 and 5),
suggesting that additional modified residues are present. This re-
gion of Ume6p contains four additional lysine cluster motifs that
are potential SAGA targets (Fig. 1A). Although deletion of lysine
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clusters 4 and 5 did not reduce acetylation (Fig. 1C), Lys-to-Arg
substitution mutations in lysine cluster 3 (KKK—RRR) produced
asignificant reduction in acetylation (Fig. 1B, compare lanes 3 and
4). This activity was dependent on GCN35, as SAGA purified from
gen5A mutants failed to modify Ume6p (Fig. 1B, lanes 9 to 12).
Mutation of clusters 1 and 3 reduced acetylation more than did
either single mutant, suggesting that both clusters contribute to
Ume6p acetylation. The lysine cluster 1 and 3 double mutant did
not completely abolish all acetylation, indicating that additional
modified residues exist in this region of the protein (Fig. 1B, lane
6 [long exposure]). Mass spectroscopic analysis confirmed that
lysine cluster 3 is acetylated by SAGA in vitro (Fig. 1D). Although
this analysis indicated that one of the three lysines was modified, it
could not be determined whether acetylation was restricted to one
of the triplet residues. In addition, mass spectroscopic analysis of
purified Ume6p from yeast extracts revealed the presence of a
signal consistent with a peptide that was both acetylated and phos-
phorylated (see Fig. S1 in the supplemental material). However,
no peak was observed for the unmodified or only acetylated spe-
cies (data not shown), suggesting that phosphorylation and acet-
ylation occur coincidently at high efficiency within the lysine trip-
let 3 region. Taken together, these results identified a new Ume6p
modification target for SAGA.

Glutamine substitution at lysine cluster 3 derepresses
Ume6p-regulated genes. The mass spectroscopic data described
above revealed that at least one amino acid in the third lysine
triplet is acetylated. To help ascertain which of these residues is
modified, we took advantage of our previous finding that Ume6p
acetylation at lysine cluster 1 allowed EMG derepression (15).
Therefore, we reasoned that modification of an individual lysine
in cluster 3 may have a similar impact. To test this possibility, we
substituted glutamine, an acetylation mimic, for each individual
lysine in triplet 3 and tested their impact on the ability of Ume6p
to repress an EMG reporter gene (spol3-lacZ) during vegetative
growth. Previous studies have established that substituting lysine
with glutamine can mimic acetylation, due to the similarity of
chemical structure and charge (39-42). To avoid complications
from acetylation of the first lysine cluster, these experiments were
conducted in dextrose medium, which limits the modification of
these residues (15). Substituting glutamine for the second or third
lysine located in lysine cluster 3, but not the first, derepressed
spol3-lacZ (Fig. 2A). The double-glutamine substitution of the
second and third lysines did not significantly reduce Ume6p re-
pressor function relative to that of each individual mutation, sug-
gesting that modification of either residue is sufficient to adversely
affect repressor function. The conservative lysine-to-arginine sub-
stitution (KRR) mutant did not alter Ume6p repressor function
(Fig. 2A). Therefore, we utilized the KQQ or KRR substitution
mutation in the third lysine triplet (termed Ume6p™*? and
Ume6p™®, respectively) to represent the acetylated or unmodi-
fied Ume6p species, respectively.

We next addressed whether the Ume6p™*® or Ume6p™><? sub-
stitution mutation affected the regulation of other Ume6p target
genes. The wild-type UMEG6 allele was replaced with either
UME6"** or UME6**?, and the mRNA levels of SPO13 (23),
CARI (19,43),and INOI (44) were determined by RT-qPCR. The
UMEG6"*R-expressing mutant displayed a small, but statistically
significant, enhanced repressor activity over the wild type in all
three loci tested (Fig. 2B). Conversely, UME6<*< cultures exhib-
ited a similar loss of repression. These results indicate that acety-
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FIG 1 Ume6p repressor function is reduced by SAGA acetylation. (A) Schematic diagram displaying full-length Ume6p and the amino acid sequence (aa 726 to
836) of the His, peptides used for in vitro acetylation assays. The five lysine clusters (boxed) and six cysteines in the zinc cluster domain (underlined) are indicated.
Acetylated lysine residues in cluster 1 are denoted with asterisks. The | symbols delimit the chymotryptic peptide generated during mass spectroscopic analysis
shown in panel D. (B) Ume6p peptides containing the indicated lysine cluster 1 and 3 configurations were incubated with SAGA purified from a wild-type GCN5
strain (left) or a gen5A mutant (right), in the presence of [*H]acetyl-CoA. Long- and short-exposure autoradiographs of reaction mixtures separated by
SDS-PAGE are shown. The same gel was Coomassie stained to control for substrate loading. Purified recombinant histones H3 and H4 served as positive controls.
(C) In vitro HAT assays for a Ume6p derivative truncated for lysine clusters 3 and 4. (D) Representative spectra from mass spectrometry showing lysine cluster
3 acetylation. Hiss-Ume6p”2°~#%¢ was in vitro acetylated by SAGA using Ada2p-TAP-purified extracts. Either unmodified (top) or acetylated (bottom) Ume6p
was digested with chymotrypsin and evaluated via mass spectroscopy (see Materials and Methods for details). Peaks corresponding to mass increases indicative
of acetylation are indicated along with the peptide sequence. Although modification the first lysine of triplet 3 is indicated, mass spectroscopy is unable to

determine which lysine in the triplet was actually acetylated.

lation disrupts Ume6p repressor function at several loci. How-
ever, the derepression observed in Ume6p™*2-expressing cultures
was still ~35-fold lower than that observed in cells lacking UMES,
suggesting that cluster 3 acetylation only partially antagonizes
Ume6p repressor function.

Glutamine substitutions in cluster 3 diminish Ume6p DNA
binding. We next sought a mechanism to explain why cluster 3
acetylation reduced Ume6p repressor function. We previously re-
ported that cluster 1 acetylation promoted ubiquitin-mediated
proteolysis (15). However, Western blot analysis revealed only
minor differences in steady-state levels of Ume6p, Ume6p™X, or
Ume6p™? (Fig. 3A), suggesting that protein stability was unlikely
to be responsible for this phenotype. The proximity of these
lysines to the Zn,Cys, zinc cluster domain (Fig. 1A) suggested that
acetylation may impact Ume6p binding to the URS1°*°"'? control
element. To test this possibility, electrophoretic mobility shift as-
says (EMSAs) were performed by using crude extracts containing
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Ume6p, Ume6p™®, or Ume6p™*? incubated with radiolabeled

URS157C13, Normally, six complexes (C1 to C6) are formed, with
C2 being specific for Ume6p (32). In these experiments, C1, C4,
C5, and C6 were underexposed to allow straightforward inspec-
tion of C2 intensity. In the absence of a competitor, the C2 signal
intensity was reduced in Ume6p™? extracts compared to the wild
type or Ume6p™°® (Fig. 3B, compare lanes 1, 4, and 7). The addi-
tion of unlabeled competitor resulted in the rapid loss of C2 in the
Ume6p™? extracts compared to the wild type or Ume6p™~X.
These data suggest that mimicking acetylation at lysine cluster 3
reduces Ume6p-URS1579" complex stability.

To ensure that the results described above are due to glutamine
mutations in lysine cluster 3 specifically and not a general phe-
nomenon of mutagenesis in the DNA binding region, we next
assessed DNA binding of Ume6p containing lysine-to-glutamine
mutations in lysine cluster 1. As discussed above, the Ume6p*'Q
mutation results in rapid turnover of Ume6p, making EMSA us-
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FIG 2 The second and third lysines in cluster 3 regulate Ume6p repressor
function. (A) A ume6A strain harboring plasmids expressing wild-type UME6
or the mutant derivatives, as indicated, was transformed with a spol3-lacZ
reporter plasmid, and B-galactosidase activity was determined as described
previously (65). Mean values from three independent biological replicates are
presented (*standard errors of the means). (B) SPOI3, INOI, and CARI
mRNA levels were monitored by RT-qPCR from mid-logarithmic-phase
UME6-, UME6"®-, or UME6*??-expressing cultures. Mean values from three
independent biological replicates are presented (*standard errors of the
means) relative to ENOI mRNA levels. Asterisks indicate statistically signifi-
cantly differences from wild-type values as determined by the Student ¢ test
(P <0.05).

ing crude yeast extracts not feasible (15). To avoid this complica-
tion, His, fusion proteins containing the 110-amino-acid carbox-
yl-terminal DNA binding domain containing either the wild-type
or glutamine substitutions in either lysine cluster 1 or 3
(1IKKK—1QQQ and 3KKK—3QQQ, respectively) were purified
from E. coli. EMSAs using these recombinant proteins showed
that while both Hisg-wt and Hiss-1QQQ proteins interact with
URS1°79" with similar affinities, His,-3QQQ failed to form a
stable protein-DNA complex (Fig. 3C). These data demonstrate
that mutagenesis of lysine cluster 3 but not cluster 1 negatively
impacts URS1%"°"® DNA binding.

To further quantitate the impact of cluster 3 glutamine substi-
tutions on the Ume6p-URS] interaction, we employed two strat-
egies. To estimate the difference in equilibrium binding between
Hisg-wt and Hisg-3QQQ proteins, we employed EMSA to com-
pare the DNA binding abilities of increasing concentrations of
Hisg-3QQQ to Hisg-wt (Fig. 3D). These experiments showed an
~5-fold decrease in equilibrium binding between Hisg-wt and
Hiss-3QQQ. To understand the nature of this decrease in affinity,
we assayed the binding of recombinant Hisg-wt, Hiss-3QQQ, and
Hiss-3RRR using surface plasmon resonance (SPR). Wild-type
URS17°"* (CGGCGG) or URSIA®“ (ATTAAT) oligonucleotides
were used as DNA targets. URS14“C served as a negative control
for nonspecific binding, as it lacks the Ume6p core recognition
sequence (32). As expected, the URSI*““ DNA target failed to
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form stable protein-DNA complexes with Ume6p or either deriv-
ative (see Fig. S2A in the supplemental material). With
URS1°7°", all three peptides exhibited a dissociation pattern that
was best fit by incorporating two curves (Fig. 3E; see also Fig. S2B
in the supplemental material). Quantification of these data re-
vealed that the wild-type and 3RRR mutant proteins exhibited
similar dissociation rates (Fig. 3F). Consistent with our EMSA
results, the 3QQQ mutant displayed dissociation curves with an
off rate that was ~3-fold higher than that of the wild type. These
results support the model that lysine cluster 3 acetylation en-
hances Ume6p dissociation from URS157°"3,

Glutamine mutagenesis in cluster 3 reduces Ume6p-
URS1%?°" binding in vive. To determine whether mimicking
acetylation affected Ume6p DNA binding in vivo, we employed
chromatin immunoprecipitation (ChIP) studies. Using an anti-
body directed toward endogenous Ume6p (15), ChIP analyses
were performed to examine Ume6p occupancy at URS157°"3, Pre-
liminary studies utilizing this antibody in ChIP experiments vali-
dated its specificity for Ume6p bound to URS1°7°*? (see Fig. $3 in
the supplemental material). In Ume6p**®-expressing cultures, no
significant difference in DNA binding relative to the wild type was
observed (Fig. 4A). Conversely, Ume6p*>? exhibited a statistically
significant ~5-fold loss in SPO13 promoter binding. These results
suggest that lysine cluster 3 acetylation reduces Ume6p repressor
binding in vivo.

We have previously demonstrated that Ume6p is acetylated
and deacetylated by the opposing activities of Gen5p and Rpd3p,
respectively (15). If our model that cluster 3 acetylation dimin-
ishes Ume6p-DNA interactions is correct, we would predict that
preventing Ume6p acetylation should enhance binding. First, we
examined Ume6p occupancy of URS157°" by ChIP in wild-type
or gcn5A mutant strains. The loss of Gen5p activity should lead to
reduced Ume6p acetylation and elevated levels of binding. As
shown in Fig. 4B, Ume6p displayed a 2-fold increase in URS1°7°"?
occupancy when GCN5 was deleted. This stimulation of Ume6p
binding in the gcn5A strain was lost when glutamines were substi-
tuted for lysine triplet 3. Similarly, we would predict that Ume6p
binding is reduced in the rpd3A mutant due to elevated acetylation
of triplet 3 and that this reduction would be suppressed in the K3R
mutant. Although the reduction of Ume6p binding in the rpd3A
strain was minimal compared to that in the wild type, the level of
Ume6p™® binding was significantly elevated (Fig. 4B). This
elevation in the level of Ume6p™*® binding was not anticipated
and may be explained by the mutation of Ume6p affecting
other posttranslational modifications or by RPD3 removal af-
fecting the local histone environment (see Discussion). These
results indicate that the Ume6p-URSI interaction is controlled
by the opposing activities of Gen5p and Rpd3p at lysine cluster
3. In addition, the relative binding of Ume6p was independent
of the acetylation state of the surrounding chromatin. For ex-
ample, the level of Ume6p or Ume6p™°® binding was elevated
under conditions of hypoacetylated (gcn5A) or hyperacetylated
(rpd3A) histones, respectively.

Preventing or mimicking Ume6p acetylation does not re-
place the requirements of Rpd3p or Gen5p for SPO13 transcrip-
tional regulation. We next investigated the relative contributions
of the acetylation/deacetylation status of Ume6p and promoter
histones to regulation of SPOI13 transcription. First, we deter-
mined whether the requirement of Rpd3p for SPO13 repression
could be partially suppressed if lysine triplet 3 was no longer a
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FIG 3 Mimicking acetylation at lysine cluster 3 but not cluster 1 diminishes Ume6p DNA binding in vitro. (A) Cells containing genomically integrated K3R and
K3Q mutations at lysine cluster 3 were grown to mid-log phase in dextrose medium. Total protein extracts (50 ng) were subjected to Western blot analysis to
probe for the T7 epitope. The blots were stripped and reprobed for Tub1p as aloading control. Phosphorimaging of the Western blot images was performed, and
the ratio of Ume6p to Tublp was set to 1. The ratios of the lysine cluster 3 mutants to Tub1p are given relative to the wild type. (B) EMSAs were performed with
a’?P-labeled URS1%7°*® probe and crude extracts expressing the indicated UMEG allele. The reaction mixtures contained either no (@) or a 75- or 150-fold excess
of unlabeled URS1°"°"® probe as a competitor. Six complexes are formed in the EMSA (C1 to C6), with C2 (arrow) being Ume6p specific (32). (C) EMSA was
performed as in described above for panel B except that the crude extract was replaced with recombinant His,-Ume6p”**~%*¢ containing the wild type or
KKK—QQQ substitution mutations in either lysine cluster 3 or cluster 1. A Coomassie-stained gel indicating the amounts of different proteins that were added
to the reaction mixture is shown (inset). (D) EMSA was performed as described above for panel C, using increasing amounts of the KKK—QQQ mutation in
lysine cluster 3. Protein loading for each reaction is shown by Coomassie staining of a separate gel. (E) Surface plasmon resonance was performed by using
peptides containing the last 110 amino acids of Ume6p with either the wild-type (KKK), triple-arginine (RRR), or triple-glutamine (QQQ) substitutions at lysine
triplet 3. Proteins were serially diluted in 3-fold steps, starting at a 1 wM concentration. Following loading of each protein onto a conjugated chip, buffer was
introduced, and the dissociation of the complex was monitored. (F) Table showing dissociation rates (ky) and half-life (t,,,) calculations generated from data
obtained in Fig. 2E.

substrate for Gen5p. Using the same strategy as that described  SPOI3 mRNA derepression (15). Therefore, we next determined

above, we assayed SPO13 mRNA levels in an rpd3A mutant ex-
pressing either wild-type Ume6p or Ume6p™>® using RT-qPCR.
These studies revealed that full Ume6p repressor function re-
quires Rpd3p regardless of the enhanced binding ability of
Ume6p™® (Fig. 4C). This result agrees well with previous reports
that established this relationship (20, 22). Similarly, although
Ume6p™>? binding was reduced in gcn5A mutants, SPO13 dere-
pression still required this HAT (Fig. 4D). Taken together, these
results indicate that histone modification is epistatic to Ume6p
acetylation.

Glutamine substitution at lysine cluster 3 suppresses cluster
1-dependent Ume6p turnover. Previously, we found that lysine
cluster 1 acetylation enhanced Ume6p degradation, resulting in

636 mcb.asm.org

the functional relationship of mutating lysine clusters 1 and 3 in
tandem. First, we constructed yeast strains harboring all possible
combinations of lysine cluster 1 and 3 mutations (i.e., KIR K3R,
KI1R K3Q, K1Q K3Q, and K1Q K3R). These mutant yeast strains
were grown to mid-log phase in dextrose medium and then ana-
lyzed for their ability to repress three Ume6p targets, SPO13,
CARI, and INOI, using RT-qPCR. Interestingly, the introduction
of glutamine into lysine cluster 3 resulted in modest derepression
of SPO13 and CARI (P < 0.05) regardless of cluster 1 status (Fig.
5A, top ar and middle). This derepression was observed in the
UME6 “ strain only for INOI, and this trend did not reach
statistical significance (Fig. 5A, bottom). On the other hand, the
K3R mutations did not affect Ume6p repressor function regard-
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different (P < 0.05).

less of lysine cluster 1 status. These results were not due to changes
in steady-state protein levels as determined by Western blotting
(Fig. 5B), indicating that mimicking acetylation of lysine cluster 3
suppresses the protein turnover phenotype of cluster 1 (15). In
addition, our results suggest that not all promoter contexts re-
spond to cluster 3 acetylation equally.

Finally, to determine if the SPO13 derepression observed in
K1Q K3Q and K1R K3Q double mutants is due to a DNA binding
defect, ChIP was employed by using antibodies specific for Ume6p
and primers directed at the SPO13 promoter region. These exper-
iments show that Ume6p DNA binding is reduced in the presence
of the K3Q mutation regardless of lysine cluster 1 status (Fig. 5C).
These data indicate that acetylation-induced Ume6p turnover re-
quires the identity of lysine cluster 3 to be maintained (see Discus-
sion).

Next, we examined the relationship between lysine cluster 1
acetylation and cluster 3 mutagenesis by assaying Ume6p,
Ume6p™, and Ume6p™*? repressor functions in acetate cul-
tures. Our previous study revealed that Gen5p-dependent acety-
lation of lysine cluster 1 occurs only in medium containing a non-
fermentable carbon source (e.g., acetate), resulting in partial
degradation of Ume6p and an ~3-fold derepression of SPOI13
mRNA (15). Therefore, cells growing in acetate should phenocopy
the glutamine substitution mutation in lysine cluster 1. Compared
to wild-type cells, UME6*® acetate cultures displayed a modest
but statistically significant reduction in SPO13 mRNA levels (Fig.
5D), consistent with the strong URS1 occupancy observed for the
Ume6p™'Q ¥ mutant. Conversely, the presence of Ume6p™*Q
elevated SPO13 mRNA levels about 2-fold above those normally
observed in acetate medium alone. Taken together, these results
show that Ume6p DNA binding controls acetate-dependent
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SPO13 derepression, indicating that a complex relationship exists
between cluster 1 and cluster 3 acetylation marks.

Lysine cluster 3 integrity is required for normal meiotic gene
induction and nuclear divisions. Ume6p proteolysis is required
for EMG induction and meiotic progression (18). Failure to acet-
ylate lysine cluster 1 delays Ume6p destruction, resulting in de-
fects in both the timing and efficiency of meiotic nuclear divisions
(15). To determine whether lysine cluster 3 acetylation is required
for normal meiotic progression, samples were taken from cultures
expressing UMEG, UMEG6*®, or UME6*?? before and following
transfer into sporulation medium (SPM). Western blot analysis
revealed identical destruction kinetics for the wild type and
Ume6p™ < (Fig. 6A). However, Ume6p™*® displayed a more com-
plex degradation profile. The initial reduction in Ume6p*>* levels
following transfer to sporulation medium was delayed 3 h. When
meiotic destruction did occur, it was incomplete, as Ume6pK3R
was still detected throughout the time course. These findings sug-
gest that lysine cluster 3 modification is required for meiotic
Ume6p degradation.

The delay in Ume6p™®® destruction raised the question of
whether it was still bound to URS1°*©"? and able to recruit the
Rpd3p HDAC. ChIP analysis revealed that Ume6p was lost from
URS15PC"? at approximately 7.5 h (Fig. 6B). The loss of Ume6p
binding correlated with enhanced protein (i.e., histone) acetyla-
tion at the SPO13 locus. To repeat these experiments with the
Ume6p™R-expressing strain, an extended time course was con-
ducted to account for the delay in destruction of this mutant. ChIP
analysis indicated that Ume6p™*® remained associated with
URS1°P°"* until about 15 h following transfer to SPM. Again, the
retention of Ume6p °® corresponded well with the reduced acet-
ylation of proteins associated with the SPO13 promoter (Fig. 6C).
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FIG 5 Lysine cluster 3 acts upstream of lysine cluster 1 to repress URSI-
containing transcripts. (A) SPO13, CARI, and INOI mRNA levels were
monitored by RT-qPCR in mid-log-phase dextrose cultures expressing
Ume6p, Ume6p™'® *°8, Ume6p™'? 2, Ume6p™'® 39, or Ume6p™'? K,
Wild-type levels of each RNA target were set equal to 1, as indicated by the
dashed line. Mean values from three independent biological replicates are
presented (*standard errors of the means) relative to the values for the NUP85
internal control. (B and C) Steady-state protein levels (B) and URS1¥°"?
occupancy (C) for the Ume6p derivatives described above for panel A were
determined by Western blotting and ChIP, respectively. Ume6p*'? mutants
served as a control in panel B. (D) SPO13 mRNA levels were monitored by
RT-qPCR in mid-log-phase acetate cultures expressing Ume6p, Ume6p**%, or
Ume6p* 2. SPO13 mRNA levels in wild-type dextrose cultures were set equal
to 1. Mean values from three independent biological replicates are presented
(*standard errors of the means); asterisks indicate significant differences rel-
ative to the wild type (P < 0.05).

These results indicate that lysine cluster 3 acetylation is important
for efficient Ume6p removal from URS1%7°*?, In addition, the loss
of Ume6p or Ume6p™® binding correlated well with increased
overall protein acetylation at URS1°?°"?, These findings suggest
that Rpd3p removal from the EMG promoter coincides with loss
of Ume6p binding.

The presence of Ume6p™~" at the SPOI3 promoter coupled
with continued protein deacetylation suggested that EMG induc-
tion would also be delayed. RT-qPCR analysis revealed that in the
wild type, peak SPO13 mRNA accumulation occurred 9 h after
transfer into SPM (Fig. 6D). This time frame is consistent with the
loss of Ume6p binding and elevated levels of acetylation at
URS1%7°'? The Ume6p™®-expressing strain displayed a delay in
peak SPO13 mRNA accumulation that mirrored the retention of
Ume6p™® at URS15F° (Fig. 6D). These results indicate that the
delay in removing Ume6p™°*® resulted in a similar delay in EMG
induction. A more dramatic effect was observed for the expression
profile of SPS4, a member of the “middle” class of meiotic genes
(45, 46). RT-qPCR analysis indicated a >6-h delay in SPS4 peak
expression (Fig. 6E). The delay appeared even greater for the late-
expressing gene SPS100 (Fig. 6F). Notably, these delays were not

K3R
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due to a failure to enter meiosis, as both Ume6p- and Ume6p*>~-

expressing strains displayed similar induction kinetics of IMEI
(Fig. 6G). Imelp expression initiates meiosis, and its transcrip-
tional control is independent of Ume6p (13). Taken together,
these results indicate that the relatively small delay in removing
Ume6p™® from EMG promoters results in a similar retardation
in EMG induction. However, the transcriptional delay becomes
exaggerated as meiosis progresses.

Since the middle and late genes are important for executing the
meiotic nuclear divisions and spore morphogenesis, respectively,
we next assessed the impact of delayed Ume6p™® destruction on
meiotic progression. The percentages of the population undergo-
ing meiosis I and/or meiosis II were compared in Ume6p-,
Ume6p™<-, and Ume6p™*R-expressing strains. 4’,6-Diamidino-
2-phenylindole (DAPI) analysis revealed that the appearance of
bi- and tetranucleated cells was similar in wild-type and
Ume6p™*Q-expressing strains (Fig. 6H). However, strains ex-
pressing Ume6p™® demonstrated a statistically significant delay
in binucleated cell accumulation and overall sporulation effi-
ciency. Taken together, these data demonstrate that Ume6p acet-
ylation at lysine cluster 3 is required for normal execution of a
cellular differentiation pathway.

DISCUSSION

Histone acetylation is an established component of the gene in-
duction program. Here, we demonstrate a new mechanism by
which acetylation activates gene expression. Rather than opening
chromatin or enhancing the function of a transcriptional activa-
tor, we find that Gen5p-dependent acetylation stimulates early
meiotic gene (EMG) transcription by reducing the DNA binding
ability of the transcriptional repressor Ume6p. Both in vitro and in
vivo studies revealed that substituting glutamine for the lysines in
cluster 3 to mimic acetylation reduced Ume6p binding to its target
element, resulting in partial EMG derepression. Conversely, pre-
venting acetylation slowed removal of Ume6p from EMG pro-
moters following meiotic entry, resulting in delayed induction of
all meiotic gene expression classes. Importantly, a defect was ob-
served in both the timing and efficiency of the meiotic nuclear
divisions. These results indicate that Ume6p acetylation plays an
important role in establishing the timing of the transient tran-
scription cascade and, ultimately, meiotic progression.

Our data demonstrate a modest derepression of three target
genes when mutations are introduced into Ume6p to mimic its
acetylated state at lysine cluster 3 (K3Q). The finding that the
derepression of these genes is >20-fold greater in ume6A strains
suggests that the impact of Ume6p acetylation in vegetative cells
represents a minor component of the overall mitotic repression
system. Differences in gene expression of this magnitude are not
uncommon in mutants defective for histone modification in mi-
totic cells. For example, loss of NuA4 or Gen5p function results in
less than a 2-fold reduction in GALI-dependent transcription
(47). Similarly, sin3A or rpd3A mutants generally derepress target
genes only 2- to 4-fold (11, 12). Therefore, it may not be surprising
that the impact of Ume6p acetylation on EMG repression is not
dramatic. However, just like the chromatin-modifying proteins, a
more robust phenotype is observed during meiotic development
when Ume6p acetylation is prevented. We find that SPO13 ex-
pression reaches similar meiotic levels in both Ume6p- and
Ume6p™*R-expressing strains. However, peak expression is de-
layed 3 h when Ume6p acetylation is prevented, which expands to
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by Western blotting of samples taken before and following the shift to SPM (hours). Tub1p served as a loading control. (B and C) URS1%*°'? occupancy by either
Ume6p (B) or Ume6p™*® (C) was determined by ChIP. The presence of acetylated lysine proteins at the SPO13 promoter was determined by ChIP using
pan-anti-acetylated Lys antibodies. Mean values from three independent biological replicates are presented (*standard errors of the means) relative to the values
for the NUPS5 internal control. (D to G) Meiotic SPO13 (D), SPS4 (E), SPS100 (F), and IMEI (G) mRNA levels were determined by RT-qPCR in Ume6p- or
Ume6p™R-expressing cultures, as indicated. Mean values from three independent biological replicates are presented (=standard errors of the means) relative to
the values for the NUP85 internal control. Asterisks indicate statistical differences at a given time point using the Student ¢ test (P < 0.05). (H) The percentages
of Ume6p-, Ume6p -, or Ume6p™*Q-expressing cultures exhibiting bi- and tetranucleated cells were determined by DAPI analysis. Mean values from three
independent biological replicates are given (*standard errors of the means). Asterisks indicate statistically significant differences relative to the wild type (P <

0.05).

twice that value for middle genes and even longer for late-express-
ing loci. These findings indicate that Ume6p acetylation repre-
sents an additional cue designed to fine-tune the timing, but not
the absolute levels, of the meiotic gene transcriptional cascade.
Our observation that Ume6p DNA binding is enhanced in
yeast cells harboring RPD3 deletions while expressing Ume6p™**
was surprising. We have no explanation for this result at present.
One possibility is that enhancement in global chromatin due to
theloss of Rpd3p function (reviewed in references 3, 5, 48, and 49)
alters overall ChIP efficiencies independent of lysine 3 status. Al-
ternatively, lysine cluster 3 acetylation may induce a series of post-
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translational modifications in Ume6p that ultimately leads to
Ume6p release from DNA. For example, methylation of E2F-1
inhibits both acetylation and phosphorylation at nonproximal
sites contained within the full-length protein, which ultimately
leads to protein ubiquitylation and degradation (50). Similarly,
p53 methylation is induced during the DNA damage response and
is required for subsequent p53 acetylation, which acts to stimulate
P53 activity and transcriptional induction (51). Perhaps, substi-
tuting arginines for lysines in cluster 3 prevents not only acetyla-
tion but also the modification of Ume6p by other enzymes, which
may change Ume6p behavior.

mcb.asm.org 639


http://mcb.asm.org

Law et al.

B

Umelp

Lys cluster 3

deacetylation
3 Lys cluster 3
acetylation

Rpd3p

Umelp O
<

Lys cluster 1

acetylation

o

Ume6p degradation
Meiotic induction

Loss of Ume6p DNA binding
Metabolic response

FIG 7 Model for acetylation regulating Ume6p transcriptional repression. (A) The space-filling model of Ume6p interacting with URS1°*°" was modeled on
the Gal4p DNA binding domain-DNA crystal structure (33). The Zn,Cyss DNA binding domain and lysine cluster 3 (arrows) are indicated. The first lysine in
triplet 3 is highlighted in magenta. (White, carbon; blue, amines; red, oxygen; yellow, sulfur; blue, plus strand; green, minus strand; orange/red, phosphate
backbone.) (B) Proposed mechanism for lysine acetylation regulating Ume6p target gene transcription. In response to environmental signals, Ume6p is
acetylated at lysine cluster 3, reducing its DNA binding ability. In the absence of additional meiosis-inducing signals, this reaction is reversible via Rpd3p-
dependent deacetylation. Meiotic induction induces Ume6p acetylation at both the first and third lysine clusters, leading to a loss in DNA binding followed by

Cdc20,

its subsequent destruction. (Blue stars, acetylation; black partial circle, anaphase-promoting complex/cyclosome ; red shapes, degraded Ume6p.)

Approximately 50 proteins in budding yeast contain a Zn,Cys,
motif (reviewed in reference 52), and the structures of several of
these proteins have been solved (33, 53-55). In all examples, the
region occupied by lysine triplet 3 contains the homodimerization
domain that stabilizes the protein-DNA complex (56). However,
Ume6p is an exception in that it binds URS1 as a monomer (57).
Therefore, our results suggest that the additional DNA binding
affinity afforded by lysine cluster 3 functions in place of dimeriza-
tion to increase Ume6p binding affinity. Modeling of Ume6p on
the crystal structure of Gal4p bound to DNA revealed a close jux-
taposition of the third lysine cluster to the DNA phosphate back-
bone (Fig. 7A, arrows). Therefore, lysine cluster 3 may mediate an
electrostatic interaction with the DNA phosphate backbone, con-
tributing to protein-DNA complex stability. In support of this
possibility, DNase I footprinting revealed that Ume6p protected
this region flanking the URS1 core sequences (57). These results
suggest that the additional interaction of lysine cluster 3 with DNA
is an adaptive response to the loss of a dimerization domain.

Previous studies found many roles for nonhistone acetylation
in controlling transcription. Similar to Ume6p, the acetylation of
the FOXO transcription factor reduces its DNA binding ability
(58, 59). Although structural studies were unable to model the
acetylated lysines of FOXO proposed to interact with DNA (60),
the DNA binding loss when these residues were modified to glu-
tamine is similar to what we observed for Ume6p. However, one
significant difference between Ume6p and FOXO acetylation is
the result. While acetylation of FOXO reduced gene transcription,
Ume6p acetylation had the opposite effect on target genes. There-
fore, the readout for acetyltransferase activity can change depend-
ing on the function of the substrate. Another example is Gen5p-
dependent acetylation of the chromatin remodeling proteins Rsc4
and Snf2 (14, 61). In these examples, the DNA binding ability of
these factors was not affected. Rather, the acetylation marks ap-
pear to be autoregulatory, affecting the association of these com-
plexes with chromatin. In the case of Ume6p, lysine cluster 3 acet-
ylation clearly functions to reduce its DNA binding ability.
Therefore, similar to phosphorylation, acetylation marks can have
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a positive or negative impact on gene function depending on the
specific nature of the process being regulated.

Previously, we described additional Ume6p acetylation sites
that lie just upstream of the DNA binding region (15). Acetylation
of these lysines (lysine cluster 1) accelerates Ume6p destruction as
cells enter meiosis. Does lysine cluster 3 acetylation enhance lysine
cluster 1 acetylation and destruction, or are these two marks in-
dependent? During meiosis, Ume6p degradation is accelerated in
UME6X!? cultures (15) but is not affected in UME6%>? cultures
(Fig. 6B), suggesting that lysine cluster 3 acetylation does not ac-
celerate modification of lysine cluster 1. Furthermore, the meiotic
stabilization of Ume6p in cultures containing UME6*"" shows
that without acetylation of cluster 3, one may not induce acetyla-
tion-dependent Ume6p degradation. Why would the cell want
Ume6p downregulation via two independent mechanisms?
Ume6p regulates several gene classes, including those involved in
arginine metabolism, phospholipid biosynthesis, and meiosis (19,
43, 62-64). To regulate these genes, Ume6p must respond to dif-
ferent internal and external cues. Ume6p acetylation by SAGA at
lysine triplet 3 would result in promoter dissociation and subse-
quent transcriptional activation (Fig. 7B). Since this acetylation is
reversible via Rpd3p-mediated deacetylation (15), Ume6p could
return to the promoter in its full repressive state. However, as cells
enter meiosis, complete Ume6p destruction occurs. Therefore, com-
bining these two acetylation marks may direct the cell toward a com-
mitment point for EMG induction and meiotic S phase. Taken to-
gether, the combination of chromatin and transcription factor
acetylation provides a multitiered regulatory platform to allow flexi-
bility prior to meiotic commitment and complete implementation of
the program once the decision to proceed has been made.
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