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ABSTRACT

Silencing at the cryptic mating-type loci HML and HMR of Saccharomyces cerevisiae requires regulatory
sites called silencers. Mutations in the Rapl and Abf1 binding sites of the HMRE silencer (HMRa-e**)
cause the silencer to be nonfunctional, and hence, cause derepression of HMR. Here, we have isolated
and characterized mutations in SAS2 as second-site suppressors of the silencing defect of HMRa-e**.
Silencing conferred by the removal of SAS2 (sas2A ) depended upon the integrity of the ARS consensus
sequence of the HMRE silencer, thus arguing for an involvement of the origin recognition complex
(ORC). Restoration of silencing by sas2A required ORC2and ORC5, but not SIRI or RAPI. Furthermore,
sas2A\ suppressed the-temperature sensitivity, but not the silencing defect of or¢2-1 and orc5-1. Moreover,
sas2AA had opposing effects on silencing of HML and HMR. The putative Sas2 protein bears similarities
to known protein acetyltransferases. Several models for the role of Sas2 in silencing are discussed.

UKARYOTIC genomes are organized into function-

ally distinct domains of gene expression. The heri-
table inactivation, or silencing, of particular regions of
the genome is a widespread phenomenon. Silencing
and related processes play a fundamental role in the
control of segment determination and differentiation
in Drosophila (MULLER 1995) and in X-chromosome
inactivation, which is essential in female mammals to
compensate for the higher dosage of the X chromo-
some (RASTAN 1994). Silenced genomic regions are also
found at centromeres (LE e al. 1995) and telomeres of
many organisms (BLACKBURN 1994). In the yeast Sac-
charomyces cerevisiae, HML and HMR, which are used as
donors of MAT alleles during mating-type interconver-
sion, are silenced throughout the cell cycle, although
they contain promoters of identical sequence to those
at the expressed MAT locus (Loo and RINE 1995). Also,
genes that are moved close to the telomeres become
subject to a type of silencing that shares many similari-
ties with that at HML and HMR (ApPARICIO and
GOTTSCHLING 1994). .
Silencing at HML and HMR s controlled by sequence
elements known as silencers that flank both loci. The
silencers contain a combination of binding sites for the
transcription factors Rapl and Abfl (BRAND ef al. 1987,
KiMMERLY et al. 1988) as well as an ARS consensus se-
quence, which is the binding site of the origin recogni-
tion complex (ORC) (BELL et al. 1993). Natural silenc-
ers appear to be functionally redundant in that a
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mutation in any one binding site alone has little effect
on repression. The proteins Orc2 (Foss et al. 1993;
MICKLEM et al. 1993), Orch (LoO et al. 1995a), Rapl
(SUSSEL et al. 1993) and Abfl (Loo et al. 1995b) func-
tion in silencing by binding directly to the silencer. The
role of the Sir proteins in silencing remains unclear,
but they are good candidates for being structural com-
ponents of silenced chromatin.

A link has been found between the transcriptional
state of genes and the modification of the nucleopro-
teins in which their DNA is packaged (JEPPESEN and
TURNER 1993). The charged amino-terminal tails of his-
tones H3 and H4 are subject to e-N-acetylation at up to
four different lysine residues. Generally, the nucleo-
somes in inactive chromatin appear to be hypoace-
tylated. In most cases, it has been difficult to establish
whether hypoacetylation is a cause or effect of inactive
chromatin, but in the case of silencing in §. cerevisiae,
there is growing evidence that changes in acetylation
cause changes in gene expression. For instance, muta-
tions in histones H3 (THOMPSON et al. 1994) and H4
(MEGEE et al. 1990; PARK and SzOSTAK 1990; JOHNSON
et al. 1992) that alter the acetylation of lysine residues
in the amino-terminal domain cause silencing defects
at HML, HMR, and at telomeres. Also, silencing of HMR
is associated with hypoacetylation (BRAUNSTEIN et al.
1993). Furthermore, the deletion of NATI and ARDI,
which encode subunits of a N-terminal acetyltransfer-
ase, causes silencing defects in yeast (MULLEN et al.
1989). Although N-terminal acetylation is a modifica-
tion distinct from the acetylation of lysine residues, this
discovery establishes the importance of at least one type
of protein acetylation in silencing. Moreover, the yeast
transcriptional regulator Rpd3 is homologous to the
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catalytic subunit of a human histone deacetylase, im-
plying that the dynamic acetylation of chromatin com-
ponents may regulate gene expression (TAUNTON et al.
1996). This report identifies a potential yeast acetyl-
transferase, Sas?2, by the ability of mutations in SAS2 to
suppress silencing defects at /MR and explores the role
of Sas2 in silencing and in the function of ORC, the
replication initiator.

MATERIALS AND METHODS

The genotype of the yeast strains and the plasmids used in
this study are presented in Tables 1 and 2. Standard yeast
media, genetic and recombinant DNA methods were used as
described (SHERMAN 1991). Yeast transformations were per-
formed according to KLEBE et al. (1983).

Construction of sas2-A1::TRPI: The SAS2 deletion allele
was obtained by inserting a 839-bp Bglll-Stul fragment of TRPI
into pJR1872 (BglI-Stul) to create pJR1642. A Xhol-BamHI
fragment of pJR1642 was used to transform a wild-type diploid
strain to tryptophan prototrophy, and the correct integration
of sas2-A1::TRPI was confirmed by DNA blot hybridization
(SAMBROOK et al. 1989).

Strain constructions: Strains containing a mutant HMR al-
lele and sas2A were obtained by crossing a MATu strain con-
taining the respective silencer allele to a MATa hmr::URA3
sas2-A1::TRPI strain (JRY5076). Even with poorly mating
parent strains, selection was strong enough to produce dip-
loids. To ensure that no silencer mutations had been selected
for in the diploids, the mating ability of wild-type MAT« se-
gregants from the cross was analyzed. Subsequently, segreg-
ants were chosen that were Trp* and Ura™. One representa-
tive was selected for quantitative mating analysis.

Quantitative mating assays: Cells were grown into logarith-
mic growth phase in rich medium (YPD), and serial dilutions
were mixed with 2.5 X 107 cells of the MATa mating-type
tester strain (JRY2726). The suspensions were plated onto
selective medium (YM) and grown at 30 or 23°, as appropriate.
Dilutions were also plated onto rich medium to determine
the number of viable cells. Mating efficiencies were calculated
as the number of diploids formed per viable cell. All mating
efficiencies presented are the average of two independent
determinations and are normalized to the wild-type strain
JRY3009.

Construction of a W303-isogenic MATae HMRa-e** strain:
The HMRa-e** Sacll-EcoRI fragment from pJR891 was inserted
into a Sacdl-EcoRI linearized integrating URA3 vector
(pRS306) to produce pJR1749. Subsequently, pJR1749 was
linearized within HMR with Mlul and used to transform a
MATa sir4A 2 LEU2 strain ( JRY4582) to uracil-prototrophy.
Integration of pJR1749 at HMR was verified by DNA blot
hybridization. The resulting strain was streaked onto 5-fluoro-
orotic acid-containing medium to select for Ura™ recombi-
nants, and candidates were subjected to DNA blot hybridiza-
tion to determine whether they had retained the HMRa-e**
allele. A representative candidate was transformed with a
URA3-SIR4 plasmid (pJR368) to complement the mating de-
fect, and mated to a MATa hmr::URA3 strain (JRY5078),
which allowed for following the segregation of the HMRa-e**
allete in the cross. Diploids were selected by their phenotype
and sporulated, and tetrads were analyzed. A MATa HMRa-
e** strain (JRY5273) was identified on the basis of its auxotro-
phies and its weak a-mating phenotype.

Construction of the plasmid-borne HMRa-e** allele: The
HMRa-e** allele (from JRY2635) was cloned onto a plasmid
by gap repair. For this aim, plasmid pRO3-1, which is a deriva-

tive of pRS316 that contains a 10-kB genomic HMR fragment,
was cut with Miul and Pac, which resulted in a plasmid with
a 3-kb gap at HMR. The linearized plasmid was used to trans-
form JRY2635 to uracil prototrophy. Ura™ transformants
could arise only if the plasmid was circularized, either by a
recombination event between the plasmid ends or by repair
of the plasmid by the homologous sequence from the chromo-
some. The plasmids containing HMRa-e** were introduced
into a mataAp HMRa strain ( JRY4077), to which they con-
ferred the a-mating phenotype, thus confirming that o genes
were expressed from the derepressed HMR locus.

RESULTS

A screen for suppressors of silencing defects: Screens
for genes involved in silencing have primarily concen-
trated on identifying proteins and sites that are required
for silencing. In the predecessor to this study, suppressor
analysis was used to learn more about proteins that par-
ticipate in silencing by the ability of mutations in the
genes encoding these proteins to restore silencing
(AXELROD and RINE 1991). This screen made use of an
allele of the HMRE silencer (designated HMRa-e**),
which contains point mutations in two of the three si-
lencer domains: a point mutation in the Rapl site and
a single base-pair insertion in the Abfl binding site (Kim-
MERLY et al. 1988). The ARS consensus sequence, which is
the binding site for the ORC (BELL et al. 1993), remained
intact. Due to the two point mutations in the silencer,
al information is expressed at HMRa-e**, resulting in a
nonmating phenotype in a MATux strain. A strain con-
taining the HMRa-¢** allele was used to search for muta-
tions that suppressed its silencing defect. These mutants,
which were termed sas (for something about silencing),
have been placed into five complementation groups (D.
H. Rivier and J. RINE, unpublished results). sasi-1, the
only temperature-sensitive mutant from this screen, has
been described elsewhere (AXELROD and RINE 1991) and
is an allele of CDC7, which encodes a protein kinase
acting at the G,/S-phase transition (PATTERSON et al.
1986). Other SAS genes have been isolated based upon
homology to SASZ2 (REIFSNYDER el al. 1996). Here, we
report the characterization of a second gene, SASZ,
which suppressed the HMRa-e** allele.

Identification of SAS2: SAS2 was isolated as a low-
copy suppressor of the mating ability of a MATwa
HMRa-e** strain containing an uncharacterized sas mu-
tation (JRY5356). A plasmid was isolated from a CEN
LEU2 yeast genomic library (SPENCER ef al. 1990) that
was capable of complementing the sas mutation. Sub-
cloning various fragments of the yeast insert from this
plasmid into the LEU2 CENvector pRS315 revealed that
a 3-kb HindIIl fragment (pJR1382) was sufficient for
complementation. The DNA sequence of this insert
(GenBank accession No. U14548) contained one com-
plete open reading frame (ORF, nucleotides 1435-
2448; Figure 1) and a second, incomplete ORF on the
opposite strand (1-868). A subclone of the 3-kb HindlIIl
fragment containing the large ORF (nucleotides 1375-
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TABLE 1

Yeast strains used in this study

Strain® Genotype Reference”
JRY2334 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-100 (=W303-1A) THOMAS and ROTHSTEIN (1989)
JRY3009 MATo ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-100 (=W303-1B)
JRY2635 matal HMRo-e** ade2 leu2-3,113 ura3 AXELROD and RINE (1991)
JRY3937 JRY3009 HMR-SS rap™ +1
JRY4014 JRY2334 X JRY4473
JRY4077 JRY3009 maalp
JRY4473 JRY3009 HMR-SS AI
JRY4475 JRY3009 HMR-SS AT orc2-1
JRY4476 JRY3009 HMR-SS Alorc5-1
JRY4527 JRY3009 HMR-SS ars” +1
JRY4531 JRY3009 HMR-SS (Gal4,-RAP-ABF) Al
JRY4581 JRY2334 sirdA::LEU2 ADE2 lys2/A
JRY4582 JRY3009 sir4A::LEU2 ADE2 lys2A
JRY4621 JRY3009 sirlA::LEU2 ADE2 lys2A
JRY4889 JRY3009 HMR-SS abfl” Al
JRY5068 JRY2334 sas2-A1::TRPI
JRY5070 JRY3009 HMR-SS Al sas2-A1::TRPI
JRY5071 JRY3009 sas2-A1::TRPI
JRY5076 JRY2334 hmr::URA3 ADE2 lys2AA
JRY5078 JRY2334 hmr::URA3
JRY5110 JRY3009 HMR-SS abfl” Al sas2-A1::TRPI
JRY5273 JRY3009 HMRa-e**

JRY5274 JRY3009 HMRa-e** sas2-A1::TRPI

JRY5275 JRY2334 sirlA::LEU2 sas2-A1::TRPI

JRY5276 JRY3009 sirlA::LEU2

JRY5277 JRY3009 sirlA::LEU2 sas2-A1::TRP1

JRY5278 JRY3009 HMR-SS (ACS-Gal4,-ABF)' AI

JRY5279 JRY3009 HMR-SS (ACS-Gal4y-ABF)* AI sas2-A1::TRP1
JRY5280 JRY3009 HMR-SS rap™ +1 sas2-A1::TRPI
JRY5281 JRY3009 HMRa-e** rapl-12::LEU2

JRY5282 JRY3009 HMRa-e** rapl-12::LEU2 sas2-A1::TRPI
JRY5283 JRY3009 HMR-SS (Gal4,-RAP-ABF)" Al sas2-A1::TRP1
JRY5284 JRY3009 HMR-SS ars™ +1 sas2-A1::TRPI
JRY5285 JRY3009 HMRa-e** sirl A::LEU2

JRY5286 JRY3009 HMRa-¢** sirl::LEU2 sas2-A1::TRPI
JRY5289 JRY3009 HMR-SS Al sirlA::LEU2

JRY5290 JRY3009 HMR-SS AT sirlA::LEU2 sas2-A1::TRPI
JRY5291 JRY3009 HMRa-e** orc2-1

JRY5292 JRY3009 HMRa-e** orc2-1 sas2-A1::TRPI
JRY5293 JRY3009 HMRa-e** orc5-1

JRY5294 JRY3009 HMRa-e** orc5-1 sas2-A1::TRPI
JRY5295 JRY3009 HMR-SS Al orc2-1 sas2-A1::TRPI
JRY5296 JRY3009 HMR-SS Al orc5-1 sas2-A1::TRPI
JRY5356 MATa HMRa-e** sas ade2-1 his lys2 tyr]l ura3-52

“All strains were HMLo HMRa unless indicated otherwise and, except for JRY2635 and JRY5356, were derivatives of W303.
" All strains were from the laboratory collection or constructed during the course of this work.

“The ARS consensus sequence of the synthetic HMRE silencer was replaced by a Gal4 binding site.

“The Rapl binding site of the synthetic HMRE silencer was replaced by a Gal4 binding site.

3033) complemented the sas mutation, whereas a sub-
clone containing the partial ORF (nucleotides 1-1754)
did not. Comparison of this sequence to the yeast ge-
nome database showed that it was located on the right
arm of chromosome XIII.

An allelism test with the disruption allele of the com-
plementing ORF (sas2A, see below) and the uncharac-
terized sas mutation revealed that the cloned gene was
not allelic to the sas mutation (data not shown). Hence,

SAS2 constituted a low-copy suppressor of the mutation.
Findings described below led us to name the cloned
gene SAS2 and to study its role in silencing.
Disruption of SAS2 suppressed silencing defects: We
constructed a strain in which the majority of the SAS2
open reading frame was replaced by TRPI and tested
whether this deletion (sas2A) displayed a silencing
phenotype. A sas2-A1::TRPI allele was integrated into
a wild-type diploid strain, the resulting diploid was spor-
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TABLE 2

Plasmids used in this study

Plasmid Description Reference

pRS306  ARSH4/URA3 SIKORSKI and HIETER
(1989)

pRS315 CEN6/ARSHA4/ LLEU2 SIKORSKI and HIETER
(1989)

pRS316  CEN6/ARSH4/URA3 SIKORSKI and HIETER
(1989)

pRS404 ARSHA4/ TRP1 SIKORSKI and HIETER
(1989)

YCp50 CEN4/ ARSI/ URA3 ROSE et al. (1987)

pJR157 YCp50; MATa

pJR368 YCp50;SIR4

pJR882 pRS316; HMRc

pJR8YI pRS316; HMRa-¢

pJRI382  pRS315:SA52

pJR1642  pRS315;sas2-A1:: TRPI

pJR1749  pRS306;HMRa-¢

pJR1792  pRS316; HMRa-e**

pRO3-1 pRS316:HMRa R. KAMAKAKA,

unpublished results

ulated, and tetrads were dissected and grown for 3 days
at 30°. Of the 32 tetrads dissected, 30 produced four
viable spores, demonstrating that SAS2was not an essen-
tial gene. The sas2A strains displayed no detectable
conditional phenotype, including temperature sensitiv-
ity, cold sensitivity, sensitivity to hydroxyurea or caf-
feine, or growth defects on acetate-containing medium.
Also, a sas2A strain had no growth advantage nor disad-
vantage over a wild-type strain in a short-term cocultiva-
tion experiment (data not shown).

To determine whether the deletion of SAS2 restored
the a-mating ability of a MATa HMRa-e**, a MATa sas2-
A1::TRPI strain in which HMR was replaced by URA3
(hmr::URA3, JRY5076) was crossed to an isogenic
MATa HMRa-¢** strain ( JRY5273). Several MATa sas2-
A1::TRPI segregants that were Ura™ and therefore, by
inference, contained HMRa-¢**, were analyzed for their
mating phenotype. All such segregants were mating-
proficient (Figure 2), whereas the MATa SAS2 Ura
segregants were mating deficient. In a quantitative mat-

1 MARSLSQSLT ATTQKLKGKK NGGKGKNKPS AKIKKTQKEM
41 LYGILNERNI RQIQFGLNKK FSTWYGSAVY FDPETKRLGC
81 SETKGQLSSV SNSQYWLDTL FVCEYCFKYT DDQTRFVGHV
121 ASCPFQYRVP GKIKYKSPEY TIRRVKGSKY QLFCQCLCLF
161 TKLYLDNKSM YFKVDHYEFY IVYETGSTKP MGFFSKDLVS
201 YQONNLACIL IFPPYQRRGL GLLLIEFSYK LSQLEGVISG
241 PEVPLSPFGL IGYLKYWSQI LCWHLIEGDL AHYDKVTLED
281 LSIVTGMRVN DVILTLKHLN CIGENNQIYL QSLNSWLKLH
321 GTKRNWFKLK DEYLLIDD

FIGURE 1.—The deduced amino acid sequence of SAS2.

Single-letter abbreviations for the amino acid residues are: A,
Ala; C, Cys; D, Asp: E, Glu; F, Phe; G, Gly; H, His; I, Ile; K,
Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T,
Thr; V, Val: W, Trp: and Y, Tyr.

MATo MAT«o.
HMRa-e** HMRa-e**
SAS2 sas2-Al::TRP1

MATo
HMRa
SAS2

MATa lawn

FIGURE 2.—Deletion of SAS2 suppressed the silencing de-
fect of HMRa-¢**. The strains JRY3009, JRY5273 and JRY5274
(from left to right) were patched on complete medium, grown
for 12 hours at 30° and replica plated onto complete medium
and onto minimal medium spread with a lawn of MA7Ta mat-
ing tester. The plates were incubated at 30° for 2 days.

ing assay, the MATa HMRa-e** strain mated with an
efficiency of 4.3 X 107 relative to an isogenic MATa
strain. In contrast, the MATa HMRa-¢** sas2A strain
mated with an efficiency of 3.9 X 10*, approximately
a 1000-fold increase over the isogenic SAS2strain (com-
pare Figure 6A, lane 3). This showed that the deletion
of SAS2 restored mating in a MATa HMRa-¢** strain.
Since sas2A shared this phenotype with the other sas
¥ suppres-

mutations, it constituted a class of HMRa-e
sors of its own.

Silencing by sas2A was SIR-dependent: In theory,
sas2A could be restoring the a-mating ability of the
MATa HMRa-¢** strain by mechanisms other than re-
storing repression at /MR, such as interfering with

splicing of the al transcript from HMR or destabiliza-
tion of al message. As a simple test of whether the
restoration of mating was caused by a restoration of
silencing or by other indirect means, we tested whether
the presumptive silencing that was brought about by
sas2A at HMRa-e** was SIR-dependent. For this pur-
pose, we determined the mating phenotype of MATa
HMRa-¢** sas2A sir4A strains. A MATa HMRa-¢** sas2-
AT:TRPI strain (JRY5274) was crossed to a MATa
HMRa sirdA :: LEU2 strain (JRY4581) carrying the SIR+-
containing plasmid pJR368. The plasmid, pJR368,
which was present to allow mating, was lost by counter-
selection in the diploid before sporulation. All 37 sas2A

sirdA segregants from 37 complete tetrads were non-
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MATo.  HMRo-e**

plasmid: -

MATa SAS2

MATa sas2A

MATo. lawn

FIGURE 3.—Deletion of SAS2 was capable of suppressing
the a genes at HMRa-¢**. The a mating ability of JRY2334
(top) and JRY5068 (bottom) transformed with pRS316 (—),
pJRIS7 (MATw), pJR1792 (HMRa-¢*%) or pJR882 (HMR«)

is shown.

maters, indicating that the sas2A phenotype was indeed
dependent on S/R4. Based upon Mendelian inheritance
and 40% recombination between MAT and HMR, 11
of the 37 sas2A sir4A strains were expected to be MATa
HMRa-¢**. Also, sirtA :: LEU2 cosegregated with MATa
in 10 tetrads analyzed from this cross, thus allowing 10

haploids to be positively identified as MATa sirdA
sas2A. DNA blot hybridization showed that six of these
= allele, all of which were non-
maters. This indicated that the mating ability of a MA T«
HMRa- sas2A was lost by the deletion the SIR4 gene.
Thus, sas2A established bona fide SIR-dependent si-
lencing at the mutant HMR allele.

sas2A suppressed silencing defects at HMR in a gene-
independent manner: A hallmark of silencing is the

ability to block the expression of a variety of different
genes when inserted at or near HML and HMR. As an
independent test of whether sas2A restored silencing,
we asked whether sas2A could suppress genes other
than the a mating-type genes when placed near the
was created in which the a genes were replaced by the
«a mating-type genes (HMRa-¢*¥). The al and a2 genes
of HMRa do not require splicing of their mRNAs and
the promoters of these genes bind a different transcrip-

tion factor than that bound by the al promoter. If

HMRa-¢**
type background, then the mating ability of a MA7Ta
sas2A strain carrying an HMRa-¢** allele would be bet-
ter than that of a MATa SAS2 strain carrying the same
allele. To test this hypothesis, a plasmid containing
HMRa-¢*%  (pJR1792) and, as controls, a MAT«a
(pJR157) and a HMRa plasmid (pJR882), were each
introduced into a MA7Ta and a MATa sas2A strain
(JRY2334 and JRYHO68, respectively), and the mating
ability of the transformants was assayed (Figure 3). As

were silenced in the sas2A, but not the wild-

expected, both strains became non-maters when car-

rying the MATa plasmid due to the co-expression of

MATa
sirl A

MATa
sas2A

MATa
sirl A sas2A

MATo. lawn

FIGURE 4.— HMLa was derepressed in sirl A sas2A strains.
The amating ability of JRY4621 (top left), JRY5068 (top right)
and two isolates of JRY5275 is shown.

the a and « genes, demonstrating that sas2A was unable
to silence MAT. Furthermore, the strains retained their
a-mating ability when transformed with the HMRa car-
rying plasmid, suggesting that a wild-type HMRa was
silenced in the wild-type as well as in the sas2A strain.

However, when transformed with the HMRa-¢** plas-
mid, the two strains displayed different mating abilities.
The sas2A strain mated better than the SAS2 strain,

were more

indicating that the a genes of HMRa-c
repressed in the sas2A strain. This effect was less pro-
nounced than the difference observed between SAS2
and sas2A in the MATa HMRa-¢** strain (Figure 2),
presumably because the mating assays in Figure 3 were
performed with strains pregrown on selective minimal
medium in order to maintain the plasmids carrying the
HMR alleles. Nonetheless, this result demonstrated that
sas2A was capable of silencing the a genes at HMRa-

e** but not when the same genes were at MAT. Com-
bined with the preceding result, these data established
that the repression of genes at HMR by sas2 mutations
reflected bona fide silencing.

sas2A caused a silencing defect at HML: During the
course of genetic experiments with sas2A (see below),
we observed that the phenotype of sas2A was dramati-
cally different at HML and HMR. Specifically, sas2A
caused silencing defects at HMLa. In a cross of a sas2A
strain (JRY5068) to a sirlA strain (JRY4621), all nine
MATa sirl A sas2A haploids of the 32 complete tetrads
investigated were unable to mate efficiently, although
either mutation alone had little effect on silencing (Fig-
ure 4), suggesting that HMLa was derepressed in these
strains. In contrast, /MR was not derepressed in these
strains since none of the 18 MATa sirl A sas2A haploids
from this cross had a mating deficiency. In a quantita-
tive mating assay, a MATa sirlA strain (JRY5276)
mated with an efficiency of 0.09 as compared with 1 of a
wild-type MATa strain (JRY3009). A MATw sas2A strain
(JRY5071) mated with an efficiency of 1.83, whereas
a MATa sirl A sas2A strain ( JRY5277) mated with an
efficiency of 0.37 (compare Figure 6A, lanes 1 and 2).
These results indicated that sas2A enhanced the silenc-
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ing defects of sirlA at HML, but not HMR. Similar
observations have also been made by L. PILLUS and
colleagues (REIFSNYDER et al. 1996).

The sas2A phenotype depended upon the ACS of
the silencer: The HMRa-e** allele, at which sas2A was
able to restore repression, is a version of the natural
silencer that contains mutated Rapl and Abfl binding
sites (KIMMERLY ef al. 1988). Therefore, the ability of
sas2A to restore silencing did not depend upon the
Rapl or Abfl binding sites of the silencer. If the effect
of sas2A was mediated by the mutant silencer, sas2A
should require the remaining intact element, the ACS,
to restore silencing. However, there are other possible
explanations, such as the HMRI silencer may become
a stronger silencer in a sas2A mutant. If this were the
case, then sas2A would not require any particular si-
lencer element to restore repression, but would restore
repression at any mutant silencer. To test this hypothe-
sis, we tested the ability of sas2A to restore repression
at mutant versions of the synthetic HMRE silencer. In
contrast to the natural silencer, the synthetic silencer
is a minimal silencer in which much of the functional
redundancy of the natural HMR-E silencer is missing
(McNALLY and RINE 1991). In strains lacking the HMR-
I'silencer, each element of the synthetic silencer is indis-
pensable for complete silencing and therefore allowed
a more precise determination of which, if any, silencer
clement was required for sas2A to restore silencing.

A MATua strain carrying the synthetic silencer mated
with an efficiency six- to sevenfold lower than that of a
wild-type strain. Deletion of SAS2in this strain restored
the mating efficiency of this strain to approximately
wild-type levels (Figure 5, lane 1), indicating that wild-
type SAS2 limited silencing even in the absence of a
mutation in the silencer. We first investigated the effect
of sas2A on silencing mediated by a HMRE silencer
lacking the Abfl binding site in a strain lacking the
HMRT silencer (HMR-SS abfI” Al). The ABF1 site
made a minor contribution to silencing at the synthetic
silencer, since introduction of the Abfl mutation re-
duced the mating frequency of a MATwo strain only by
about fourfold. However, sas2A restored the mating
ability of this strain by ~14-fold (Figure 5, lane 2) and
thus fully compensated for the loss of the Abfl site.
Therefore, sas2A was capable of restoring repression
in the absence of the Abfl binding site, as expected,
because the HMRa-e** allele also lacks this site.

We next investigated the requirement of sas2A for an
intact Rapl binding site. Removal of the Rapl binding
site (HMR-SS rap~ AI) reduced the mating efficiency of
the strain by four to five orders of magnitude. However,
sas2AA restored the mating ability by ~100-fold (Figure 5,
lane 3). Thus, sas2A was capable of partially restoring
repression in the absence of the Rapl binding site, which
was also expected because HMRa-e** lacks a Rapl binding
site. However, this degree of restoration of repression by
sas2A in cells with the Rapl site mutation in the synthetic
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FIGURE b.—Effect of the deletion of SAS2 on repression at
the synthetic HMRE silencer and at mutant silencer versions.
The logarithmic values of the mating efficiencies of MATa
strains carrying the indicated HMR alleles are given. Each
value is the average of at least two independent determina-
tions. Empty bars show SAS2 strains, striped bars show sas2A
strains. The strains used were JRY4473 and JRY5070 (lanel),
JRY4889 and JRY5110 (lane 2), JRY5278 and JRYJRY5279 (lane
3),JRY3937 and JRY5280 (lane 4), JRY4531 and JRY5283 (lane
5) and JRY4527 and JRY5284 (lane 6).

silencer was ~10-fold lower than the 1000-fold effect ob-
served in cells with HMRa-e**. One explanation for the
difference in the extent of repression at HMRa-e** rela-
tive to HMR-SS rap~ Al was the presence or absence of
the HMRI silencer. However, sas2A restored repression
in a strain with both HMR-SS rap™ and HMRI to approxi-
mately the same extent as in a strain lacking HMRI
(Figure 5, lanes 3 and 4). Therefore, HMRI did not sig-
nificantly influence the effect of sas2A on silencing at
HMRa-¢**,

Another explanation for the difference in the degree
of repression at HMRa-e** and HMR-SS rap~ +1 could be
that the Rapl protein still contributed to silencing at
HMRa-e**, but not at HMR-SS rap™ +1, even though its
binding site was absent, perhaps by binding to other pro-
teins bound at the silencer. To test this hypothesis, we
determined the contribution of the Rapl protein to si-
lencing at HMRa-e**. The silencing-specific rap-12 muta-
tion (SUSSEL et al. 1993) was introduced into HMRa-¢**
strains that were SAS2 or sas2/A, and their mating ability
was assayed. The rapl-12 mutation in a MATa HMRa-e**
strain caused a decrease in mating ability by 16-fold. sas2A
restored the mating ability of this strain by ~600-foid
(Figure 6A, lane 4). Thus, the Rapl protein still contrib-
uted to silencing at HMRa-¢**, even though the Rapl
binding site was mutated. However, the ability of sas2A
to restore silencing was still higher at HMRa-e**, even in
the absence of Rapl, than at the synthetic silencer with
the Rapl site mutation. Thus, sas2A restored silencing in
the absence of either a functional Rapl or Abfl binding
site.
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FIGURE 6.— (A) Sirl and Rapl are not required for repression by sas2A. (B) Orc2 and Orcb are required for repression
by sas2A. The data are presented as in Figure 5. The strains used were JRY3009 and JRY5071 (lane 1), JRY5276 and JRY5277
(lane 2), JRY5275 and JRY5274 (lane 3), JRY5281 and JRY5282 (lane 4), JRY5285 and JRY5286 (lane 5), JRY5289 and JRY5290
(lane 6), JRY5291 and JRY5292 (lane 7), JRY5293 and JRY5294 (lane 8), JRY4475 and JRY5295 (lane 9), JRY4476 and JRY5296

(lane 10).

We next determined whether sas2A could restore
silencing in the absence of a functional ACS, which is
the only known functional domain of the HMRE si-
lencer remaining in HMRa-e**. Removal of the ACS in
the synthetic silencer (HMR-SS ars= AI) reduced the
mating efficiency of a MATa strain by ~8000-fold. Inter-
estingly, introduction of sas2A did not rescue the mat-
ing deficiency of this strain in either the presence or
absence of HMRI (Figure 5, lanes 5 and 6). Moreover,
the silencing defect of an ACS mutation in the presence
of HMR is less severe than the silencing defect of the
strain with the Rapl site mutation. Thus, the inability
of sas2A to restore silencing in the ACS mutant strain
cannot be explained by an insensitivity of the assay.

In summary, these findings suggested that sas2A re-
quired the ACS, but not the Rapl and Abfl binding
sites of the HMRE silencer, to restore repression at
HMR. Furthermore, these data suggested that the func-
tion of wild-type SAS2 was inhibitory to the role of the
ACS in silencing. Because the ACS is the binding site
for ORC, we inferred that SAS2 might inhibit the role
of ORC in silencing.

sas2A required ORC2 and ORCS5 for suppression: Be-
cause ORC, the yeast DNA replication initiator, is the

protein that binds the ACS, the ACS dependence of
sas2A-mediated silencing was likely to reflect a depen-
dence on ORC. We tested this prediction by determin-
ing whether sas2A was capable of suppressing silencing
defects in orc2-1 and orc5-1 strains. As described above,
sas2A suppressed the mating deficiency of a MATw
HMRa-e** strain by 1000-fold. A MATa HMRa-e**
strain that carried either orc2-1 or orc5-1 had a mating
efficiency approximately threefold lower than the cor-
responding Orc™ strain. In contrast to Orc” strains, in-
troduction of sas2A into the MATa HMRa-e** orc2-1
strain increased the mating efficiency of the strain by
only twofold, and introduction into the orc5-1 strain
increased the mating efficiency by ~30-fold (Figure 6B,
lanes 7 and 8) at the permissive temperature. Thus,
efficient restoration of silencing at HMRa-e** by sas2A
required both ORC2 and ORC5. In a parallel study, we
investigated whether sas2A was capable of suppressing
the silencing defects of or¢2-1 and orc5-1 at the synthetic
HMR silencer. Either or¢2-1 or ore5-1 caused an ~100-
fold loss in mating efficiency of a MATae HMR-SS AT
strain. Introduction of sas2A into these strains left their
mating frequency unaltered (Figure 6B, lanes 9 and
10), showing that sas2A required both ORC2and ORC5
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FIGURE 7.—The loss of SAS2 partially suppressed the temperature sensitivity of ore2-1 (A) and orc5-1 (B). The strains to be
tested were grown to late logarithmic phase in complete medium and diluted to ~10" cells/ml. This and 1:10, 1:100 and 1:1000
dilutions thereof were spotted onto complete medium that was supplemented with additional tryptophan to compensate for the
Trp  phenotpye of the wild-type SAS2 strains. The plates were incubated for 2-3 days at the indicated temperatures. The strains
used were (A, from top to bottom) JRY4473, JRY4475 transformed with Pmll lincarized pRS404 and JRY5070; (B, from top to

bottom) JRY5273, JRY5293 and JRY5294.

for restoring silencing in a strain containing a synthetic
silencer.

sas2A partially suppressed the temperature sensitiv-
ity of orc2-1 and orc5-1: The observation that sas2A re-
quired the ACS to restore silencing suggested that the
Sas2 protein was a negative regulator of ORC. We there-
fore investigated whether SAS2 had an effect on the
role of ORC in replication initiation. For this aim, the
growth of ore2-1 or orc5-1 strains that were either SAS2
or sas2A was compared at several temperatures. The
growth of an orc2-1 strain (JRY4475) was slightly im-
paired at 26°, and the strain was unable to grow at
temperatures =30°. However, an orc2-1 sas2A strain
(JRY5295) grew at both 26 and 30°, while being temper-
ature sensitive at 34° (Figure 7A). Thus, because the
loss of Sas2 function increased residual ORC function
in an orc2 mutant, formally SAS2 was an inhibitor of
ORC. Deletion of SAS2 had a barely discernible ability
to increase ORC function in an ore5-1 mutant. The rea-
son for the difference between the effect of sas2A on
orc2-1 and on orc>-1 was unclear.

sas2A suppressed silencing defects in the absence of
Sirl: The genetic experiments described above sug-
gested that SAS2inhibited ORC’s role in silencing. One
model for the role of ORC s, in combination with Rapl,
to provide a surface to recruit the Sirl protein to the
silencer, which then promotes the assembly of silenced
chromatin (FOX et al. 1996; TRIOLO and STERNGIANZ
1996). Perhaps, the Sas2 protein directly or indirectly
inhibited an interaction between ORC and Sirl. Thus,
in the absence of Sas2, the ORC-Sirl interaction may
be stronger and thus no longer require the adjacent
Rapl protein. This model predicted that the restoration
of silencing by sas2A would be S/IRI-dependent. In

strains with the wild-type silencer, sirlA caused a de-
crease in mating ability of ~10-fold. Deletion of SAS2
in this strain restored the mating efficiency to approxi-
mately wild-type levels (Figure 6A, lane 1). Similarly,
sirl A caused a decrease in mating ability of a MAT«
HMRa-¢** strain by 17-fold. However, deletion of SAS2
in this strain restored its mating ability by 2000-fold
(Figure 6A, lane 5), indicating that S/IRI was not re-
quired for sas2A-mediated silencing at HMRa-¢**%. By
this analysis, the ability of sas2A to restore silencing was

SIRI independent.

However, a rather different picture emerged for the
role of SIR1in sas2A-mediated silencing at the synthetic
silencer. The loss of SIRI in strains with a synthetic
HMR-E silencer reduced the mating efficiency of a
MATa strain by approximately six orders of magnitude,
indicating that the Sirl protein was absolutely required
for silencing by the synthetic silencer, but not the natu-
ral silencer. Interestingly, deletion of SAS2 in a MAT«
HMR-SS Al sirlA strain did not restore silencing (Fig-
ure 6A, lane 6), indicating that sas2A was unable to
bypass the role of SIRI in this context. Thus, if Sas2
inhibits an interaction between ORC and Sirl at the
natural HMRE silencer, then factors other than Sas2
must limit the recruitment of Sirl to the synthetic si-
lencer.

Features and homologies of the Sas2 protein: The
putative Sas2 protein was compared with the sequences
in the database using the BLAST search tool (ALTSCHUL
el al. 1990). This analysis revealed that Sas2 had several
close homologues (Figure 8). The highest homology
(31% identity, 57% similarity) was obtained with a Homo
sapiens protein (GenBank accession No. U40989), Tip,
that interacts with the viral transcriptional activator Tat
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FIGURE 8.—Sas2 shares similarities with known acetyltransferases. Alignments are shown between S. cerevisiae Sas2, human Tat
interacting protein (Tip), S. cerevisiae Sas3/Ybf2 , S. pombe Sas, E. coli Riml and S. cerevisiae Hatl (top). The numbers indicate
the length of the proteins. Stippled boxes denote domains of similarity between the proteins. Black boxes show the region of
homology to the acetyltransferases that corresponds to part of a putative acetyl-coenzyme A binding site. The amino acid
alignments in this region are shown below. The alignment starts at amino acid position 194 of Sas2. Bold letters indicate residues
that are identical or similar between the proteins. The arrow marks a conserved glycine residue that, when mutated in the
acetyltransferase Mak3, results in a loss of activity. The asterisk marks a histidine residue that is the active site at the equivalent
position of the chloramphenicol acetyltransferase CATIIL. The alignment was created using the Pileup program (Genetics

Computer Group).

(KAMINE ¢t al. 1996). The next closest homologue was
a Schizosaccharomyces pombe protein of unknown function
(Genbank accession No. Z69795). The search also re-
vealed a S. cerevisiae Sas2 homologue, Ybf2/Sas3 (31%
identity, 53% similarity), which, like Sas2, has a role in
silencing (REIFSNYDER et al. 1996). Comparison of Sas2
with the DBEST database suggested the existence of a
Zea mays homologue.

Interestingly, Sas2 showed homology to two known
acetyltransferases, the Escherichia coli Riml protein,
which is a N-terminal acetyltransferase for ribosomal
S18 protein (YOSHIKAWA et al. 1987), and the yeast his-
tone acetyltransferase Hatl (KLEFF e¢f ol 1995). How-
ever, the similarity was confined to one short region of
high homology (Figure 8). Sas2 was homologous to
Riml and Hatl in a domain of the acetyltransferases
that corresponds to region A of a bipartite coenzyme
A binding domain (TERCERO et al. 1992), while region
B of this domain was not found in Sas2. Furthermore,
Sas2 was conserved at Gly*', a residue that, when mu-
tated at the corresponding position of the yeast Mak3
acetyltransferase, results in a loss of activity (Figure 8,
—) (TERCERO et al. 1992). Moreover, Sas2 contained a

leucine residue at position 220 rather than the con-
served histidine, which has been proposed to constitute
part of the active site of chloramphenicol acetyltransfer-
ases (Figure 8, *) (SHAW and LESLIE 1991). Thus, the
structural similarities of Sas2 to known acetyltransfer-
ases are ambiguous as to whether Sas2 is an acetyltrans-
ferase or not. Indeed, as described below, we have not
yet detected any acetyltransferase activity associated
with Sas2.

The deduced Sas2 protein sequence contained one
potential amidation site, one potential tyrosine phos-
phorylation site and many potential phosphorylation
sites (1 for cAMP- and cGMP-dependent protein ki-
nases, four for casein kinase II and nine for protein
kinase C). The other noteworthy feature of Sas2 was a
cluster of positively charged amino acids at the N-termi-
nus of the protein. The PSORT program software (ver-
sion 6.3) assigned a nuclear localization to Sas2.

Is Sas2 a histone acetyltransferase? Prompted by the
similarity of a domain of Sas2 to known acetyltransfer-
ases, we explored whether Sas2 might be an acetyltrans-
ferase for specific histone residues that reportedly affect
HM silencing. If Sas2 was a histone acetyltransferase,
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then the deletion of SAS2 would be expected to have
the same phenotype as the mutation of its target resi-
due(s) on a particular histone. There are four acetylata-
ble lysine residues in both histone H3 (positions 9, 14,
18 and 23) and histone H4 (positions 5, 8, 12 and 16)
that play a role in silencing. Genetic analysis of histone
H4 has revealed that mutation of the acetylated lysine
residue at position 16 (H4QI16) has the most pro-
nounced effect on silencing (JOHNSON et al. 1992).
However, in contrast to sas2/\, this mutation causes
strong derepression at HML on its own. Thus, if Sas2
is a histone acetyltransferase, it is not solely responsible
for acetylation of this position. Furthermore, the combi-
nation of a N-terminal deletion of the residues 3—40 of
histone H3 (H3A4-30) with H4Q16 results in strong
derepression at HMR, while either mutation alone has
little effect (THOMPSON et al. 1994). However, sas2A
did not enhance the silencing defect of H4Q16 at HMR
(data not shown). These findings suggested that neither
residue 16 of H4 nor residues 3-40 of H3 were the
target of a Sas2-dependent acetylation.

DISCUSSION

This report describes the discovery of the SAS2 gene
by virtue of its ability to suppress mutations in the HMR-
E silencer of S. cerevisiae. SAS2 thus joins CDC7 as genes
in which mutations that reduce or eliminate function
bypass the requirement for a functional Rapl and Abfl
binding site in the silencer (AXELROD and RiNE 1991).
Unlike CDC7, null alleles of SAS2 were viable and were
also capable of restoring silencing at HMR. Thus, this
suppression reflected the phenotype of a null allele.
The restoration of silencing by sas2A was dependent
upon the function of the SIR genes, which distinguished
SAS2 from SUMI-1, a mutation that causes SIR-indepen-
dent silencing (KLAR et al. 1985; LAURENSON and RINE
1991).

One of the most striking properties of the sas2A al-
lele was its opposite phenotype at HML vs. HMR. Spe-
cifically, in combination with sirlA, which caused par-
tial derepression of HML, the sas2A sirIA double
mutant was dramatically derepressed at HML. HMR,
however, was no more derepressed in a sas2A sirlA
double mutant that it was in a sir]JA mutant strain. The
simplest interpretation was that the Sas2 protein must
somehow contribute to silencing at M. and antago-
nize silencing at HMR. There have been several indica-
tions that silencing at HML is weaker than silencing of
HMR, but SAS2is the first gene known to have opposing
effects at the two silent mating-type loci. These opposite
phenotypes may reflect differences in the nature of the
chromatin structure or differences in the silencers at
the two loci. If Sas2 is an acetyltransferase, it may have
two (or more) cellular targets, each of which have sepa-
rate roles at HML and HMR. In this regard, it should
be noted that or¢ mutations derepress both HML and

HMR. Thus ORC is unlikely to mediate the opposing
effects of sas2A at HML and HMR.

Double mutant analysis indicated that the ARS con-
sensus sequence of the silencer, the SIR proteins, and
the ORC proteins were required to restore silencing at
the mutant silencer, whereas Rapl, Sirl and Abfl were
not required. Because sas2A increased silencer func-
tion in an ORC-dependent manner, it is possible to
think of Sas2 as a protein that inhibits ORC function,
perhaps directly by acetylation of ORC or an accessory
protein. Some support for this view was provided by the
ability of sas2A to partially suppress the temperature
sensitivity of orc2-I; this presumably reflects an impaired
ability to initiate replication at origins of replication.
However, a decrease in replication initiation could, in
principle, be compensated for by facilitating other re-
lated processes, such as the processivity of DNA replica-
tion or the assembly of chromatin at the time of DNA
replication. Thus, SAS2 may inhibit the function of pro-
cessivity factors, such as PCNA (AYYAGARI et al. 1995)
and RF-C (CULLMANN et al. 1995). By this model, repli-
cation elongation would be more processive in sas2 mu-
tants, placing a decreased demand on initiation to repli-
cate the genome.

Histone acetylation has been implicated in silencing
in yeast. Thus, enzymes that are capable of acetylating
histones and other proteins are potentially of great rele-
vance. The inferred protein sequence of Sas2 implied
that Sas2 may be a member of the protein acetyltransfer-
ase family. Over 33 consecutive amino acids, Sas2 is
similar to S. cerevisiae Hatl, an acetyltransferase for his-
tone H4 (KLEFF ef al. 1995), and to the E. coli Riml
protein, which acetylates the N-terminal alanine of ribo-
somal protein S18 (YOSHIKAWA et al. 1987) (Figure 8).
Genb, a bona fide yeast acetyltransferase (BROWNELL ef
al. 1996), is even less homologous to Hatl and Riml
than is Sas2, providing support for the notion that SAS2
encodes a protein acetyltransferase. Although such
comparisons cannot prove that Sas2 is an acetyltransfer-
ase, Sas2 is likely to be either an acetyltransferase or a
protein that shares some property with acetyltransfer-
ases. Some relatives of Sas2 have a role in silencing, and
some do not. A null allele of HATI did not restore
silencing at HMR flanked by a mutant silencer (A.
EHRENHOFER-MURRAY and ]. RINE, unpublished data).
In contrast, a null allele of SAS3 (YBF2), a close homo-
logue of $SAS2, does restore silencing at HMR (REIF-
SNYDER et al. 1996). Thus, even if the biochemical activ-
ity of Sas2 and its relatives can be predicted from their
sequence, the phenotype of the mutant alleles cannot.
This point bears on the possible function of other Sas2
homologues. Specifically, the Tatinteracting protein
Tip (KAMINE ef al. 1996) and the human proteinase C
inhibitor (MEERS and CHUNG 1991) are homologues
of Sas2. Even if both proteins are acetyltransferases, the
consequences of acetylation in these two contexts are
likely to be rather different.
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Several features of sas2A are reminiscent of Su(var)
mutations. These mutations suppress the variegated
phenotype of specific chromosome rearrangements in
Drosophila (WEILER and WAKIMOTO 1995). Some Su-
(var) mutations have identified potential heterochro-
matin components, whereas others appear to be in-
volved in chromatin assembly or modification.
Interestingly, some Su(var) mutations have opposite ef-
fects on the variegation of euchromatic and heterochro-
matic genes (HEARN ez al. 1991), which bears similarities
to the opposing effects of sas2A on HML and HMR.
Inhibitors of histone deacetylases have been long
known to affect some position effects on gene expres-
sion in Drosophila (MOTTUS et al. 1980; REUTER et al.
1982), but the interpretation of inhibitor studies is al-
ways limited by the possibility of an inhibitor having a
secondary effect. The discovery of mutations affecting
protein acetyltransferases and acetyltransferase homo-
logues by their effects on gene expression imply that
dynamic acetylation of chromatin components may play
an important role in aspects of gene regulation, much
as phosphorylation plays a regulatory role in metabo-
lism.
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