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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 Abfl binding sites of the HMR-E 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 A R S  consensus 
sequence of the HMR-E silencer,  thus arguing  for  an involvement of the origin  recognition  complex 
(ORC). Restoration of silencing by sas2A required ORC2 and ORC5, but  not SIR1 or RAPI. Furthermore, 
sas2A suppressed the-temperature sensitivity, but  not  the silencing  defect of mc2-1 and orc5-I. Moreover, 
sas2A 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. 

E 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 et al. 1995) and telomeres of 
many organisms (BLACKBURN 1994).  In  the yeast Sac- 
charomyces cereuisiae, 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 MATlocus (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 (APARICIO and 
GOTTSCHLINC  1994). 

Silencing at HML and HMR is 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 et al. 1987; 
KIMMERLY et al. 1988) as  well  as an A R S  consensus se- 
quence, which is the  binding site  of the  origin yecogni- 
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),  Orc5 (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  6-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 S. cueuisiae, 
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 SZOSTAR 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 (BR4UNSTEIN rt al. 
1993).  Furthermore,  the  deletion of NAT1 and ARDl, 
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, Sas2, by the ability of mutations in SAS2 to 
suppress silencing defects at  HMRand 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 1.EBr;.  et nl. (1983). 

Construction of sas2-Al ::TRPl: The SAS2 deletion allele 
was obtained by inserting a 839-bp BglII-StuI fragment of TRPl 
into pJR1372  (BglII-Stzd) to create pJR1642. A XhoI-BnmHI 
fragment of pJRl642 was used to  transform  a wild-type diploid 
strain  to  tryptophan prototrophy,  and  the  correct  integration 
of .m.Q-A 1 :: TRPZ was confirmed by  DNA blot hybridization 
(SAhIHR001<  P t  nl. 1989). 

Strain constructions: Strains containing a mutant HMR  al- 
lele and sns2A were obtained by crossing a MATa strain c o n  
taining  the respective silencer allele to  a MATa hmr::CrM3 
sns2-A 1 :: TRPZ 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 i n  the diploids, the  mating ability of wild-type M4Ta 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 (WD), and serial dilutions 
were mixed with 2.5 X IO' 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 wrrr also plated onto rich medium  to  determine 
the  number of viable cells. Mating efficiencies were calculated 
as the  nnmber 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 MATa HMRa-e** strain: 
The HMRa-e**  Snc:II-EcoRI fragment  from pJR891  was inserted 
into ;I SarII-EcoRI linearized integrating U M 3  vector 
(pRSSO6) to produce pJR1749. Subsequently, p]RI 749 was 
linearized within HMR  with MZuI and used t o  transform a 
A4A7iU ~ i r 4 A  : : U U 2  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  acitl-containing medium to select for  Ura- recombi- 
nants, and candidates were subjected  to DNA blot hybridiza- 
tion  to determine  whether they had  retained  the E€M&-e** 
allele. A  representative candidate was transformed with a 
CVbWSIR4 plasmid (pJR368) to  complement  the  mating de- 
fect,  and  mated  to a MATa h m r : : U R A ?  strain (JRY5078), 
which allowed for following the segregation of the HMRa-e** 
allele in  the cross. Diploids were selected by their  phenotype 
and  sporulated,  and tetrads were analyzed. A MAZa HMRa- 
e*8 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 p p  repair. For this aim, plasmid pRO3-1, which is a deriva- 

tive of pRS316 that  contains a 10-kB genomic  HMRfragment, 
was cut with Mlzd and Pud, 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 a genes 
were expressed  from the  derepressed HMR locus. 

RESULTS 

Ascreen  for suppressors of  silencing  defects: Screens 
for genes involved in silencing have  primarily concen- 
trated on  identifjmg 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 &NE 1991). This screen made use  of an 
allele of the HMR-E silencer (designated HMRa-e**), 
which contains point mutations in two of the three si- 
lencer domains: a point mutation in the Rap1  site and 
a single  base-pair insertion in the Abfl binding site (KIM- 
n m u , Y  et nl. 1988). The ARS consensus sequence, which is 
the binding site for the ORC (BELL et nl. 1993), remained 
intact. Due to the two point mutations in the silencer, 
a1 information is expressed at HMRa-e**, resulting in a 
nonmating phenotype in a MAT? strain. A strain con- 
taining the HMRa-e** allele was used  to search for muta- 
tions that suppressed its silencing defect. These mutants, 
which  were termed sas (for Zomething &out Silencing), 
have been placed into five complementation groups (D. 
H. RI\'IER andJ.  &NE, unpublished results). snsl-Z, 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,/Sphase transition (PATTERSON et nl. 
1986).  Other SAS genes have been isolated  based upon 
homology to SAS2 (REIFSNYDER Pt  nl. 1996). Here, we 
report the characterization of a second gene, SAS2, 
which suppressed the HMRa-e** allele. 

Identification  of SAS2 SAS2 was isolated as a low- 
copy suppressor of the mating ability of a MAT? 
HMRa-e** strain containing  an  uncharacterized .sns mu- 
tation (JRY5356). A plasmid was isolated from a CEN 
LEU2 yeast genomic library (SPENCER et al. 1990) that 
was capable of complementing  the sns mutation. Sub- 
cloning various fragments of the yeast insert from this 
plasmid into  the LEU2 CSNvector  pRS315 revealed that 
a 3-kb  Hind111 fragment (pJR1382) was sufficient for 
complementation. The DNA sequence of this insert 
(GenBank accession No. U14548) contained one com- 
plete open  reading  frame (OW, nucleotides 1435- 
2448; Figure 1) and a second,  incomplete ORF on  the 
opposite strand (1 -868). A subclone of the 3-kb  Hind111 
fragment  containing  the large OW (nucleotides 1375- 
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TABLE 1 

Yeast strains used in this study 

Strain"  Genotype  Reference" 

JRY2334 
JRY3009 
TRY2635 
JRY3937 
JRY4014 
JRY4077 
JRY4473 
JRY4475 
JRY4476 
JRY4527 
JRY453 1 
JRY458 1 
JRY4582 
JRY462 1 
TRY4889 
JRY5068 
JRY5070 
JRY5071 
JRY5076 
JRY5078 
JRY5 1 10 
JRY5273 
JRY5274 
JRY5275 
JRY5276 
JRY5277 
JRY5278 
JRY5279 
JRY5280 
JRY528 1 
JRY5282 
JRY5283 
JRY5284 
JRY5285 
JRY5286 
JRY5289 
JRY5290 
JRY529l 
JRY5292 
JRY5293 
JRY5294 
JRY5295 
JRY5296 
TRY5356 

MATa ade2-l  his3-11,15 Leu2-3,112 trpl-I ura3-1  canl-100 (=W303-1A) THO MA^ and ROTHSTEIN  (1989) 
MATa ade2-1 his3-11,15 Leu2-3,112 trpl-1 ura3-1 cnnl-l(l0 (yW303-1B) 
matal HMRa-e** ade2 ku2-3,113  ura3 AXELROD and RINE (1991) 

JRY3009 HMR-SS rap- + I  
JRY2334 X JRY4473 
JRY3009 mataAp 
JRY3009 HMR-SS A I 
JRY3009 HMR-SS A I  0x2-l 
JRY3009 HMR-SS AIorc5-1 
JRY3009 HMR-SS ars- + I  
JRY3009 HMR-SS (Gal4,,,-RAP-ABF)' A I  
JRY2334 sir4A::LEtJ2 ADE2 Lys2A 
JRY3009 sir4A::LEU2 ADEZ Lys2A 
JRY3009 sirlA::LEU2  ADE2 Lys2A 
JRY3009 HMR-SS abfl- A I  
JRY2334 sas2-A1::TRPl 
JRY3009 HMR-SS A I  sas2-Al::TRPl 
JRY3009 sas2-A1::TRPl 
JRY2334 hmr::UR43 ADEZ lys2A 
JRY2334 hmr::URA3 
JRY3009 HMR-SS a w l -   A I  sas2-A1::TRPI 
JRY3009 HMRa-e** 
JRY3009 HMRa-e** sas2-Al::TRPI 
JRY2334 sir1A::lJUZ  sad-Al::T-1 
JRY3009 sir1A::LELU 
JRY3009 sir1A::LEUZ sas2-A1::TRPl 
JRY3009 HMR-SS (ACS-GaL4,;ABF)" A I  
JRY3009 HMR-SS (ACS-GaL4,,-ABF)' A I  sas2-A1::TRPl 
JRY3009 HMR-SS rap- + I  sas2-Al::TRPl 
JRY3009HMRa-e** rapl-I2::LEU2 
JRY3009 HMRa-e** rapl-lP::LEU2  sas2-AI::TRPI 
JRY3009 HMR-SS (GaL4,,-RAP-ABF)' A I  sas2-A1::TRPl 
JRY3009 HMR-SS ars- +I  sus2-A1::TRPl 
JRY3009 HMRa-e** sir1A::LEUZ 
JRY3009 HMRa-e** sirl::LEU2  sad-A1::TRPl 
JRY3009 HMR-SS A I  sirlA::LEU2 
JRY3009 HMR-SS A I  sir1A::LEUZ sas2-A1::TRPI 
JRY3009 HMRa-e** orc2-1 
JRY3009 HMRa-e** orc2-l sad-A1::TRPl 
JRY3009 HMRa-e** orc5-1 
JRY3009 HMRa-e** orc5-l sas2-A1::TRPl 
JRY3009 HMR-SS A I  orc2-1 sas24l::TRPl 
JRY3009 HMR-SS A I  orc5-1 sas2-A1::TRPI 
MATa HMRa-e** sns ade2-l his lys2 tyrl  ura3-52 

~~ 

"All strains were HMIB 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 A R S  consensus  sequence of the synthetic HMR-E silencer was replaced by a Gal4 binding site. 
"The Rap1 binding site of the synthetic HMR-E silencer was replaced by a Gal4 binding site. 

3033) complemented  the sus 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 XZII. 

An allelism  test  with the  disruption allele of the com- 
plementing OW (susZA, see below) and the  uncharac- 
terized sus mutation revealed that  the  cloned  gene was 
not allelic to the sus 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 SASZ 
open reading  frame was replaced by TRPl and tested 
whether this deletion ( s u s 2 A )  displayed a silencing 
phenotype. A sus2-A I :: TRPl 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 

Pl;w1itl Ikscription Rclc*rcncr 

pRSJO(i : \ I W ~ 4 /  [ 'IZi\? SIKORSKI and H w 1 w  
( 1989) 

( 1989) 

(l!)89) 

( 1989) 

pus3 1.5 ( ~ / , . , ~ ' ~ / . ~ \ l ~ . s l - l ~ /  I./..[ '2 Sllio~slil and HIITI'I<R 

pRSJI (i (.T~.\6/~\1W14/ ['/G\ 3 SIKORSlil R I l C l  HII.:TI:.K 

pus404 '~ \ IWl4/  7.IU>l SIKOKSKI ;untl HIIYII<I< 

YCp.50 (.T:.W/"l I<.Sl /  l 'IU 3 Rc )st. r /  rtl. ( 1987) 

p\RJliX Y(:p."o;sI/$# 
~ ~ I W S L '  I ~ S I  w w < ~  

pJRl.57 Y(:p5O:M~\7ii 

p \ I W I ) I  pKS:4I (i:llMl<a-v:~* 
p1111 382 pKSJ I .5:.Sd.\.S2 
pjU1642 I ~ R S J I ~ ; . ~ ~ I . ~ ~ - A ~ : : ~ ' I U ' ~  
p 1  R 1749 pRSJO(i;lllCl~~a~~:*~: 
p\U I 792 pRSJI(i;lfM/<ac*:' 
pKO3-l pUSJl(i$lA\4/<a R. K.\\l.\L.\K..\* 

unprlhlislwtl ~-esults 

rllatcd, and  tetrads were disscctcd and grown for 3 days 
at 30". Of the 32 tetrads dissected, 30 prodacetl  four 
viable spores, demonstrating that S,-\S2was not an essen- 
tiill gene.  The sns2A strains displayed no detectable 
conditional  phenotype,  including  temperature sensitiv- 
ity, cold scnsitivity,  sensitivity to hydroxyurea o r  caf- 
feinc, o r  growth defects 011 acet;~tc-containing  medium. 
Also, a sm2A strain had no growth ; ~ t l ~ ~ n t a g e  nor disad- 
\'antage over a wild-type strain in 21 short-term cocultiva- 
tion experiment (data not  shown). 

To tlctcnnine whcthor the  deletion of SAS2 restored 
thc  a-mating ability ofa A4A7h. lfMl<a-e:*q', a /MA79 sns2- 
A I :: 7'lU'l strain i n  which I-J"< \\'as replaced by CIIL43 
( h m r : : ~ R 4 3 ,  .JRY.5076) was crossed t o  an isogenic 
M.\Ta IiA4Ra-P:' strain (JRY.52'73). Several 1\4,'\7h. .scrs2- 
A I :: 77U'I segregants that were Ura- and  therefore, by 
inference,  contained lf1\4l<a-e*'~, wcre analyzed for their 
~nating phenotype. A l l  such segregants were mating- 
proficient (Figure 2) ,  whereas the AJA7h. SAS2 Ura- 
segregants were mating deficient. In a quantitative IniIt- 

1 
41 
81 

121 
161 
201 
241 
281 
321 

MARSLSQSLT  ATTQKLKGKK 
LYGILNERNI  RQIQPGLNKK 
SETKGQLSSV  SNSQYWLDTL 
ASCPFQYRVP  GKIKYKSPEY 
TKLYLDNKSM  YFKVDHYEFY 
YQQNNLACIL  IPPPYQRRGL 
PEVPLSPFGL  IGYLKYWSQI 
LSIVTGMRVN  DVILTLKHLN 
GTKRNWPKLK  DEYLLIDD 

NGGKGKNKPS 
PSTWYGSAVY 
FVCEYCPKYT 
TIRRVKGSKY 
IVYETGSTKP 
GLLLIEPSYX 
LCWHLIEGDL 
CIGENNQIYL 

AKIKKTQKEM 
PDPETKRLGC 
DDQTRFVGHV 
QLPCQCLCLF 
MGPPSKDLVS 
LSQLEGVISG 
AHYDKVTLED 
QSLNSWLKLH 

FI(;Lw 1 .-Thc clctlr~cctl amino acid scvquence o f  S;\S2. 
Single-lcttrr al~breviations for thc amino acid rcsidrws are: )\, 
;\la: C ,  C y  I). Asp: E, (&I;  F, Phc: G, Gly: H, His: I ,  Ile; K, 
I +  I., 1x11; 14, Met; X, Asn; P, 1'1-o: Q Gln: R, Arg: S, Srr; T, 
Thr: 1'. 1?11: M', TI-p: ;mtl Y, Ty.  

FKX'RI- L'.-L)clction o f  S:\.S2 s r ~ p p r ~ ~ ~ s c t I  thc silrncing tlr- 
fkrc o f  I-lMRa-r:*:*. Thr stlains,JRY30O~),.~U~'.5273 antl.JRIX74 
( I r o n 1  Icl'i t o  right) w r c  pafchrtl o n  colnplrtr mctlium, gro\\.n 
for I2 hours a t  30" ant1 replica platcd o n t o  complctc medium 
ant1 o n t o  miniln;d mctlirln~ spre;~tl w i t h  :I I ; w n  o f  ,\L\Ta mat- 
ing trsrrr. Thr plates ~ v c r c  incrllxltrtl a t  30" for 2 thys. 

ing assay, the MA 7h. I/Ml<a-e** strain mated with an 
efficiency  of 4.3 X IO-." rcIati\rc t o  an isogenic 1\4ATa 
strain. In contrast,  the iMA7h. HM1<a-eq:* scrs2A strain 
mated with an efficiency  of 3.9 X IO-', approximately 
a 1000-fold increase over the isogenic SAS2strain (com- 
pare Figure 6A, lane 3) .  This showed that  the deletion 
of SAY2 restored mating in a 1MA7h. HA41<a-eq:'* strain. 
Since srrs2A shared this phenot\.pe w i t h  the other sns 
mutations, it  constituted a class  of lf1\fl<a-e*:* suppres- 
sors of  its  own. 

Silencing by sas2A was SIR-dependent: I n  theo17, 
sns2A cordd be restoring  the ~ Y - I I I ~ I ~ ~ I I ~  ahilih of the 
1\4,47h.  lf&Jl<a-e'*'* strain by mechanisms other than re- 
storing repression at I f M I < ,  such a s  inte~-fering with 
splicing of thc a1 transcript from HJIR or  tlcstabilim- 
tion  of' a1 message. A s  a simple test of whether the 
restoration of mating !\'as causcd by ;I restoration of 
silencing or by other indirrct 111ei\Ils, wc tested whether 
the preswnptive silcncing that was brought about by 
.su.s2A at HMRa-e'!'* \\.as SII<-dependen t. For this p ~ r -  
pose, we tlctcrmincd  the mating phenotype of MA7h. 
HMI<a-e:~* .sn.s2A sir4A strains. A A4.4 7h. HIV/l-?a-e:::* scrs2- 
A I :: 7 R P l  strain (JRY.52'74)  vas crossc~d t o  a A/rl79 
HMI<a sir4A ::/,l;l'2str;1in (JRY4.381) c;mTing the SIR4 
containing plasmid pJR368. The plasmid, pJR368, 
which was present t o  allow mating, was lost by counter- 
selection i n  the diploid before sporulation. All 37 sns2A 
sir4A segrcgi\nts from 3'7 completc tetrads were non- 
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FK;IXI.: 3.-l~rlction o f  .C.\.\'2 w s  c;~p;rl~lc o f  srrpprcssing 
the a genes ;II /-/.\//kr-Pi:. Thr a nlating a l i l i t y  oI'.jKY2334 
( t o p )  ;rntl.jKY.5O(iH ( I ) o t t o n l )  translormctl \\.it11 pKS:EI(i ( - ) ,  
pJKI.5i ( i \ / ,4 ' /~) .  pjKIi!)P ( / /~\/ /k~-(~:~::~:)  o r  pJKHX'L (/f,\l/kv) 
:.. . . I  .,...... 

maters, indicating tha t  the scrs2A pllcmotype was intlccd 
dcpentlrnt on S1/?4. Rased rlpon  Mcnclrlian inI1crit;~ncc 
antl 40% recomlination l ~ e t ~ \ ~ ~ - n  M,.\7' and lf1blI?, 1 1 
ofthc 3 i  sm2A sir4A strains WIT cxpcctctl t o  he ,\f,.\7h. 
H,VlRa-c'~''3. :Use, sir4A :: IX1'2 coscgregatcd with 1\12+\ 7h. 
i n  1 0  tetrads a n ; d ~ x t l  fi-om  this cross, thus allowing I O  
haploids t o  hc positively itlrntifictl a s  ,\f,.\7h. .sir4A 
srrs2A. DNA I h t  hvlxitlization showed that six of thc!sc 
carried thc IfM/?a-c:~z:5 allclc, a l l  o f  which were non- 
maters. This indicatctl t h a t  thc  mating ability ofa  M 2 7 h .  
1fJ4/?a-e'5'5 scrs2A was lost by thc  deletion  the S11?4 gene. 
Thus, .st/s2A cst;d)Iished bona l i c k  SIR-depentlcnt si- 
Icncing a t  the mutant /f,MR allele. 

sas2A suppressed silencing defects at HMR in  a gene- 
independent manner: .\ hallmark o f  silcncing is the 
ability t o  block the  csprcssion o f  a \xriety of different 
genes when inserted at  o r  near I f M I A  antl HMR. As an 
inrlepentlcnt tcst of whether .sn.s2A restored silencing, 
wc asked whctllcr sns2A c o ~ ~ l t l  suppress genes other 
than the a mating-type gcnc~s ~ ~ ~ l ~ c n  placed n c w  the 
lfl\~lI?a-~~'52' silcwccr.  For  this aim,  an allclc of HMI?a-P:? 
was crcatcd i n  which the a gcncs wcrc replaced b y  the 
a mating-type gmcs ( lfi\1/?a-P3). The a I antl a2 genes 
o f  IfM/?a do  not require splicing o f  their m R N h  and 
the  promoters of thcsc gcncs bind a diffcrcnt transcrip- 
tion factor t h m  that  hound b y  tllc al promoter. I f  
llJ41?a-e*'!: wc~rc silenced i n  the sn.s2A, hrlt not thr wild- 
t!pc hxkgrountl, thew the  mating ability of  a MA 79  
scrs2A strain carrying an H~\f/?a-e'~:!: ;dlclc w o u l d  be I x t -  
tcr than that 01' a ,\%.I 79 .Si4S2 strain carrying thc same 
allele. To tcst this hypothesis, ;I plasmid containing 

(pJRl.57)  and a IIJIl?a pl;lsmirl (pJRXXY), wcrc each 
introtlucctl i n t o  ;I ,\1/\7a ;mtl a ,\f,.\*/a .strs2A strain 
(.JRY2334 and JRY.3068, rc-spccti\d\~), and the mating 
ability of the tl~;~nsform;unts was assayed (Figure 3 ) .  A s  
cxpcctctl. both strains became non-maters when car- 
1Ting the AhI7h. plasmid t l r w  t o  the co-cxxprcssion of 

Hl\!l/<ff-e;%:% (pJRI 792) ;111tl, :IS controls, ;I 1\M7h. 

FI(;I'KI. 1.-/Il.\//n \Y;IS tlcr-cprcssvtl i n  . x i r ! l  .xr.\2-1 strains. 
The a Inating ability ol~JKl'-k(iI!l ( t o p  I c f t ) . , J K l 3 W  ( t o p  right) 
; ~ n r l  t w o  isolates of.jRY.iL'7.5 is shoum. 

the a nntl a genes. dcmonstl-ating th; I t  sm2A was unable 
t o  silcncc 1\Ll7'. Frlrthc~-nm-c, the strains retained their 
a-mating ability wl~cn transfoI~mctl w i t h  t h c  H,\ll?a car- 
ITing plasnlitl, suggesting that ;I wild-type lf,\ll<a \\';IS 
silcnccd i n  the wild-type ;IS well a s  i n  the scr.s2A stlain. 
Ho~vever,  whcn transformed w i t h  the I-l,\lI<cr-e'~':~' plas- 
mid, tho t w o  strains tlisplayrd  rliffi.rcnt mating ahilitics. 
The serr.s2A strain mated better than the S,.\S2 strain. 
indicating that the CY genes o f '  HJ\/l?a-t~2"~' were more 
rcpresscd i n  the .scrs2A strain. This effect KIS less pro- 
nortncetl t h a n  thc diffcrcmcc o l ~ s r ~ ~ c r l  hctwccn .C.\S2 
antl .scr.s2A i n  thc i\I,,\7h. H,\f/<a-c:!':~: strain (Figure 2 ) ,  
prcswnahly hccar~sc the mating i\ss;\ys i n  Figurc 3 WYT 

pcrformctl with strains prcgro~vn on sclrctivr m i n i m ; d  
mctliltm i n  ortlcr t o  maintain the plasmids  c;u.tTing the 
HMR;~lleles. Noncthclrss, this result clcmonstl-atcd t h a t  
sns2A was capahk of silencing the a genes a t  If,\Il?a- 
e'?:': but  not when the same gcncs w c m '  a t  ,\L4 7'. (:om- 
hinctl wi th  the prcccttling result, these data cst;~blishetl 
that  the repression of genes a t  If,\,f/? 11:. .sn.s2 nllltations 
rcllectcrl hon;~ fide silencing. 

sas2A caused a silencing defect at HML: During the 
course o f  genetic c.xprrimcnts with rtrs2A ( s e e  below), 
we obstmwl that thc phenotype o f  scrs2A w a s  chmati- 
cally tliffc!rcnt at HMI, and HIVIIZ. Spccific;dly, scrs2A 
cmscd silencing defects a t  l-l,\U~. I n  a CI-oss o l ' a  .sns2A 
strain (.JRY.3OliX) to a sir/A strain (.JRY4621), a l l  nine 
W\79 sir1A  .ser.s2A haploids of the 32 complete tctratls 
inwstigatcrl wcrc unable t o  matt rfficicntly, although 
either mrltation alone had little effect on silencing (Fig- 
ure 4). suggesting that l-li\l1~ was tlcrcprcssed i n  these 
strains. I n  contrast, IfMR was not clcrepressctl i n  thcsr 
strains since none o f  the 1 X Jl,-\7h. .sirIA .sn.t2A haploids 
from  this cross hac1 a mating deficiency. I n  a quantita- 
tive mating a s s a y ,  a 1\1,.27h. . s ir /A strain (.1KY.32i(i) 
mated w i t h  an cfficicncy of0.09 21s complrcd with 1 o f a  
wild-type .\M7h strain (.JRY3009). X ,\%.\'/h. scr.s2A strain 
(.JRY.XiI ) mated w i t h  an efficiency o f  1.83, d1erc;~s 
a M47h sirlA .sers2A str-ain  (.JRY.327i) mated w i t h  ; ~ n  

efficiency of 0.37 (compare  Figwe (?X. lanes 1 and 2 ) .  
These results indicated t h a t  sers2A cnh;mccd thc silenc- 
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ing defects of s i r l a  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 .sus2A was 
able to restore repression, is a version of the  natural 
silencer that  contains  mutated  Rapl and Abfl binding 
sites (KIMMERLY et 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 HMR-I 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 HMR-E 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 
element was required  for sas2A to restore silencing. 

A MATa strain carrying the synthetic silencer mated 
with an efficiency  six- to sevenfold lower than  that of a 
wild-type strain. Deletion of SAS2 in this strain restored 
the  mating efficiency of this strain to approximately 
wild-type  levels (Figure 5, lane l ) ,  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 HMR-E silencer 
lacking the Abfl binding site in a strain lacking the 
HMR-I silencer (HMR-SS abfl- A I ) .  The ABFl  site 
made  a  minor  contribution to silencing at  the synthetic 
silencer, since introduction of the Abfl mutation re- 
duced  the  mating frequency of a MATa strain only by 
about fourfold. However, sas2A restored the  mating 
ability of this strain by -14fold (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 sm2A for an 
intact Rapl binding site.  Removal of the Rapl binding 
site (HMXSS rap- AZ) reduced the mating efficiency of 
the strain by four to five orders of magnitude. However, 
sm2A restored the mating ability by -100-fold  (Figure 5 ,  
lane 3). Thus, sm2A was capable of partially restoring 
repression in the absence of the Rapl binding site, which 
was also expected because HMfi-e** lacks a Rapl binding 
site.  However,  this  decgree  of restoration of repression by 
sm2A in  cells  with the  Rapl site mutation in the synthetic 

a 
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FIGURE 5.-Effect of the  deletion of SAS2 on repression at 
the synthetic HMR-E 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 JRY5llO (lane 2) ,  JRY5278 and JRyJRY5279 (lane 
3), JRY3937 andJRY5280 (lane  4), JRY4531 and JRY5283 (lane 
5) and.JRY4527 andJRY5284  (lane 6). 

silencer was  -10-fold  lower than the 1000-fold  effect o h  
served  in  cells  with HA4Ra-e"". One explanation for the 
difference  in the extent of repression at HMRae** rela- 
tive to HMRSS rap- A I  was the presence or absence of 
the HMR-I silencer.  However, sm2A restored repression 
in a strain with both HMR-SS rap- and HMR-I to approxi- 
mately the same extent as in a strain  lacking HM-I 
(Figure 5 ,  lanes 3  and 4). Therefore, HMR-I did not sig- 
nificantly influence the effect of saQA on silencing at 
HM&-e**. 

Another explanation for the difference  in the degree 
of repression at HMtzae** and HM-SS rap- +Zcould be 
that the Rapl protein still contributed to  silencing at 
HMRa-e**, but not at H M - S S  rap- +I, 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 HMRae**. The silencing-specific rafil-12 muta- 
tion (SUSSEL. et al. 1993) was introduced into HMh-e** 
strains that were SAS2 or sm2A, and their mating  ability 
was assayed. The rapl-12 mutation in a MATa HA4Ra-e"" 
strain  caused a decrease in mating ability by 16fold. sm2A 
restored the mating ability of this  strain by -600-fold 
(Figure 6A, lane 4). Thus, the  Rapl protein still contrih 
uted to  silencing at H " e * * ,  even though the Rapl 
binding site was mutated. However, the ability  of srrs2Ll 
to restore silencing was still higher at HiL!&-e**, even  in 
the absence of Rapl, than at the synthetic  silencer with 
the Rapl site mutation. Thus, sm2A restored  silencing in 
the absence of either a functional Rapl  or Abfl binding 
site. 
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FIC~JRE 6.-(A) Sir1  and Rapl are not required  for  repression by sas2A. (B) Orc2  and  Orc5 are required for repression 
by sas2A. The  data  are  presented as in Figure  5. The  strains used  were  JRY3009 and JRY5071 (lane l ) ,  JRY5276 and JRY5277 
(lane 2) ,  JRY5273 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), JRY447.5 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 HMR-E  si- 
lencer  remaining in HMRa-e**.  Removal  of the ACS in 
the synthetic silencer (HMR-SS ars- A I )  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 HMR-I (Figure 5, lanes 5 and  6). Moreover, 
the silencing defect of an ACS mutation in the  presence 
of  HMR-I  is  less severe than  the silencing defect of the 
strain with the Rap1 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 HMR-E 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 ORC5 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 sns2A was capable of suppressing silencing 
defects in orc2-1 and or&-1 strains. As described above, 
sas2A suppressed the mating deficiency of a MA7h 
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 HA4Ra-e** orr2-1 
strain increased the  mating efficiency  of the strain by 
only  twofold, and introduction  into  the orr5-1 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 s m 2 A  
required  both ORCZ and ORC5. In a parallel study, we 
investigated whether sasZA was capable of suppressing 
the silencing defects of orc2-1 and orc5-1 at  the synthetic 
HMR silencer. Either 07x2-l or orc5-1 caused an -100- 
fold loss in mating efficiency of a MATa  HMR-SS A I  
strain.  Introduction of sas2A into these strains left their 
mating frequency unaltered (Figure 6B, lanes 9 and 
lo) ,  showing that sas2A required  both ORC2 and ORC5 
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Flc;rw. i.--Thc loss o f  Sr\S2 partially su~pprcss~d thc tcnlpc-ratuwc sensitivity o f '  orc2-1 ( A )  a n t l  orcS-1 (1%). Thc strains t o  I)c 
t c ~ c d  w r v  grown t o  I ; u t r  log;urithmic phase i n  complctr mcdiutn and tlilutctl t o  - 1 0 "  cc*lls/ml. This and l : l O ,  1:lOO and 1: 1000 
tlilulions thcrcofwrc spotted o n t o  complete mctliutn t h a t  was supplclncntrd w i t h  additional t t y m ) p h a n  t o  ron1pmsatc for t h c  
Trp p l w n o t p y  o f  t h r  wild-typc S/\.S2 strains. Thc pla~cs were incul,atctl h r  2 - 3  tl;uys a t  t h r  intlicatctl tmlprratllr(-s. The strains 
used ~ x ~ c  (,,I, f rom top t o  hottom) .JRY44iJ,  JRY44i.3 tI;unsfor~ncd n i t 1 1  1'11tn Iincarixd pKS404 and JRY.5OiO; (R ,  from top t o  
I ) o t t o n l )  , IRY.XiJ ,  JRY.32!)3 and .JKY.52!)4. 

for rcstoring silencing i n  a strain containing a synthetic strains with the wild-type silencer, sirla caused a de- 
silcncer. crease i l l  mating ability of " I O - f o l d .  Deletion of  .%\S2 

sas2A partially suppressed the  temperature  sensitiv- i n  this strain restored the  mating efficiency to approxi- 
ity of orc2-Z  and orc5-Z: The ohsclvation that strs2A re- mately  wild-type  levels (Figure (;A, lane 1). Similarly, 
quirctl  the A(:S t o  restore silencing suggested that  the sirla caused a decrease i n  rnating ability  of a Jl,-\lb 
Sls2 protein was a negative regulator of  OR<:.  We there- IfMl<a4* strain by 17-fold. However, tlcletion of  SAY2 
fore investigatc:rl whether .%\S2 had an effect on  the i n  this strain restored its mating ability by 2000-fold 
role o f  OR(; i n  replication initiation. For this aim,  the (Figure 6A, lane 3 ) ,  indicating that .SII<I was not re- 
g r o \ \ ~ h  o f '  01y.2-I o r  f ~ ? - 1  strains that were either SAY2 quired for .sn.s2A-mcdiated silencing a t  1-11\41<a-P~. By 
o r  s(rs2A w:ts compared  at several temperatures. The this  analysis, the ability  of sms2A t o  restore silencing was 
gro\vth of an orr2-I strain (.JRY44i.5) was slightly  im- S I R 1  independent. 
paired :\I 26", illld the strain was Lmahle to grow at However, a rather  different picture emerged for the 
temperatures 230". Howe\~er, an orr2-l  sns2A strain role of.SIl<I in .sn.s2A-1ncdiated silcncing at the synthetic 
(.]RY.529.5) grew at  b o t h  26 and X)", while being temper- silencer. The loss o f  SIl<I in strains with a synthetic 
a t ~ r c  sensitive at 34" (Figure i A ) .  Thus, because the IfMRE silencer reduced  the mating efficiency  of a 
loss o f  S1s2 filnction increased residual OR<: function M47b strain by approximately six orders of  magnitude, 
i n  an orr2 I n l l ~ ~ l n ~ ,  fi)r!n:d!y S/\S2 was an  inhibitor of indicating that  the Sir1 protein was absolutely required 
OR(:. Deletion o f '  SAY2 had a lx~rely discernible ability for silencing by the synthetic silencer,  hut  not  the natu- 
t o  increase OR(: function i n  an orr5-1 mutant. The rea- ral silencer. Interestingly, deletion of SAY2 i n  a M A T i  
son lor  thc  difference lxt\\ven the effect of strs2A on IfMI<-SS AI sirla strain did  not restore silencing (Fig- 

sas2A suppressed silencing defects in the absence of bypass the role of W < I  i n  this context.  Thus, if %s2 
Sirl: The genetic experiments described above sug- inhibits an  interaction between  ORC antl  Sirl  at  the 
gcstctl that V\S2 inhibited ORCs role i n  silencing. One natural H1\41<-E silencer,  then factors other than Sas2 
model for the rolc  ofORC is, i n  combination with Rapl, must limit the  recruitment of Sirl to the synthetic si- 
t o  provide >\ sr~rf:~cc t o  recruit  the  Sirl  protein to the lencer. 
silencer, which then  promotes  the assembly o f  silenced Features  and homologies of the Sas2 protein: The 
chron~atin (FOX rl d .  1 9 9 6 ;  TI<IOI.O  and SIIXS(;I.ASZ putative Sas2 protein was compared w i t h  the seqwmces 
1 9 9 6 ) .  Perhaps, the Sas2 protein directly o r  indirectly i n  the database using the BLAST search tool (Al.n(:llrI. 
inhihitcrl an interaction het\vccn ORC and  Sirl.  Thus, ('1 N / .  1990). This analysis revealed that Sas2 had several 
i n  the alxenc<: of   Sas2 ,  the OR(:-Sirl interaction may close homologllcs (Figure 8). The highest llomology 
be stronger and thus n o  longer  require  the  adjacent (31 % identity, .X% similarity) was obtained with a Ifom 
R ~ p l  protein. This modcl predicted  that  the restoration so/)irns protein (GenBank accession No. U40989), Tip, 
o f '  silencing by sm2A w o u l d  be SIl<I-dcpendcnt. I n  that interacts w i t h  the viral transcriptional activator Tat 

im2-I and on iwr5-I \\%IS Imclcar. ure 6A, lane 6 ) ,  indicating that scrs2A was unable t o  
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FSKDLVSYQQN  NLACILIFPPYQRRGLGLLLIE 
FSKEKESTEDY  NVACILTLPPYQRRGYRKLLIE 
FSKEKFNSNDY  NLSCILTLPIYQRKGYGQFLME 
FSKEKRSASKY  NVSCILTLPIYQRRGYGVFLID 
FAITQWLDEA TLFNIAVDPDYQRQGLGRALLE 
KSFDEDIDKKFRAKISQFLIFPPYQNKGHGSCLYE 

t *  
FIGURE S.-SasZ shares  similarities  with  known  acetyltransferases.  Alignments are shown  between S. cermisiae Sas2, human Tat 

interacting protein (Tip), S. cerevisiae Sas3/Ybf2 , S. pornbe Sas, E. coli RimI and S. cermisiae 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 CATIII. The alignment was created using the Pileup  program  (Genetics 
Computer Group). 

(KAMINE et a[. 1996). The  next closest homologue was 
a Schizosaccharomyces  pombe protein of unknown  function 
(Genbank accession No. 269795).  The search  also re- 
vealed a S. cereuisiae 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 
&a mays homologue. 

Interestingly, Sas2 showed  homology  to two known 
acetyltransferases, the Escherichia  coli RimI protein, 
which is a  N-terminal  acetyltransferase  for  ribosomal 
S18 protein (YOSHIKAWA et al. 1987),  and  the yeast his- 
tone acetyltransferase Hatl (KLEFF et aZ. 1995). How- 
ever, the similarity was confined  to  one  short  region of 
high  homology  (Figure 8). Sas2 was homologous  to 
RimI 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 G1fl9, 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 I1 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, 



932 A. E. Ehrenhofer-Murray, D. H. Rivier, and J. Rine 

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 (H4Q16) has the most pro- 
nounced effect on silencing ( JOHNSON et al. 1992). 
However, i n  contrast to sas2A, 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 cornbi- 
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, sns2A 
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. cermisiae. SAS2 thus  joins O C 7  as genes 
in  which mutations  that  reduce or eliminate function 
bypass the  requirement  for  a  functional  Rapl  and Abfl 
binding site in the silencer (AXELKOD 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 SIRgenes, which distinguished 
SASZfrom SUM1-I, a  mutation  that causes SIR-indepen- 
dent silencing (U et al. 1985; LAURENSON and RINE 
1991). 

One of the most striking properties of the sus2A al- 
lele was its opposite  phenotype at HML us. HMR. Spe- 
cifically, in combination with sirla,  which caused par- 
tial derepression of HML, the sas2A sirla double 
mutant was dramatically derepressed  at HML. HMR, 
however, was no  more  derepressed in a sas2A s i r l a  
double  mutant  that it was in a s i r l a  mutant  strain. The 
simplest interpretation was that  the Sas2 protein must 
somehow contribute to silencing at HMZ, and ant-ago- 
nize silencing at HMR. There have been several indica- 
tions that silencing at HML is  weaker than silencing of 
HMR, but SAX? is 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, i t  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 A R S  con- 
sensus sequence of the silencer, the SIR proteins, and 
the ORC proteins were required to restore silencing at 
the  mutant silencer, whereas Rapl, Sir1 and Abfl were 
not  required. Because sas2A increased silencer func- 
tion in an ORCdependent  manner, it is possible to 
think of  Sas:! 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 orc2-1; 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 (AWAGARI et al. 1995) 
and RF-C (CUI,I.MANN 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. c;ermisiae Hatl, an acetyltransferase for his- 
tone  H4 (KIXFF et al. 1995), and to the E. coli RimI 
protein, which  acetylates the N-terminal alanine of ribo- 
somal protein S18 (YOSHIKAWA et al. 1987) (Figure 8). 
Gcn5, a  bona fide yeast acetyltransferase (BROWNELL. P t  

al. 1996), is even  less homologous to Hatl  and RimI 
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 HAT1 did not restore 
silencing at HMR flanked by a  mutant silencer (A. 
EHRENHOFER-MURRAY and J. 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 ul. 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 Tat-interacting protein 
Tip (KAMINE el al. 1996) and  the  human  proteinase c 
inhibitor (MEIJEKS and  CHUNC: 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 et 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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