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ABSTRACT
In Saccharomyces cerevisiae, chromatin-mediated silencing inactivates transcription of the genes at the

HML and HMR cryptic mating-type loci and genes near telomeres. Mutations in the Rap1p and Abf1p
binding sites of the HMR-E silencer (HMRa-e**) result in a loss of silencing at HMR. We characterized a
collection of 15 mutations that restore the a-mating phenotype to MATa HMRa-e** strains. These mutations
defined three complementation groups, two new groups and one group that corresponded to the previously
identified SAS2 gene. We cloned the genes that complemented members of the new groups and identified
two previously uncharacterized genes, which we named SAS4 and SAS5. Neither SAS4 nor SAS5 was required
for viability. Null alleles of SAS4 and SAS5 restored SIR4-dependent silencing at HMR, establishing that
each is a regulator of silencing. Null alleles of SAS4 and SAS5 bypassed the role of the Abf1p binding site
of the HMR-E silencer but not the role of the ACS or Rap1p binding site. Previous analysis indicated that
SAS2 is homologous to a human gene that is a site of recurring translocations involved in acute myeloid
leukemia. Similarly, SAS5 is a member of a gene family that included two human genes that are the sites
of recurring translocations involved in acute myeloid leukemia.

TRANSCRIPTION is regulated by factors that act altered chromatin structures at promoters, have been
implicated in the etiology of human leukemia.locally at promoters and enhancers, as well as by

factors that influence the chromatin structure of genes. At the other end of the spectrum, there are a growing
number of proteins that block the expression of genesThere are now five well-described ATP-dependent chro-

matin remodeling complexes, SWI/SNF, RSC, NURF, by causing the formation of an inactive chromatin struc-
ture that contains those genes. Well-characterized exam-CHRAC, and AFC, that use the energy of ATP hydrolysis

to alter the relationship between DNA and core histone ples include the proteins that mediate heterochromatin
formation and cause the classically defined position ef-proteins and activate (Cairns 1998; Varga-Weisz and

Becker 1998) or repress (Holstege et al. 1998; Schnitz- fects on gene expression. In Saccharomyces, hetero-
chromatin formation is responsible for silencing theler et al. 1998) transcription. Histone acetylation also

influences chromatin structure and plays a role in the mating-type genes at HML and HMR and for silencing
reporter genes inserted near telomeres (Grunsteinactivation of transcription. Several proteins that possess
1998; Lustig 1998). A related form of silencing inacti-histone acetylase activity activate transcription of spe-
vates reporter genes inserted into the rDNA (Bryk etcific genes, whereas others are components of the gen-
al. 1997; Smith and Boeke 1997). Silencing at HML,eral transcription machinery (Bannister and Kouzar-
HMR, and at the telomeres involves the assembly of aides 1996; Brownell and Allis 1996; Brownell et al.
repressive chromatin structure that contains the Sir2,1996; Mizzen et al. 1996; Kuo et al. 1998).
Sir3, and Sir4 proteins that bind to each other and toReciprocal translocations that form in-frame gene fu-
core histones (Moretti et al. 1994; Hecht et al. 1995,sions are common in human leukemias (Cleary 1991;
1996; Strahl-Bolsinger et al. 1997). In addition, si-Rabbitts 1994). The translocation partners identified
lenced chromatin contains hypoacetylated nucleo-to date encode proteins that are known or suspected to
somes, implicating a role for acetylation and deacetyla-activate transcription, including DNA binding proteins
tion in regulating regional effects on gene expressionthat are transcription activators and histone acetylases
(Braunstein et al. 1996; Rundlett et al. 1998). An(Cleary 1991, 1992; Rabbitts 1994; Rowley et al. 1997;
understanding of how particular patterns of histone ace-Waring and Cleary 1997; Carapeti et al. 1998). Thus,
tylation are established and how repressive chromatinaltered patterns of transcription, possibly as a result of
structures are assembled in particular chromosomal re-
gions is lacking.

The work presented here extends our dissection of
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(DRY1358). The resulting mataDp/MATa HMRa-e**/HMRa-ers (Abraham et al. 1984; Feldman et al. 1984; Brand
e** sasD/sas- diploids were tested for the a-mating phenotype.et al. 1985). The best-characterized silencer, HMR-E,
Diploids with the a-mating phenotype indicated that the origi-

consists of binding sites for three proteins: the two tran- nal mutation being tested did not complement the SAS null
scription factors, Abf1p and Rap1p, and ORC, the repli- allele, whereas diploids with the nonmating phenotype indi-

cated that the original mutation being tested complementedcation initiator protein. The combination of these pro-
the SAS null allele. By this criterion, the original mutant strainsteins is thought to recruit the SIR proteins to the silencer
that comprised the SAS2 complementation group were DRY23,(Chien et al. 1993; Moretti et al. 1994; Fox et al. 1997).
DRY26, DRY28, DRY29, DRY30, DRY33, DRY34, DRY35, and

Mutations in any one of the HMR-E binding sites, in an DRY41 (Table 1). The mutant strains that comprised the SAS4
otherwise wild-type cell, have little effect on silencing complementation group were DRY25, DRY27, DRY32, and

DRY38. The mutant strains that comprised the SAS5 comple-(Brand et al. 1987; Kimmerly et al. 1988). In contrast,
mentation group were DRY24 and DRY40.HMRa-e**, a double mutant silencer with lesions in both

Allelism tests: Allelism between the sas4D::kanMX allele andthe Rap1p and Abf1p binding sites, has a substantial
the original sas4-1 allele was tested in 29 tetrads from a cross

defect in HMR silencing (Kimmerly et al. 1988). Previ- between a MATa HMRa-e** sas4D::kanMX strain (DRY1360)
ous work demonstrated that mutations in some genes, and the original MATa HMRa-e** sas4-1 mutant strain

(DRY24). Each of the tetrads from this cross contained twosuch as SAS2, can suppress the silencing defect caused
segregants with the a-mating phenotype, indicating thatby this mutant silencer (Axelrod and Rine 1991; Reif-
sas4-1 and the sas4D::kanMX mutations were allelic. Similarly,snyder et al. 1996; Ehrenhofer-Murray et al. 1997).
MATa/MATa diploids homozygous for HMRa-e** and sas5-

SAS2 encodes an acetylase homolog, suggesting that 1/sas5D::HIS3 (derived from DRY24 crossed to DRY1391) seg-
analysis of SAS2 and functionally related genes may pro- regated two a-mating competent and two a-mating segregants

in each of 39 tetrads. Thus sas5D::HIS3 and sas5-1 were allelic.vide a genetic entrée to genes that regulate the modifi-
Cloning of SAS4 and SAS5 genes: A yeast genomic librarycation of histones and the assembly/disassembly of par-

in a LEU2-CEN vector was transformed into DRY601 (sas4-1)ticular chromatin structures (Reifsnyder et al. 1996;
or DRY342 (sas5-1) (Spencer et al. 1990). Approximately 3000

Ehrenhofer-Murray et al. 1997). In addition, SAS2 is colonies were screened for the nonmating phenotype. Plas-
highly similar to MOZ, a human gene involved in acute mids were isolated from nonmating colonies and retrans-
myeloid leukemia (Reifsnyder et al. 1996). formed into DRY601 or DRY342. Plasmids that conferred the

nonmating phenotype upon retransformation were mappedIn this study, we present the analysis of additional
and partially sequenced. The partial sequence was used tomutations that restore silencing of HMR flanked by the
identify the complete sequence from GenBank.HMRa-e** silencer. This work identified two new genes, Disruption of SAS4 and SAS5: The entire coding regions of

SAS4 and SAS5, and established that these genes were the SAS4 and SAS5 genes were deleted by PCR-mediated gene
regulators of silencing. SAS4 lacked any recognizable disruption (Baudin et al. 1993). Disruption of SAS4 was as

follows. The kanMX4 gene of plasmid pDR760 was amplifiedhomolog. SAS5 had similarity to ANC1, a yeast gene
by PCR using the 59-ccgaaaatttctacagcattaaaagcatatgagagttcatimplicated in transcriptional activation and chromatin
cacgttgtaaaacgacggcc-39 and 59-atattgaatttcatttacaccatcgcattaremodeling, and to AF-9 and ENL, two human genes tattagttcaaaggctcgtatgttgtgtgg-39 primers. pDR760 contains an

that are the sites of recurring translocations that contrib- EcoRI-BamHI kanMX4 fragment from pFA6 (Wach et al. 1994)
ute to leukemia. inserted into EcoRI-BamHI-cleaved pUC18. sas4D::kanMX

strains were constructed by transformation of the PCR prod-
ucts and confirmed by DNA blot analysis. Disruption of SAS5
was as follows: the HIS3 gene of plasmid pJJ217 ( Jones andMATERIALS AND METHODS
Prakash 1990) was amplified by PCR using the 59-tctatgttttcag
gcattgtttaatttcatgatggctgtccggcctcctctagtacactc-39 and 59-cctttDominance tests: The original sas mutant strains (DRY22-
tttttttttttggtgccatataatagacgctcttttgcgcgcctcgttcagaatg-39 primers.29 and DRY31-DRY42) were of the a-mating type and con-
sas5D::HIS3 strains were constructed by transformation of thetained the HMRa-e** allele. Two tests were used to determine
PCR products and confirmed by DNA blot analysis.which mutants contained dominant mutations and which con-

PCR protocol: PCR reactions for gene disruption were car-tained recessive mutations. In the first test, the sas mutants
ried out using the high-fidelity Elongase kit (GIBCO, Grandwere mated to a mataDp HMRa-e** strain (DRY1351) in which
Island, NY) under the conditions recommended by the manu-the promoter region of the MATa1 gene is deleted, and the
facturer.mating phenotype of the diploid was tested. Among the 20

Yeast strain construction: Two isogenic sets of strains weremutants tested, 2 were dominant mutants that could suppress
used in this work. The first was derived from JRY2069, thethe silencing defect of both HMRa-e** alleles and had the
second from W303-1a. SAS4 and SAS5 were disrupted ina-mating phenotype. The remaining 18 mutants produced

diploids that were nonmating, and thus were either recessive, JRY2069 to generate DRY1373 and DRY1374, respectively. The
W303 derivatives containing disruptions of SAS4 or SAS5 werecis-dominant, or weakly dominant. In a second test, the re-

maining 18 mutants were mated to a mataDp strain (DRY1352) generated as follows. SAS4 was disrupted in DRY439 to gener-
ate DRY1364, in CAF23 to generate DRY1370, in CAF68 tothat contained a null allele of HMR in which the entire locus

was replaced with the URA3 gene (mataDp hmr::URA3). Of the generate DRY1366, in CAF176 to generate DRY1369, in
CAF179 to generate DRY1365, and in CAF396 to generate18 diploids, 15 were unable to mate and hence were judged

to be recessive. DRY1368. One copy of SAS4 was disrupted in the diploid strain
DRY1338 to generate DRY1361 (MATa/MATa HMRa-e**/Complementation analysis: As described in the text, comple-

mentation analysis was performed by crossing each of the HMR-ssabf1-::ADE2 ade2D::HIS3/ade2D::LEU2). DRY1322 and
DRY1360 were segregants derived from DRY1361. The HMR-original sas mutants to mataDp HMRa-e** strains harboring a

deletion of SAS2 (DRY1356), SAS4 (DRY1354), or SAS5 ssabf1-::ADE2 allele of DRY1361 gives rise to a pink colony
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TABLE 1

Yeast strains

Strain Genotype

JRY2069a MATa HMRa-e** ade2-101oc his3 lys2 tyr1 ura3-52
DRY23 sas2-1
DRY24 sas5-1
DRY25 sas4-1
DRY26 sas2-2
DRY27 sas4-2
DRY28 sas2-3
DRY29 sas2-4
DRY31 sas2-5
DRY32 sas4-3
DRY33 sas2-6
DRY34 sas2-7
DRY35 sas2-8
DRY38 sas4-4
DRY40 sas5-2
DRY41 sas2-9
DRY1373 sas4D::kanMX4
DRY1374 sas5D::HIS3
W303-1ab MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 can1-100
JRY3009 MATa
JRY5273 MATa HMRa-e**
DRY439 MATa HMR-SS DI
DRY1314 MATa HMRa-e** sas5D::HIS3
DRY1322 MATa HMRa-e** sas4D::kanMX4 ade2D::HIS3
DRY1351 mataDp HMRa-e** ade2D::HIS3
FRY1352 mataDp HMRa-e** hmrD::URA3 ade2D::HIS3
DRY1354 matDp HMRa-e** sas4D::kanMX4 ade2D::HIS3
DRY1356 mataDp HMRa-e** sas2-D1::TRP1
DRY1358 matDp HMRa-e** sas5D::HIS3
DRY1360 MATa HMRa-e** sas4D::kanMX4 ade2D::HIS3
DRY1364 MATa HMR-SS DI sas4D::kanMX4
DRY1365 MATa HMR-SS (ACS Rap1pbs abf12

bs)c DI sas4D::kanMX4
DRY1366 MATa HMR-SS (Gal4pbs Rap1pbs Abf1pbs) sas4D::kanMX4
DRY1368 MATa HMR-SS (Gal4pbs Rap1pbs Abf1pbs) sas4D::kanMX4
DRY1369 MATa HMR-SS (Gal4pbs Rap1pbs Abf1pbs)DI sas4D::kanMX4
DRY1370 MATa HMR-SS (ACS Gal4pbs Abf1pbs)DI sas4D::kanMX4
DRY1391 MATa HMRa-e** sas5D::HIS3
DRY1397 MATa HMRa-e** sir4D::LEU2 sas4D::kanMX4
DRY1398 MATa HMRa-e** sir4D::LEU2 sas5D::HIS3
DRY1426 MATa/MATa sas4D::kanMX4/sas4D::kanMX4 ade2-1/ade2-1 his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 trp1-1/

trp1-1 ura3-1/ura3-1 can1-100/can1-100
DRY1428 MATa/MATa sas5D::HIS3/sas5D::HIS3 ade2-1/ade2-1 his3-11,15/his3-11,15 leu2-3,112/leu2-3,112

trp1-1/trp1-1 ura3-1/ura3-1 can1-100/can1-100
DRY1568 MATa/MATa ade2-1/ade2-1 his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 trp1-1/trp1-1 ura3-1/ura3-1 can1-100/

can1-100
DRY2109 MATa HMR-SS DI sas5D::HIS3
DRY2110 MATa HMR-SS (ACS Rap1pbs abf12

bs) DI sas5D::HIS3
DRY2111 MATa HMR-SS (ACS Gal4pbs Abf1pbs) sas5D::HIS3
DRY2112 MATa HMR-SS (ACS Gal4pbs Abf1pbs) DI sas5D::HIS3
DRY2113 MATa HMR-SS (Gal4pbs Rap1pbs Abf1pbs) sas5D::HIS3
DRY2114 MATa HMR-SS (Gal4pbs Rap1pbs Abf1pbs) DI sas5D::HIS3
CAF23 MATa HMR-SS (ACS Gal4pbs Abf1pbs) DI
CAF68 MATa HMR-SS (ACS Gal4pbs Abf1pbs)
CAF176 MATa HMR-SS (Gal4pbs Rap1pbs Abf1pbs) DI
CAF179 MATa HMR-SS (ACS Rap1pbs abf12

bs) DI
CAF396 MATa HMR-SS (Gal4pbs Rap1pbs Abf1pbs)
FRY342d MATa HMRa-e** sas5-1 ade2-101oc leu2-3,112 ura3-52
DRY601 MATa HMRa-e** sas4-1 ade2-101oc leu2-3,112 ura3-52

a Strains below are isogenic to JRY2069 except as noted.
b Strains below are isogenic to W303-1a except as noted.
c DNA sequence elements of the synthetic silencer are noted within the parentheses; a bs subscript indicates that the element

is a binding site for the specified protein.
d DRY342 and DRY601 are congenic with JRY2069, as described in materials and methods.
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color in an otherwise ade2- background, allowing the alleles of MATa strains containing the HMRa-e** allele display
HMR to be unambiguously assigned in segregants of DRY1361. the nonmating phenotype characteristic of a/a diploids
SAS5 was disrupted in JRY5273 to generate DRY1314, in

due to the simultaneous expression of both the a-genesDRY439 to generate DRY2109, in CAF23 to generate DRY2112,
at MAT and the a-genes at HMR (Kimmerly et al. 1988).in CAF68 to generate DRY2111, in CAF176 to generate

DRY2114, in CAF179 to generate DRY2110, and in CAF396 A previous report described a collection of mutations
to generate DRY2113. that restore the a-mating phenotype to HMRa-e** strains

All other strains isogenic with W303 were derived by cross. and thus potentially alter the function of genes that
DRY1351, DRY1352, and DRY1354 were segregants from a

regulate silencing (Axelrod and Rine 1991). Two ofcross between DRY1322 and JRY4186, a mataDp hmr::URA3
these mutations, in fact, restore the a-mating phenotypederivative of W303-1a described previously (Loo et al. 1995).

DRY1358 was a segregant from a cross between JRY4186 and by suppressing the silencing defects of the HMRa-e**
DRY1314. DRY1356 was a segregant from a cross between silencer. Analysis of these mutations led to the identifi-
JRY4186 and JRY5274, a MATa HMRa-e** sas2-D1 derivative cation of two genes not previously known to play a role in
of W303-1a described previously (Ehrenhofer-Murray et al.

silencing. One of these genes, CDC7, encodes a protein1997). DRY1391 is a MATa HMRa-e** sas5D::HIS3 strain de-
kinase required for cell-cycle progression, and the other,rived from a cross between DRY1314 and DRY1803 (MATa

HMR-ssabf1-::ADE2 ade2D::LEU2). As described above, HMR- SAS2, encodes a homolog of a human gene involved in
ssabf1::ADE2 allows assignment of the alleles of HMR in the leukemia, as described above (Axelrod and Rine 1991;
segregants. Ehrenhofer-Murray et al. 1997). In an effort to iden-

sir4D::LEU2 sas strains were generated by cross to a MATa
tify novel regulators of silencing and stimulated by thesir4D::LEU2 HMR-SS::ADE2 strain. Since this strain lacks the
connection between SAS2 and human leukemia, we per-HMRa genes it has the a-mating phenotype. In addition, the

presence of the ADE2 gene at HMR allows unambiguous as- formed a systematic analysis of the remaining mutations.
signment of HMR alleles in segregants. DRY1397 was a segre- We found that 15 mutant strains from 10 independently
gant from a cross between DRY1360 and DRY1804 (W303-1a; mutagenized cultures contained recessive mutations re-
MATa sir4D::LEU2 HMR-SS::ADE2 lys2D). Similarly, DRY1398

sponsible for restoring the a-mating phenotype towas a segregant from a cross between DRY1391 and DRY1804.
MATa HMRa-e** strains (see materials and meth-The CAF strains were provided by C. Fox.

DRY601 and DRY342, the strains used to clone SAS4 and ods). The genes responsible for the a-mating pheno-
SAS5, were segregants derived from crosses between YAA87 type of these mutants were referred to generically as
(mata1 HMRa-e** ade2-101oc leu2-3,112 ura3-52; Axelrod and SAS genes, as before, to reflect that they had Something
Rine 1991) and DRY25 (sas4-1) or DRY24 (sas5-1), respec-

to do About Silencing.tively.
To determine whether the sas phenotype of the mu-Quantitative and patch mating assays: Quantitative matings

were performed essentially as described previously (Ehren- tants was due to a mutation in a single nuclear gene,
hofer-Murray et al. 1997). Cells were grown to an OD600 of three mutants were chosen for initial characterization
0.5–1.0 in rich medium supplemented with adenine. Serial (DRY23, DRY24, and DRY25). Each mutant was mated
dilutions of test strains were mixed with 1.2 3 107 cells of a

to a mata1 HMRa-e** strain, forming a MATa/mataDpMATa lawn (JRY2726) or a MATa lawn (JRY2728) and plated
diploid homozygous for HMRa-e** and heterozygousonto YM medium supplemented with adenine. Equivalent di-

lutions of test strains were plated onto solid rich medium to for the mutation of interest. Tetrad analysis showed that
determine the number of viable cells/dilution. Mating effi- in each case the suppressor of the HMRa-e** mutation
ciencies were calculated as the number of diploids formed segregated as a single nuclear mutation (see materials
per viable cell plated and were normalized to the efficiency

and methods). To determine the number of mutantof an isogenic wild-type strain. Values reported are the average
genes represented among the sas mutants, a comple-of two to eight independent trials performed with at least two

independent isolates of each strain tested. mentation analysis was performed. Each of the 15 mu-
Sequence comparison: Proteins with similarity to Sas5p were tants contained mutations that fell into one of three

identified using the tblastn program against the nonredun- complementation groups. One group corresponded to
dant sequences in GenBank. Alignment of the proteins with

the SAS2 gene. The other mutations fell into two newsimilarity to Sas5p was carried out using Blockmaker, ClustalW,
complementation groups that corresponded to theand Multishade. Alignment and comparison were carried out

using the resources provided at the NCSA Biology Workbench newly identified genes SAS4 and SAS5. The complemen-
(http://biology.ncsa.uiuc.edu) using default parameters. tation analysis was confirmed with null alleles of SAS4

and SAS5, as discussed below.
Identification of the SAS4 and SAS5 genes: To clone

RESULTS
wild-type copies of the SAS4 and SAS5 genes, a MATa
HMRa-e** sas4-1 strain (DRY601) and a MATa HMRa-sas mutations define three complementation groups:

To identify genes that regulate position effect silencing e** sas5-1 strain (DRY342) were transformed with a yeast
genomic library in a centromere-containing vector.in yeast, we analyzed mutations that potentially restored

silencing at an HMR locus flanked by an HMR-E silencer Transformants were screened for clones that could com-
plement the sas phenotype. Complementation restoredcontaining mutations in two domains. This mutant si-

lencer is known as HMRa-e**, with the lowercase e desig- the a-mating phenotype of the sas4 and sas5 mutants
to the nonmating phenotype of SAS strains. In the casenating a loss of function and the two asterisks indicating

the mutations in the Rap1p and Abf1p binding sites. of the sas4-1 mutant, two overlapping and complement-
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ing clones each contained a 2.0-kb SalI-HindIII fragment
of genomic DNA that, when subcloned into a Cen vec-
tor, could complement sas4-1. This fragment contained
only a single open reading frame from chromosome
IV previously known only by the systematic name of
YDR181c. In the case of sas5-1, a single complementing
plasmid clone was recovered. Subcloning analysis of the
insert in this plasmid established that a 1.5-kb XbaI-SmaI
fragment could complement the sas5-1 mutation. This
fragment contained only a single open reading frame
from chromosome XV previously known by two names,
YOR213c and SC33KB 3. Allelism tests confirmed that
the genes that complemented SAS4 and SAS5 were in-
deed the SAS4 and SAS5 structural genes, respectively
(see materials and methods).

SAS4 and SAS5 are nonessential genes: Silencing in
Saccharomyces is not an essential function and cells
completely defective in silencing have normal growth
rates and survival qualities. Silencing, however, is medi-
ated by a combination of proteins some of which are
essential for life, such as ORC, Rap1p, and Abf1p, and
others that are nonessential, such as the SIR proteins
(Shore and Nasmyth 1987; Foss et al. 1993; Loo et al.
1995). To determine whether SAS4 was essential for life,
the entire coding region of SAS4 was replaced with the
kanMX coding region, which confers G418 resistance,
on one chromosome of an a/a diploid strain heterozy- Figure 1.—Mating phenotypes of strains with sas4-1, sas5-1,
gous for the HMRa-e** allele. Analysis of 28 tetrads from sas4D, and sas5D alleles in two strain backgrounds. (A) Com-
this diploid, upon sporulation, revealed that each tetrad parison of a-mating phenotype in MATa HMRa-e** strains

with SAS4 or sas4 mutant alleles in JRY2069 (top) and in W303contained four viable spores and the sas4D::kanMX-con-
(bottom). Results of quantitative mating analysis are presentedtaining spores showed no obvious growth defect. Thus
in parentheses. (B) Comparison of a-mating phenotype inSAS4, like the SIR genes, encoded a protein dispensable MATa HMRa-e** strains with SAS5 or sas5 mutant alleles in

for growth. Among the segregants from this diploid, JRY2069 (top) and in W303-1a (bottom). Results of quan-
each of the MATa HMRa-e** sas4D::kanMX segregants titative mating analysis are presented in parentheses. Iso-

genic strains shown are HMRa-e** (JRY2069), sas4-1 (DRY24),had the a-mating phenotype. Thus, suppression of the
sas4D (DRY1374), sas5-1 (DRY25), and sas5D (DRY1373).HMR-E silencer defect reflected the null phenotype of
Strains isogenic with JRY3009 (MATa W303-1a) are HMRa-SAS4 (Figure 1). e** (JRY5273), sas4D (DRY1322), and sas5D (DRY1314).

The same strategy was used to test whether SAS5 was
an essential gene. As with sas4 mutants, sas5 mutants
were viable and had a normal growth rate. Moreover, from these complementation tests clearly revealed that

9 mutants contained a sas2 mutant allele, 4 containedMATa HMRa-e** sas5D::HIS3 segregants were mating
proficient. Thus, SAS5 was not essential for viability, and a sas4 mutant allele, and 2 contained a sas5 mutant

allele (see materials and methods). Transformationsuppression of the HMRa-e** silencer defect reflected
the null phenotype of SAS5 (Figure 1). experiments revealed that each mutant could be com-

plemented only by plasmids containing a wild-type copyComplementation analysis with some of the original
sas mutants indicated that SAS4 and SAS5 were newly of the corresponding SAS gene (data not shown). Based

upon these multiple lines of evidence, we have renamedcharacterized genes. To test more rigorously the assign-
ment of mutants to complementation groups, comple- YDR181c as SAS4 and YOR213c as SAS5.

SAS4 and SAS5 are regulators of silencing: The experi-mentation analysis was repeated using null alleles of
SAS2, SAS4, and SAS5. A mataDp HMRa-e** sas4D:: ments described above established that mutations in

SAS4 and SAS5 restored the a-mating phenotype inkanMX strain (mataDp indicates a deletion of the MATa1
promoter; Loo and Rine 1994) (DRY1354) was mated MATa cells containing the HMRa-e** mutation. There

are two ways of restoring the a-mating phenotype: theto each of the original 15 recessive sas mutants to deter-
mine which contained lesions in the SAS4 gene. Similar SAS4 and SAS5 mutations could block a1 function in

some way such that the a1/a2 repressor fails to repressexperiments were performed with a strain containing a
sas2D::TRP1 allele (DRY1356) and with a strain con- expression of a1; alternatively, the SAS4 and SAS5 muta-

tions could restore silencing of the mutant HMR locus.taining the sas5D::HIS3 allele (DRY1358). The results
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Figure 2.—SAS4 and SAS5 mutants restore silencing of
HMRa-e**. The a-mating phenotype of HMRa-e** sas4D strains
was abolished by deletion of SIR4 (top). Similarly, the a-mating
phenotype of HMRa-e** sas5D strains is abolished by deletion
of SIR4 (bottom). Hence, SAS4 and SAS5 mutations restore
SIR-dependent silencing. The strains shown were sas4D SIR4
(DRY1322), sas4D sir4D (DRY1397), sas5D SIR4 (DRY1314),
and sas5D sir4D (DRY1398).

Figure 3.—SAS4 and SAS5 are not required for MATa-gene
expression. Deletion of SAS4 or SAS5 results in the a-mating
phenotype in haploid MATa HMRa-e** strains and does notWe distinguished between these models by determining
result in the a-mating phenotype in MATa/MATa diploids.whether the a-mating phenotype in the sas mutants
Strains shown are MATa (JRY3009), HMRa-e** (JRY5273),

depended upon the function of SIR4, which is required sas4D (DRY1322), sas5D (DRY1314), MATa/MATa (DRY
for silencing. 1568), sas4D/sas4D (DRY1426), and sas5D/sas5D (DRY1428).

The SIR4 dependence of the sas4 and sas5 phenotypes
was tested by crossing both a MATa HMRa-e**
sas4D::kanMX strain (DRY1360) and an isogenic MATa et al. 1987; Kimmerly et al. 1988). In principle, null

alleles of SAS4 or SAS5 could restore silencing to theHMRa-e** sas5D::HIS3 strain (DRY1391) to an isogenic
MATa HMR-SS::ADE2 sir4D::LEU2 strain (DRY1376) in HMRa-e** silencer by bypassing the role of the Rap1p

binding site, the Abf1p binding site, or both. Alterna-which the natural HMR-E silencer was replaced by a
synthetic silencer and the MATa genes normally found tively, null alleles of SAS4 or SAS5 could restore silencing

by increasing the activity of the silencer elements thatat HMR were replaced by ADE2 (McNally and Rine
1991; Rivier et al. 1999). Thus, the HMR allele present remain in HMRa-e** strains, namely, the ACS of HMR-E

or the HMR-I silencer. To explore these possibilitiesin all segregants from these crosses could be unambigu-
ously identified. Nine MATa HMRa-e** sas4D::kanMX we systematically tested which silencer elements were

required for silencing in sas4D and sas5D strains. Tosir4D::LEU2 segregants were identified from the first
cross and 12 MATa HMRa-e** sas5D::HIS3 sir4D::LEU2 make these experiments simpler to interpret, we used

mutant forms of a synthetic silencer (HMR-SS) that lacksegregants were identified from the second cross. All of
these segregants were unable to mate, whereas all the some of the apparent functional redundancy that com-

plicates analysis of mutant forms of the natural HMR-EMATa HMRa-e** sas4D::kanMX SIR4 segregants and all
the MATa HMRa-e** sas5D::HIS3 SIR4 segregants were silencer (McNally and Rine 1991; Rivier et al. 1999).

Previous analysis indicates that restoration of silencingable to mate (Figure 2). The SIR4 dependence of the
sas mutant phenotypes established that sas mutants re- by null alleles of SAS2 does not depend on either the

Abf1p binding site of the synthetic silencer or the HMR-Istored silencing per se.
The previous experiments established that the sas4 silencer. In contrast, null alleles of SAS2 do not suppress

mutations in the ACS of the synthetic silencer and onlyand sas5 phenotypes were dependent on silencing func-
tions. Nevertheless, these experiments did not eliminate partially suppress defects in the Rap1p binding site.

Thus, the silencing that results from null alleles of SAS2the formal possibility that sas4 or sas5 mutations might
also affect MATa1 function. Therefore, two a/a diploids depends on the ACS and Rap1p binding sites of the

synthetic silencer.were constructed, one homozygous for sas4D (DRY
1426) and one for sas5D (DRY1428). Both diploids had Deletion of the HMR-I silencer from a strain con-

taining the synthetic silencer (HMR-SS DI) (DRY439)the nonmating phenotype of a wild-type a/a diploid.
Thus, the effect of sas4 and sas5 on mating phenotype resulted in a 10-fold loss of silencing as judged by de-

creased mating efficiency relative to a strain that con-was exclusively through a silencing mechanism (Figure 3).
Efficient silencing by null alleles of SAS4 and SAS5 tained the synthetic silencer and HMR-I (HMR-SS)

(DRY874; Figures 4 and 5). Deletion of either SAS4depends on the ACS and Rap1p binding site of a syn-
thetic HMR-E silencer: In the context of the wild-type (DRY1364; Figure 4) or SAS5 (DRY2109; Figure 5) re-

stored silencing in an HMR-SS DI strain to wild-typeHMR-E silencer the Rap1p and Abf1p binding sites and
the ARS consensus sequence element (ACS) appear to levels. Therefore, silencing did not depend on HMR-I

in either sas4D or sas5D strains. We next investigatedhave redundant functions; mutation of any individual
element does not disrupt silencing, whereas mutation the role of the Abf1p binding site in strains lacking SAS4

or SAS5. Mutation of the Abf1p binding site of theof any pairwise combination of elements does (Brand
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Figure 5.—The ACS and Rap1p binding sites of the syn-Figure 4.—The ACS and Rap1p binding sites of the syn-
thetic HMR-E silencer (HMR-SS) contribute to silencing inthetic HMR-E silencer (HMR-SS) contribute to silencing in
sas5D strains. The logarithmic values of quantitative matingsas4D strains. The logarithmic values of quantitative mating
assays for strains containing the indicated alleles of HMR-Eassays for strains containing the indicated alleles of HMR-E
are shown. Open bars indicate the values of SAS5 strains, solidare shown. Open bars indicate the values of SAS4 strains, solid
bars the value of sas5D strains. The strains shown are DRY439bars the value of sas4D strains. The strains shown are DRY439
and (DRY2109) [HMR-SS DI (ssDI)], DRY879 and (DRY2110)and DRY1364 [HMR-SS DI (ssDI)], DRY879 and DRY1365
[HMR-SS abf1- DI (ssbDI)], DRY875 and (DRY2111) [HMR-SS[HMR-SS abf1- DI (ssbDI)], DRY875 and DRY1366 [HMR-SS
rap1- (ssr)], DRY882 and (DRY2112) [HMR-SS rap1- DIrap1- (ssr)], DRY882 and DRY1370 [HMR-SS rap1- DI (ssrDI)],
(ssrDI)], DRY881 and (DRY2113) [HMR-SS acs- (ssa)], DRY878DRY881 and DRY1368 [HMR-SS acs- (ssa)], DRY878 and
and (DRY2114) [HMR-SS acs- DI (ssaDI)].DRY1369 [HMR-SS acs- DI (ssaDI)].

synthetic silencer in a strain lacking HMR-I (JRY4889) tion of silencing by null alleles of SAS4 and SAS5,
both in the presence and absence of HMR-I. Previous(HMR-SS abf1- DI) resulted in a 2- to 3-fold decrease in

mating efficiency. Deletion of either SAS4 (DRY1365; analysis indicated that null alleles of SAS2 were not
capable of even slight suppression of silencing in eitherFigure 4) or SAS5 (DRY2110; Figure 5) in an HMR-

SS abf1- DI strain restored silencing to wild-type levels. HMR-SS acs- or HMR-SS acs- DI strains as seen here
for null alleles of SAS4 and SAS5. To determine whetherTherefore silencing did not depend on the Abf1p bind-

ing site in sas4D or sas5D strains. Collectively, these and null alleles of SAS2 were phenotypically distinct from null
alleles of SAS4 or SAS5, we compared the mating effi-previous data revealed that neither the Abf1p binding

site of the synthetic silencer or HMR-I is required for ciency of HMR-SS acs- DI strains lacking SAS2, SAS4, or
SAS5. By our assays, deletion of SAS2 resulted in thesilencing in sas2D, sas4D, or sas5D strains.

We next investigated the role of the ACS of the syn- same slight suppression of the silencing defect of the
HMR-SS acs- DI allele as did deletion of SAS4 or SAS5thetic silencer in silencing in sas4D and sas5D strains.

Deletion of the ACS of the synthetic silencer (DRY881) (data not shown). Thus, the dependence of silencing
on the ACS by null alleles of SAS2, SAS4, or SAS5 was(HMR-SS acs-) in an otherwise wild-type strain resulted

in an approximately 10-fold decrease in silencing as indistinguishable by the assays used here.
Finally, we investigated the contribution of the Rap1pjudged by mating efficiency. Deletion of SAS4

(DRY1368; Figure 4) or SAS5 (DRY2113; Figure 5) from binding site to silencing in sas4D and sas5D strains. Dele-
tion of the Rap1p binding site of the synthetic silenceran HMR-SS acs- strain did not increase mating efficiency

more than 2-fold and did not restore mating to wild- results in a reduction of mating efficiency by three to
four orders of magnitude in the presence of HMR-Itype levels. Thus, the ACS of the synthetic silencer was

required for the efficient restoration of silencing by null (HMR-SS rap1-) (DRY875). Deletion of either SAS4
(DRY1366) or SAS5 (DRY2111) from an HMR-SS rap1-alleles of SAS4 and SAS5. Strains lacking the ACS of

the synthetic silencer and HMR-I (HMR-SS acs- DI) strain resulted in an increase in mating efficiency, but
only to a level that was two to three orders of magnitude(DRY878) have a mating efficiency that is approximately

five orders of magnitude less than strains with a wild- less than wild type. Therefore, the Rap1p binding site
of the synthetic silencer was required for efficient resto-type HMR allele. Deletion of SAS4 (DRY1369) or SAS5

(DRY2114) from an HMR-SS acs- DI strain resulted in ration of silencing by null alleles of SAS4 and SAS5.
These results were similar to previous results that dele-an increase in silencing, but only to a level that was

approximately four orders of magnitude less than wild tion of SAS2 partially restores silencing to the HMR-SS
rap1- allele, indicating that null alleles of SAS2, SAS4,type. Thus, the ACS was required for efficient restora-
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and SAS5 have similar phenotypes in this context. To
further explore the role of the Rap1p binding site in
silencing in sas4D and sas5D strains, we analyzed the
HMR-SS rap1- allele in the absence of HMR-I (HMR-SS
rap1- DI). A strain containing this HMR-SS rap1- DI allele
(DRY882) mated approximately five orders of magni-
tude less well than a strain containing the wild-type allele
of HMR (Figures 4 and 5). Deletion of SAS4 from this
HMR-SS rap1- DI strain (DRY1370) resulted in an in-
crease in mating efficiency, but only to a level that was
three to four orders of magnitude less than wild type
(Figure 4). Comparable levels of silencing were pre-
viously reported for a sas2D HMR-SS rap1- DI strain

Figure 6.—Sequence similarity among Sas5p-related pro-(Ehrenhofer-Murray et al. 1997). In contrast, dele- teins. Shown is a 76-amino-acid region that spans the 42-amino-
tion of SAS5 from an HMR-SS rap1- DI strain (DRY2112) acid region of highest similarity among family members. Black
did not result in an increase in mating efficiency (Figure shading around letters indicates that at least half of the aligned

proteins had identical amino acids. Gray shading around let-5). Thus, by these criteria, the Rap1p binding site was
ters indicates that at least half of the family members hadrequired for efficient restoration of silencing by null
similar amino acids. The 42-amino-acid region of highest simi-

alleles of SAS2, SAS4, and SAS5, and furthermore, the larity among the proteins shown is bracketed by the carets.
Rap1p binding site made a more significant contribu- Sequences were aligned and similarity was scored as indicated

in materials and methods. Gene names are indicated totion to restoration of silencing by null alleles of SAS5
the left of the aligned sequence: YD67 (S. pombe), M04B2.3than by null alleles of SAS2 or SAS4. Collectively, the
(C. elegans), AF-9 and ENL (human), YNL107w, ANC1, andresults presented here and previously indicated that the SAS5 (S. cerevisiae).

suppression of silencing defects at HMR in sas2D, sas4D,
and sas5D strains depends on the ACS and Rap1p bind-
ing sites of the synthetic silencer, and not on the Abf1p gene of Caenorhabditis elegans, in addition to AF-9 and
binding site or HMR-I. ENL.

Sas5p was a family member of a protein implicated in The alignment of SAS5 to its related genes indicated
human leukemia: Comparison of the predicted protein that the region of 42 amino acids that is similar among
sequence of SAS5 with other proteins encoded by the SAS5, ANC1, AF-9, and ENL also corresponds to the
yeast genome revealed one strong paralog, ANC1. The region of highest similarity with YNL107w, YD67, and
Blastp comparison of Sas5p and Anc1p resulted in a MO4B23 (Figure 6). Within this region, SAS5 was 38–
score of 10226, with two regions of similarity that together 51% identical and 56–65% similar to each of the related
span the majority of the length of both proteins. ANC1 proteins, suggesting that these proteins are members of
was originally identified as a potential regulator of the a family of proteins that contain a region of conserved
actin cytoskeleton, but more recent evidence indicates function. Although the similarity among the Sas5p-
that ANC1 encodes a protein intimately connected with related proteins implies that each has related functions,
transcription (Henry et al. 1994; Kim et al. 1994; Welch the region of similarity does not extend over the entire
and Drubin 1994; Cairns et al. 1996). Previous analysis length of these proteins; therefore the family members
of the predicted protein encoded by ANC1 revealed may not carry out the exact same function. In contrast
that it has significant sequence similarity to proteins to Sas5p, the sequence of Sas4p was not highly similar
encoded by two human genes, AF-9 and ENL, that are to other known proteins and thus defined a pioneer
the sites of reciprocal translocations that contribute to protein.
acute myeloid leukemia and that it also has significant
sequence similarity to a putative protein encoded by the

DISCUSSIONuncharacterized yeast open reading frame SC33KB 3
(Welch and Drubin 1994; Cairns et al. 1996). As re- We characterized 15 recessive mutations that sup-
vealed here, SC33KB 3 is identical to SAS5. As described pressed the silencing defect associated with a mutant
previously, the region of highest similarity among these HMR-E silencer. Nine of the mutations were in the pre-
four proteins is a 42-amino-acid region corresponding viously characterized SAS2 gene, which encodes an ace-
to amino acids 52–93 of Sas5p. In addition to ANC1, tylase homolog. Of the remaining mutations, 4 were in
our analysis identified a second yeast paralog of SAS5, SAS4 and 2 were in SAS5. Cells bearing null alleles of
the YNL107w gene, whose function was unknown. Com- either SAS4 or SAS5 were viable, and the phenotypes of
parisons of the SAS5 sequence with the non-Saccharo- the null alleles were indistinguishable from those of the
myces entries of GenBank revealed similarities to the original mutants.

The sas4 and sas5 mutations restored the a-matingYD67 gene of Schizosaccharomyces pombe and the M04B2.3
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phenotype by restoring silencing of HMRa-e** rather leukemias (Tkachuk et al. 1992; Nakamura et al. 1993).
These data extend the connections between the SASthan by interfering with the function of the MATa1-

encoded protein. This conclusion was based upon the genes and genes that contribute to acute myeloid leuke-
mias.requirement of SIR4 function for the suppression

caused by null alleles of SAS4 or SAS5 and by the require- The relationship between yeast silencing genes and
human leukemia genes is further extended by studiesment for the ACS and a Rap1p binding site of the syn-

thetic HMR-E silencer for efficient suppression of the of a family of proteins that share a SET domain. Set1p
contains a block of z130–140 amino acids, known as asilencing defect by a null allele of SAS4 and SAS5. Fur-

thermore, MATa/MATa diploids homozygous for null SET domain, which is shared among a variety of proteins
throughout eukaryotes (Nislow et al. 1997). The SET-alleles of SAS4 or SAS5 had the nonmating phenotype,

ruling out the possibility that SAS4 or SAS5 was required domain family members have disparate effects on tran-
scription. For instance, SET1 activates transcription offor a1 function.

The function of SAS4 and SAS5 in silencing: There some genes in yeast and represses transcription of oth-
ers, including silencing of genes near telomeres (Nis-are at least two ways of thinking about how sas4 and sas5

mutations increased silencing mediated by the mutant low et al. 1997). Similarly, Drosophila proteins with a
SET domain include trithorax and enhancer of zeste, whichHMRa-e** silencer. One view is that the proteins en-

coded by these genes directly inhibited the function of are responsible for establishing stable activated and re-
pressed states of gene expression in developmentORC or Rap1p at HMR-E. Mutation of either gene would

then relieve the inhibitory effect, allowing Rap1p or (Jones and Gelbart 1993). The human trithorax ho-
molog, known variously as HRX, MLL, and ALL-1, isORC to have increased function at the HMR-E silencer.

An alternative model is that neither SAS4 nor SAS5 had the site of recurring chromosomal translocations that
contribute to a variety of human leukemias, includinga direct effect at HMR-E. Rather, these proteins might

have a direct effect on the assembly of silenced chroma- acute myeloid leukemia. Strikingly, the SAS5-related
genes AF9 and ENL are fused to the SET1-related humantin at telomeres. Previous studies have revealed a compe-

tition between telomeric silencing and silencing of HMR trithorax homolog in specific types of acute myeloid
leukemia (Tenen et al. 1997; Waring and Cleary(Buck and Shore 1995). In particular, some mutations

that increase silencing at the telomeres result in a de- 1997). Hence, both partners in HRX-AF9 and HRX-ENL
fusions are related to yeast genes involved in silencing.crease in silencing at HMR (Buck and Shore 1995;

Wotton and Shore 1997). By relieving silencing at Based on the parallels described for SAS2 and SAS5, any
SAS4 homolog discovered in humans would be a logicaltelomeres, the sas4 and sas5 mutations could favor resto-

ration of silencing at HMR, despite the presence of the candidate to evaluate for association with chromosomal
breakpoints in human leukemias.mutant silencer. Our recent analysis demonstrates that

both SAS4 and SAS5 are required for the telomeric posi- We thank B. Cairns and L. Pillus for discussions including unpub-
tion effect and, hence, play a positive role in the forma- lished results. We also thank C. Fox, L. Pillus, and A. Wach for gener-
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grant GM-31105 (J.R.), by a March of Dimes Basil O’Connor Startering lends favor to the latter model.
Scholar Award (D.R.), and by NIH predoctoral training award 5T32-
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