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ABSTRACT

In Saccharomyces cerevisiae, local repression is promoter specific and localized to a small region on the
DNA, while silencing is promoter nonspecific, encompasses large domains of chromatin, and is stably
inherited for multiple generations. Sum1p is a local repressor protein that mediates repression of meiosis-
specific genes in mitotic cells while the Sir proteins are long-range repressors that stably silence genes at
HML, HMR, and telomeres. The SUMI-1 mutation is a dominant neomorphic mutation that enables the
mutant protein to be recruited to the HMRlocus and repress genes, even in the absence of the Sir proteins.
In this study we show that the mutation in Suml-l1p enabled it to spread, and the native HMR barrier
blocked it from spreading. Thus, like the Sir proteins, Sum1-1p was a long-range repressor, but unlike the
Sir proteins, Suml-1p-mediated repression was more promoter specific, repressing certain genes better
than others. Furthermore, repression mediated by Sum1-1p was not stably maintained or inherited and we
therefore propose that Suml-1p-mediated long-range repression is related but distinct from silencing.

N Saccharomyces cerevisiae, mating-type information is
present at three locations on chromosome III. The
transcriptionally active MAT locus determines the mat-
ing type ofacelland encodes either MATa or MATa genes
in a or a cells, respectively. Cells of opposite mating type
mate to produce a/a diploids. Additional copies of the
mating-type genes are present on the distal arms of
chromosome Il at the HMLand HMR]loci. In most yeast
strains, /ML contains an unexpressed but intact copy of
the MATa allele whereas HMR contains an unexpressed
intact copy of the MATa allele. Expression of HML and
HMRis stably repressed by amechanism called silencing,
which requires the Sir proteins and specific flanking
DNA sequences called silencers (reviewed in RUSCHE
et al. 2003). The silencers and the Sir proteins function
together to inactivate most genes in a distance- and
orientation-independent manner. The silencers contain
binding sites for the origin replication complex (ORC),
Raplp, Abflp, and Sumlp (LAURENSON and RINE 1992;
Loo and RiINE 1995; IRLBACHER et al. 2005) and these
silencer-associated proteins initiate the assembly of the
silenced chromatin by recruiting the Sir proteins Sirlp,
Sir2p, Sir3p,and Sirdp (reviewedin Moazep 2001). Sir2p
isan NAD-dependent protein deacetylase, which deacet-
ylates the N-terminal tails of histones, and Sir3p and
Sir4p interact with the hypoacetylated histone tails, re-
sulting in silencing.
SUM1 encodes a sequence-specific DNA-binding
repressor protein that binds to the operator (middle
sporulation elements, or MSEs) of middle-sporulation
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genes (XIE et al. 1999) and to the HML-E silencer
(IRLBACHER et al. 2005) in mitotic cells. While Suml1p
binding to the MSE element represses the genes (PIERCE
et al. 2003), binding to the silencer is necessary for Sir-
mediated silencing at HML (IRLBACHER et al. 2005).
Sumlp is present in a protein complex with the Sir2p
homolog, Hstlp, which is required to repress the middle
sporulation genes (XIE et al. 1999; RuscHE and RINE
2001; SutTON et al. 2001; McCoRrD et al. 2003), and this
Hstlp-mediated repression is gene specific and highly
localized (XIE et al. 1999).

SUM1I-1 (suppressor of mar) was identified in a screen
of extragenic suppressors of the silencing defect in sir2A
cells (KLAR et al. 1985). SUM1-1 is a dominant mutation
that restores silencing at HMR in sirlA, sir2A, sir3A, or
sir4A mutants as well as mutations in the HMR-Esilencer
(L1vr et al. 1990; LAURENSON and RINE 1991; CHI and
SHORE 1996). The mutation in SUMI-I is neomorphic
since neither a null mutation in, nor overexpression of,
SUMI gives rise to the SUMI-1 phenotype (CHI and SHORE
1996). Although Sum1p normally does not associate with
HMR, it was likely that ORC recruited Suml-1p to the
silenced loci (RuscHE and RINE 2001; SUTTON et al. 2001).
While Suml-Ip can repress in the absence of the Sir
proteins, repression is dependent on Hstlp (RuscHE and
Rine 2001; SutToN et al. 2001; BEpALOV et al. 2003).
Following recruitment to the HMR silencers, Suml-Ip
and Hstlp spread across the VMR domain, deacetylating
the histones and thereby mediating repression (LyNncH
et al. 2005).

To gain further insight into Suml-1p-mediated re-
pression, we analyzed how this neomorph repressed
genes at the HML and HMR loci. We determined if
Sum1-1p was a long-range repressor that could silence a
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variety of genes and whether this repression was stable.
We show that SumI-1p is along-range repressor and that
the chromatin domain generated by Suml-1p can re-
press genes independently of their position and ori-
entation within this domain. However, Suml-l1p can
repress certain genes better than others and this re-
pression was not stably sustained. Together, these data
suggest that the long-range repression mediated by
Sum1-1p was distinct from Sir-mediated silencing.

MATERIALS AND METHODS

Yeast growth, transformations, and integrations: Standard
yeast media and genetic methods were used as described
(SHERMAN 1991). PCR-based integrations were performed
with oligonucleotides whose sequences are available upon re-
quest. PCR-based integrations and transformation with plas-
mids followed the standard lithium acetate procedures (ITo
et al. 1983). All fragments of DNA were PCR amplified with
Expand High Fidelity DNA polymerase, and 5-10 pl of PCR
reaction containing 0.5 wg of product were used for a single
transformation. Integrations were PCR amplified and their
sequences were confirmed.

Plasmids: pGBD-SUMI (pRO706) was obtained from the
yeast GBD fusion protein collection (ITo et al. 2001). In this
plasmid the GAL4 DNA-binding domain (1-147 aa) was fused
in frame to the N terminus of SUM1. The ADH I promoter drove
transcription of the chimera in the pGBK-RC-TRPI plasmid.
pGBD-SUMI-1 (pRO707) was constructed by replacing the Spel—
Pstl C-terminal fragment of SUMI in pGBD-SUMI with that of
the SUMI-1 allele. This fragment was amplified by PCR using
genomic DNA from the SUMI-1 strain ROY1971 (derived from
strain YMC89; CHI and SHORE 1996) as template.

To overexpress SUMI and SUMI-1, the Psl—BamHI fragments
encompassing the Sumlp coding region from pGBD-SUMI
(pRO706) and pGBD-SUMI-1 (pRO707) were cloned into the
Pstl-BamHI site of pRS425 (S1korsk1 and HIETER 1989). The
SUM1I promoter region (725 bp upstream of ATG) was PCR
amplified from yeast genomic DNA and cloned into the Sacl-
BamHI sites of pRS425 to create the plasmids pSUMI (pRO709)
and pSUMI-1 (pRO711). pHSTI in pRS423 (pRO713) was con-
structed by cloning a BamHI-Sall fragment from pRO575 (gift
of Masaya Oki) and contains HSTI with 300 bp of upstream and
downstream regulatory sequences. SIR2 was cloned with its pro-
moter in pRS315 (pRO46).

Serial dilutions: A single colony of yeast cells was used to
inoculate 5 ml of liquid YP or YM medium with glucose or ga-
lactose as the carbon source and the appropriate supplements
to allow maintenance of the plasmids. The cells were grown
overnight at 30°. All cells were diluted to an initial concentra-
tion of 1.0 Agpp/ml in YM medium and serially diluted fivefold.
Approximately 3 pl of each serial dilution was spotted onto
appropriately supplemented plates using a cell spotter. For
mating assays, supplemented YMD plates were spread with 1.0
Agoo of mating lawn (strains JRY19a, MATa his4, or MATw his4)
diluted in 300 ml of YPD. Where necessary, selection for
plasmids was maintained throughout this analysis. Cells were
allowed to grow at 30° for 48 hr prior to photography.

Patch mating: Patches of the appropriate strains were grown
on YMD plates for 1-2 days at 30°. The mating potential of the
cells was monitored by replica plating the patches onto selec-
tive YMD plates previously spread with a mating lawn, main-
taining the selection for the plasmids prior to and following
mating.

o-Factor arrest: Cells grown in YPAD liquid media
(SHERMAN 1991) were collected by centrifugation and diluted

to 1 Aggp/ml with fresh YPAD media. Five milliliters of the
culture was transferred to a flask and Na-succinate, pH 3.5, was
added to a final concentration of 25 mM. Cells were allowed to
grow for 15 min (30°, 200 rpm) prior to addition of a-factor.
a-Factor (stock concentration 1 mm in 0.1 N HCI; Sigma,
St. Louis) was added to the cultures to a final concentration of
0.012 mm. After 3 hr (30°, 200 rpm), the cells were transferred
onto a YPAD plate. Five microliters of 0.1 mm a-factor solution
was spotted at different locations on the plate. Cells that had
arrested in a-factor (Shmoo) were moved to the regions on the
plate that lacked or contained a-factor, using a dissecting
microscope. Plates were placed at 30° and allowed to grow.
Every 3 hr, over a period of 15 hr, the plates were removed and
photographed with a digital camera. Arrested and dividing
cells from two separate experiments were quantified.

RNA isolation and RT-PCR: Strains (ROY4026, ROY4027,
ROY 4028, JRY4563, JRY4013, and ROY1924) were grown
overnight in YPD and were used to inoculate 80 ml of fresh
YPAD. Cells were grown to an Aggp~1.0, harvested, and washed
with DEPC-treated water, and total RNA was isolated as de-
scribed (ScHMITT et al. 1990). cDNA was prepared using a RT-
PCR kit from Invitrogen (San Diego) with random primers
and Superscript Il reverse transcriptase and the Platinum Taq
DNA polymerase. Quantitative analyses of the expression of
the genes at HMR were performed using multiplex PCR with
primers specific to URA3 or MATal and ACTI. The sequences
of the PCR primers specific for MATal, URA3, and ACTI are
available upon request. Reaction volumes were typically 50 pl
and contained 2 pl of cDNA in 20 mm Tris-HCI, pH 8.4, 50 mm
KCl, 1.5 mm MgCly, 0.2 mm of each dNTP, 0.2 um of each
primer and 0.034 um of [a**P]dATP and [o**P]CTP, and 1 unit
of platinum Taq DNA polymerase (Invitrogen). Templates
were amplified in 25 cycles and 3 pl of the reaction was re-
solved on a 5%-polyacrylamide-TBE gel. The gel was dried, and
the radioactive bands were analyzed on a Typhoon Phosphor-
Imager using ImageQuant software (Amersham-Pharmacia).

Micrococcal nuclease analysis: The HMRlocus was analyzed
by micrococcal nuclease digestion and indirect end labeling
(AVENDANO et al. 2005). Briefly, strains were grown in 200 ml
of YPD to 1.0 Aggo/ml and treated with lyticase to produce
spheroplasts. Chromatin in the nystatin-permeabilized sphe-
roplasts was digested with different amounts of micrococcal
nuclease (0, 1, 2, 3, and 4 units) for 20 min at 37°. Naked DNA
was prepared by phenol/chloroform extraction of sphero-
plasts and this was digested with 0.03 and 0.06 units of MNase
for 5 min at 37°. MNase reactions were stopped with 1% SDS
and 5 mM EDTA (final concentration) and proteinase K treat-
ment, and DNA was purified by three phenol/chloroform
extractions and treated with RNAse. After digestion with Bglll
(100 units/sample), DNA samples were run on a 1.5% agarose-
Tris-borate-EDTA gel, transferred to Hybond N+ nylon mem-
brane (Amersham, Buckinghamshire, UK), and analyzed by
end labeling using a 138-bp radioactive probe that recognizes
the Bglll region at the C terminus of HMRal. A pair of oligos
(forward: CCAAGGAAAAAGAAGAAGTTGC and reverse: AGA
TCTCATACGTTTATTTATGAAC) was used to label this probe
with [a-**P]dCTP by PCR amplification. A GIBCO (Gaithersburg,
MD) 50-bp ladder radioactively labeled was included in the gel
as a molecular size reference. Chromatin blots were scanned
and analyzed with the program ImageQuant 5.2 (Molecular
Dynamics, Sunnyvale, CA).

Strain construction: S/R2, PPRI, and SUMI genes were de-
leted from the start to the stop codon and replaced with HIS3,
TRPI, or kanMXmarkers by homologous recombination to pro-
duce sir2A::HIS3, sir2A::TRPI, ppriA::kanMX, and sumlIA::
kanMX strains. The SUMI-1 allele used in this study is derived
from strain YMC89 (CH1and SHORE 1996). The genotypes of the
yeast strains used in this study are presented in Table 1.
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TABLE 1

Yeast strains used in this study

Strain Genotype Source
MATa his4 J- Rine
MATo his4 J. Rine

JRY19a MATa ura3 leu2 trpl his4 J- Rine

ROY3790 MATa HMR::TRP1 SIR2 SUM1

ROY3792 MATo HMR:: TRP1 sir2A::HIS3 SUMI

ROY3839 MATo HMR:: TRP1 sir2A ::HIS3 SUMI-1

ROY3774 MATo HMR::ADE2 SIR2 SUM1

ROY3770 MATo HMR::ADE2 sir2A :: HIS3 SUM1

ROY3818 MATa HMR::ADE?2 sir2A:: TRP1 SUMI-1

ROY3787 MAToe HMR::URA3 pprIA::kanMX SUMI SIR2

ROY3797 MATa HMR::URA3 pprIA::kanMX SUMI sir2A:: TRPI

ROY2677 MATo HMR::URA3 pprIA::kanMX SUMI-1 sir2A:: TRPI

ROY4027 MATo HMR::URA3 ppriA::kanMX SUMI SIR2 wra3A::HIS3

ROY4028 MATa HMR::URA3 pprIA::kanMX SUMI sir2A:: TRPI ura3A::HIS3

ROY4026 MAToo HMR::URA3 pprIA::kanMX SUMI-1 sir2A:: TRPI wra3A::HIS3

JRY4013 MATo. HMRa SUM1 SIR2 J- Rine

JRY4563 MATo HMRa SUMI sir2A:: TRPI J- Rine

ROY1924 MATo HMRa SUMI-1 sir2A:: TRP1

ROY3786 MATa HMLo hmrA ::URA3 SUMI-1 sir2A:: HIS3

ROY3753 MATo HMLa hmrA ::URA3 SUMI-1 sir2A :: HIS3

ROY3754 MATo HMLa hmrA ::URA3 SUM1 SIR2

ROY3755 MATo HMLa hmrA ::URA3 SUMI sir2A::HIS3

ROY3785 MATo hmlA:: TRP1 HMRa SUMI-1 sir2A :: HIS3

ROY3725 MATa hmlA :: TRP1 HMRo SUMI sir2A :: HIS3

ROY3726 MATa hmiA :: TRP1 HMRo SUM1 SIR2

ROY3743 MATa hmlA :: TRP1 HMRo SUMI-1 sir2A:: HIS3

ROY3861 MATa hmlA :: TRPI hmrA :: HMLo SUM1 SIR2

ROY3859 MATa hmiA :: TRP1 hmrA:: HMLo SUM1 sir2A :: HIS3

ROY3863 MATa hmlA :: TRP1 hmyA :: HMLo SUMI-1 sir2A :: HIS3

ROY4030 MATa hmlA:: TRPI hmrA :: [HMR-E-«-HML-I] SUMI sir2A:: HIS3

ROY4031 MATa hmlA :: TRP1 hmyA :: [HMR-E-«-HML-I] SUM1 SIR2

ROY4032 MATa hmlA :: TRP1 hmrA :: [HMR-E-o-HML-I] SUMI-1 sir2A :: HIS3

ROY4053 MATa hmlA :: TRP1 hmyA :: [HMIL-E-o-HMR-I] SIR2 SUM1

ROY4045 MATa hmlA:: TRP1 hmoA :: [HML-E-o-HMR-I] sir2A :: HIS3 SUM1

ROY4048 MATa hmlA :: TRP1 hmrA :: [HML-E-«-HMR-I] sir2A :: HIS3 SUM1-1

ROY2863 MATo sumIA ::kanMX sir2A :: TRP1 HMR-[E+ a2:: prmal-alcds+alAp+I]

ROY3306 MATo sumlIA ::kanMX sir2A :: TRP1 HMR-[E+ a2:: prmal-URA3cds+ alAp+1]

ROY3723 MATo sumIA ::kanMX sir2A :: TRP1 HMR-[E+ a2:: prmURA3-alcds+ alAp+1] pprIA::kanMX

ROY3769 MATo sumlIA ::kanMX sir2A :: TRP1 HMR-[E+ a2:: prmURA3-URA3cds+ alAp+1I] ppriIA::kanMX

ROY3322 MATo sir2A :: TRPI SUMI-1 HMRalAp::al

ROY3324 MATo sir2A :: TRP1 SUMI-1 HMRalIAp - al- tRNA

ROY3259 MATo sir2A :: TRP1 SUMI-1 HMRalAp tRNA barrier - al

ROY4029 MATo sir2A :: TRPI SUMI-1 HMRalAp tRNA barrierA - al

ROY4043 MAToo HMR-prmal+ URA3cds-hmraAp SIR2 SUMI

ROY4042 MATo HMR-prmal+ URA3cds-hmraAp sir2A :: TRP1 SUMI

ROY3364 MATo HMR-prmal+ URA3cds-hmraAp sir2A :: TRP1 SUMI-1

ROY2666 MATo HMR sir2A::HIS3 sumIA ::kanMX

ROY4038 MATo HMRss(IxGAL4-RAPI-ABFI)~+1 sir2A:: HIS3 sumIA ::kanMX

ROY4039 MATo HMRss(IxGAL4-RAPI-ABFI) A T sir2A:: HIS3 sumlIA ::kanMX

ROY4040 MATo HMRss(3xGAL4-RAPI-ABFI) A T sir2A:: HIS3 sumlIA ::kanMX

ROY4041 MATo HMRss(5xGAL4-RAPI-ABFI) A T sir2A:: HIS3 sumlIA ::kanMX

SUMI-1 sir2A strains with TRPI, ADE2, and URA3 reporter
genes placed at HMR were obtained as follows. HMR:: TRPI
strains ROY3790, ROY3792, and ROY3839 were obtained by
crossing YLS195 (HMR:: TRPI; Buck and SHORE 1995) with
strains containing sir2A sumIA and sir2A SUMI-1 alleles.
HMR::ADE?2 strain YLS409 (SusskL et al. 1993) was crossed
with sumIA sir2A and sir2A SUMI-1 strains to generate ROY3770,

ROY3774, and ROY3818. In strain ROY2584 (MATa HMR::URA3
sir2A), the URA3 gene with the promoter of URA3 proximal
to HMR-E replaced sequences in the HMRa2 coding re-
gion [Saccharomyces Genome Database (SGD) coordinates
293212-293410]. The HMR:: URA 3strains ROY3787, ROY3797,
and ROY2677 are derivatives of ROY2584 crossed with ppriA
and pprIA SUMI-I strains.



102 L. Valenzuela, S. Gangadharan and R. T. Kamakaka

Strains containing AMRx or HMILa were derived from XW652
[ho MATa HMLo HMRo-Bura3 adel ade3:: GAL-HO (His-) leu2
trp:: hisG ura3-52 LYS2] from J. Haber (Wu and HABER 1996) or
from K1107 (MATa HMIa HO: :lacZ46 can1-100 ade2-1 leu2-3,112
trpl-1 his3 ura3) from K. Nasmyth (CvRckova and NASMYTH
1993). These strains were initially backcrossed into W-303
(JRY5078 and JRY3024 from J. Rine) four and three times,
respectively. The strains were finally crossed with a sir2A :: HIS3,
sumlIA::kanMX, or SUMI-I strain to obtain the requisite
genotype.

Strains ROY3859, ROY3861, and ROY3863 were constructed
by integrating HMLo (sequences 415 bp upstream of the
ARS301 to 511 bp downstream of the ARS302 element) at the
HMR locus. HMLa was amplified using genomic DNA from
ROY175 (W-303 strain) as template and integrated by ho-
mologous recombination at the Spel-Psd sites that flank
hmrA::URA3 (SGD coordinates 292388-295324) in strain
ROY3573 (MATa hmiA :: TRP1 hmrA::URA sir2A sumlIA). Fol-
lowing transformation, 5-FOA-resistant colonies were selected
to obtain ROY3825 (MATa hmiA::TRPI hmrA::HMLo sir2A
sumIA). This strain was crossed with strains carrying SIR2 SUM 1
and sir2A SUMI-I alleles.

Silencer swap strains: The hmrA::HMLa strain ROY3825
described above was used to replace HML-E (from 415 bp
upstream of the ARS301 element to the stop codon of HMLax 2)
with the URA3 cassette. The URA3 gene was then replaced by
the HMR-Esilencer (SGD coordinate 292388 upstream of HMR
to the stop codon of HMRa2) to generate ROY4036 (MATa
hmlA :: TRPI hmrA : : HMR-E-o« HMIA sir2A sumIA). ROY3825 was
also used to replace HML- (the region of HMLx from the stop
codon of HMLx 1 to 511 bp downstream of the ARS302 ele-
ment) with URA3, which was then replaced with the HMR-/
silencer (from the stop codon of HMRal to SGD coordinate
295324) to give ROY4037 (MATa hmiA::TRPI hmrA:: HML-E-
aHMRI sir2A sumlIA). Replacement of the URA3 cassette was
done by selection on 5-FOA, and ROY4036 and ROY4037 were
crossed with SIR2 SUMI and sir2A SUMI-1 strains to obtain
ROY4030, ROY4031, ROY4032, ROY4045, ROY4048, and
ROY4053.

To obtain strains in which transcription of the URA3 and
MATal genes is driven by the URA3 or MATal promoter at the
HMRIocus, initially URA3was integrated at the HMRaZ2 coding
region (SGD coordinates 293212-293410) with transcription
of URA3 going toward the HMR-E silencer (ROY2795 MATw
HMR::URA3 sir2A sumlIA). In this strain the MATal gene
at HMR was made nonfunctional. For this, the HMR locus
(hmraAp) was PCR amplified from plasmid pDR126 (gift of
S.Loo). In this plasmid the promoter and the first 17 bp of the
coding sequence of HMRal were deleted (hmraAp). This PCR
fragment was used to transform ROY2795. Transformants were
selected on the basis of the recovery of the mating capacity of
ROY2795. After transformation, the MATa cells were allowed
to grow for 4 hr in liquid YPAD (30°, 250 rpm), mixed with
wild-type MATa W-303 cells, and plated onto YPAD plates and
incubated at 30° overnight. Cells were then scrapped off the
YPAD plate, washed with YM, and replated on YMD plates
selecting for diploids. The HMR/ hmraAp diploids were ana-
lyzed by PCR and dissected to give the strain ROY2800 (MATo
HMR-URA3-hmraAp sir2A sumIA).

The entire URA3 cassette in ROY2800 was replaced with the
MATal gene (SGD coordinates 293512-294505) to obtain
ROY2863. In the same strain (ROY2800), the URA3 coding
sequence was replaced with the MATal coding sequence to
generate strain ROY3469 (MAToa HMR-prmURA3+ alcds-
hmraAp sir2A sumIA). ROY3469 was then crossed with a ppriA
strain to obtain ROY3723. The MATal coding region in strain
ROY2863 was replaced with the URA3 coding region to
generate ROY3306. Finally, ROY3769 was obtained by crossing

ROY2800 with a pprIA strain. Transcription of all the reporter
genes in these strains runs toward the HMR-E silencer.

Integration of MATal along the HMR locus was achieved as
follows. First, URA3 was integrated between HMR-I and the
tRNA (SGD coordinates 295070-295281), or beyond the tRNA
(SGD coordinates 296382-296482), and then the promoter
of the resident HMRal gene was deleted as described for
ROY2800 to generate ROY2798 (HMR-E-hmraAp-HMR-I-URA3-
tRNA sir2A sumlIA) and ROY3141 (HMR-E-hmraAp-HMR-I-
tRNA-URA3 sir2A sumlA). The barrier element present to
the right of HMR (111-1301 bp downstream of ARS318) was
replaced in strain ROY2798 with sequences derived from
pUC18 (1200 bp), and URA3 was reintegrated beyond the
pUCI18 sequences as in ROY3141 to make strain ROY4034
(HMR-E-hmraAp-HMR-I'barrierA :: pUCIS8-URA3 sir2A sumlIA).
The MATal gene (SGD coordinates 293512-294505) was PCR
amplified and used to replace the URA3 cassettes in ROY2798,
ROY3141, and ROY4034. These strains along with ROY2863
were crossed with a sir2A SUM -1 strain to obtain the final sir2A
SUMI-1 genotype in strains ROY3322, ROY3324, ROY3259,
and ROY4029.

Strains ROY4038, ROY4039, ROY4040, and ROY4041 with a
synthetic silencer in place of HMR-E were obtained as follows.
Strains bearing a synthetic silencer at the HMR locus (Jasper
Rine) in which the ARS element was substituted with one
GAL4-binding site and the HMR-I silencer was left intact
(JRY4529 IxGEB+ HMR-I)—or in which the ARS element was
substituted with one (JRY4531 IxGEB+ hmrIA; EHRENHOFER-
MURRAY et al. 1999), three (JRY4804 3xGEB+ hmrIA), or five
(JRY4806 5xGEB+ hmrIA; Fox et al. 1997) GAL4-binding sites
and the HMR-Isilencer was deleted—were transformed with a
plasmid expressing GBD-SIRI (pCF117) for mating compe-
tence and crossed with a AmrA::URA3 sir2A sumlA strain,
followed by selection of diploids and tetrad analysis.

RESULTS

Promoter specificity in Suml-l1p-mediated repres-
sion: SUMI-I-mediated silencing at HMR shares several
aspects of SIRmediated silencing: SUMI-I is recruited
to the HMR silencers, is found at several sites within the
HMR]locus, and also generates a hypoacetylated domain
that is transcriptionally repressed (RuscHE and RINE
2001; SutTtOoN et al. 2001). However, it is not clear
whether SUMI-I-generated transcriptional repression
fulfills other silencing criteria that include gene non-
specificity and repression that is stably inherited.

To address whether Suml-1p could repress different
promoters in the absence of Sir2p, we examined the re-
pression of ADE2 (SUSSEL et al. 1993), URA3 (DONZE et al.
1999), and TRPI (Buck and SHORE 1995) at the HMR
locus in SUMI-1 sir2A strains (Figure 1). Our results
showed that in the absence of Sir2p, the TRPI gene at
HMR (Figure 1A) was notrepressed in SUMI-I cells, since
the sir2A SUMI-1 HMR:: TRPI strain grew as robustly as
the sir2A SUMI HMR:: TRP]I strain on medium lacking
tryptophan. The smaller colony size of the SUMI-I strain
was most likely caused by a growth defect associated with
SUMI-1 since this phenotype was also observed in rich
medium.

The URA3 and ADEZ2 genes are commonly used as re-
porters for Sirmediated silencing (GOTTSCHLING el al.
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1990). Silencing of ADE2, which is stable over several gen-
erations, gives rise to red colonies, while colonies where
the gene is active, are white. Similarly, stably inherited
repression of URA3 over several generations allows cells
to form colonies on medium containing 5-FOA and is a
hallmark of the silenced state. Consistent with previously
published data we find that the TRPI, ADE2, and URA3
reporter genes were fully repressed by the Sir proteins.
Similar to the results obtained with the TRPI gene, the
ADE2and URA3reporters were not susceptible to Sum1-
1p-mediated repression when located at HMR (Figure 1,
B and C). The sir2A SUMI-1 HMR::ADE2 strain formed
white colonies when grown under limiting amounts
of adenine, suggesting that the ADE2 gene was not re-
pressed. Similarly, the sir2A SUMI-1 HMR:: URA3 strain
did not grow on 5-FOA-containing plates, suggesting
that this gene also was not repressed. Consistent with
these observations, we find that sir2A SUMI-1 cells were
able to grow robustly on medium lacking uracil or ade-
nine although there was a subtle difference between
sir2A SUM1 and sir2A SUMI-1 strains. Whether this dif-

YMD +5ug ADE

FiGure 1.—Promoterspecific
repression at HMR by SUMI-I.
(A) The TRPI gene was inte-
grated at the HMR locus, and
expression of the gene was moni-
tored by growth on YMD plates
lacking tryptophan. (B) The
ADE2 gene was integrated at
the HMR locus, and expression
of the gene was monitored by
growth on YMD plates lacking
adenine or containing limiting
amounts of adenine. (C) The
URA3 gene was integrated at the
HMR locus, and expression of
the gene was monitored by growth
on YMD plates lacking uracil
or containing 5-FOA. Approxi-
mately 3 pl of fivefold serial dilu-
tions of overnight cultures was
spotted on the different plates.
Cells were allowed to grow at 30°
for 2 days before the plates were
photographed. The plates con-
taining the HMR::ADE2 strains
were left at 4° for an additional
day to allow for accumulation
of the red pigment prior to pho-
tography. (D) mRNA levels of
MATal and URA3 present at
HMR. MATal and URA3 gene ex-
pression at MR was quantitated
by reverse transcribing total RNA
from asynchronously growing cells
followed by multiplex PCR. The
levels of ACTI mRNA along with
either MATal or URA3 primers
were quantitated. The average
of the ratio of the intensities of
the MATal or URA3 signal to the
ACTI signal was determined and
is shown below.

SUM1 SIR2 (ROY 3774)

= SUMI sir2A (ROY 3797)
SUMI-1 sir2A (ROY 2677)
- SUMI SIR2 (ROY 3787)

ference was due to partial repression of these promoters
by SUM -1 or due to the slower growth of SUMI-1 strains
was difficult to determine by these assays.

To confirm the phenotypic analysis, we also measured
transcript levels. We measured changes in transcription
of two different reporter genes at HMR-MATal and
URA3 in wild-type, sir2A SUM1, and sir2A SUMI-1 cells.
The amount of specific transcript was determined by
multiplex RT-PCR with primers specific for the MATal
or URA3 genes at HMR and the ACTI gene (Figure 1D).
The level of the URA3 and MATal transcript was nor-
malized to ACTI to compensate for any differences
in handling. Our data showed that the MATal gene at
HMRwas repressed in a sir2A SUM -1 strain nearly to the
same extent as in the wild-type strain (SIR2 SUMI). The
URA3 gene at HMR was significantly active in a sir2A
SUM -1 strain compared to the wild-type strain although
we did observe aslight reduction in the expression levels
in comparison to a sir2A SUMI strain. These data are
consistent with our phenotypic results showing that
SUMI-1 repressed MATal more than URA3 did.
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Specificity in Sum1-1p-mediated repression at HML
and HMR: Previous analysis had shown that Suml-1p
restored repression more efficiently at HMRa than at
HMLo (LAURENSON and RNk 1991; CHI and SHORE
1996). It was possible that as in the case of ADE2 and
URA3, Suml-1p was not able to repress MATo genes at
the silenced loci. We therefore reexamined the ability of
Sum1-1p to repress MATa and MATo genes at HML and
HMR using a mating assay. A haploid yeast strain of a
particular mating type will mate with cells of the op-
posite mating type to form diploids, which can then be
selected for on appropriate selection plates. Derepres-
sion of the silent HML and HMR cassettes results in
an inability of the haploids to mate and form diploid
colonies.

Consistent with previous data (LAURENSON and RINE
1991; CH1 and SHORE 1996), we found that the MATa
genes at HMRwere silenced by Sum1-1p in a MATo hmiA
HMRa sir2A SUMI-1 strain (Figure 2A). This silencing
was dependent on Sum1-1p since a sir2A strain express-
ing wild-type Sum1p was not able to silence MATal at
HMR (data not shown). We also analyzed the ability of
Suml-1p to silence MATwo genes located at HML in a
MATa hmrA HMLo sir2A SUMI-1 strain and, again con-
sistent with previous data (LAURENSON and RiNE 1991),
the MATo genes at HML were not silenced by Suml-1p
(Figure 2B).

To determine whether the observed differences were
due to the promoters or the silencers, we initially ana-
lyzed Suml-1p-mediated repression of MATa genes lo-
cated at the HML locus (Figure 2C). The MATa genes
were efficiently repressed by Sum1-1p at HML. One pos-
sibility is that Sum1-1p was a promoter-specific repressor
of the MATa genes or, alternatively, repression by Sum1-1p
was effective only at weak promoters.

To distinguish between the two possibilities, we ex-
amined whether the MATw genes, which were not re-
pressed at HML, could be repressed when present at
HMR (Figure 2D). Our analysis showed that HMRo was
repressed in a MATa hmIA HMRo sir2A SUMI-1 strain.
This repression was Suml-1p dependent since a MATa
HMRo hmlA sir2A SUMI strain was a nonmater. These
results would argue that SUMI-1 could repress pro-
moters of varying strengths and that the difference
between HML and HMR may be due to differences in
the silencers of the two loci or due to the chromosomal
positions occupied by these two loci.

HMIL and HMR are located on opposite ends of chro-
mosome III and it was possible that sequences adjacent
to HMR cooperated with the silencers for Suml-1p
repression. We therefore replaced the HMRa locus on
the right arm of chromosome III with the HMLa locus
and monitored Suml-lp-mediated repression at this
locus (Figure 2E). The results showed that the MAT«w
genes were not repressed in the MATa hmrA:: HMLo
sir2A SUMI-1 strain. As a control, we monitored Sir-
mediated silencing of this locus in a SIR2 SUMI back-
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FIGURE 2.—SUMI-I-mediated repression of MAT genes at
HMR and HML. (A-E) Strains containing the MATa genes
at the HMR or HML loci (HMRa and HMIa, respectively),
the MATw genes at the HMR or HMLloci (HMLo and HMRo,
respectively), or HMLox at HMR were generated and patched
onto YPD plates. Mating assays with the appropriate mating-
type tester strains were used to monitor expression of these
genes and diploid colonies were allowed to grow on YMD
plates for 2 days prior to documentation. The genotypes of
the strains at HML, MAT, and HMR are shown schematically.

ground and found that the MATo were fully repressed,
indicating that the lack of repression by Suml-1p was
not an inherent property of having the HMLax locus at
HMR. The results indicate that the chromosomal loca-
tion of HMLa did not affect the extent of silencing by
Suml-1p and suggest that differences in the silencers
may affect the outcome of SumI1-1p repression.
Silencer specificity in SUMI-I-mediated repression:
To determine the role of the individual silencers in re-
pressing MATo genes, we generated four strains. All
four MATa strains lacked HML and contained MATwo
genes at HMR. In one strain, the HMR-E and HMR-I
silencers flanked the MATx genes, while in the second
strain, the MATo genes were flanked by HML-E and
HMIL-I In the third strain, these genes were flanked by
HMR-E and HMIL-I, while in the fourth strain these
genes were flanked by HML-E and HMR-I. We moni-
tored repression of the MATua genes in wild-type, SUM 1
sir2A, and SUMI-1 sir2A backgrounds (Figure 3). Our
data indicate that in a sir2A SUMI-1 background the
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MATa genes were silenced to a greater extent in con-
structs with HAMR-E than with HML-E. As controls we also
monitored repression of the genes in SIR2 SUMI or
sir2A SUMI strains. In the former case the genes were
silenced in all four silencer combinations while in the
latter case we did not observe silencing in any of the
constructs.

SUM1I-I-mediated repression was not stably in-
herited: Thus far, we found that only the mating-type
genes were efficiently repressed by Suml-1p in the ab-
sence of Sir2p. This may be due to the inherent dif-
ference in the assays used to measure repression of the
MAT genes vs. the ADE2 and URA3 reporters (VAN
LEEUWEN and GOTTSCHLING 2002). The mating assay
used to measure repression of the MAT genes was akin
to taking a snapshot since it measured repression only
during the G; phase of the cell cycle, and not repression
through the cell cycle or inheritance of repression
through multiple cell cycles. On the other hand, re-
pression of ADE2, URA3, and TRPI measured by colony
formation on medium lacking these nutrients or con-
taining 5-FOA was akin to a movie in that repression was
measured throughout the cell cycle and over multiple
generations. We do not believe that the differences in
repression between the MAT genes and URA3 were due
to different turnover rates in their mRNAs since tran-
scripts of these genes have a similar half-life of ~3 min
(HERRICK et al. 1990). This raised the possibility that
Sum1-1p was capable of repressing URA3 and the other
reporters but this repression was transient and not
sustained.

To address these issues, we initially generated two
HMRalleles in sir2A sumIA strains: one allele contained
the MATal coding region under control of the URA3
promoter while the second allele was a control that
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FiGure 3.—Silencer specificity in
Suml-l1p-mediated repression. MATa

SUMI-Isir2s hmlA strains with MATo genes at HMR
ST were constructed. In strains ROY3725

(SUMI sir2A), ROY3743 (SUMI-I sir2A)
ik and ROY3726 (SUM1 SIR2), the HMR-E

and HMR- silencers flanked the MATw
SUMI-Isir2A  genes. In strains ROY3859 (SUMI
sir2A), ROY3863 (SUMI-1 sir2A), and
ROY3861 (SUMI1 SIR2), the HML-E
and HMI - silencers flanked the MATw

SUMISIZA— genes. In strains ROY4030 (SUMI
suMi-Isirza sir2A), ROY4032 (SUMI-1 sir2A), and

ROY4031 (SUMI SIR2), the HMRE
SUMISIR2

and HML-I silencers flanked the
MATo genes. In strains ROY4045
(SUM1 sir2A), ROY4048 (SUMI-1
sir2A), and ROY4053 (SUMI1 SIR2),
the HML-E and HMR-Isilencers flanked
the MATa genes. Patch-mating assays
using a MATo tester lawn were per-
formed to monitor silencing of the
MATuo reporter gene.

contained the MATal coding region under control of its
own promoter (Figure 4A). If the URA3 promoter was
sensitive to Sum1-1p-mediated repression, at least dur-
ing the G, phase of the cell cycle, then these cells would
be able to mate. This assay also allows us to monitor
solely the two promoters without having to worry about
differences in the stability of the RNA or protein. Strains
were transformed with plasmids expressing Suml-1p,
Sumlp, or Sir2p and cells were grown in selective me-
dium. Mating assays were performed in minimal me-
dium (selecting for the plasmids) to monitor repression
of the promoters and our results showed that both the
MATal and URA3 promoters were repressed by Suml-
1p, although the MATal promoter was repressed to a
much greater extent than the URA3 promoter. While
the repression of the URA3 promoter is slight, it is re-
producible, and an integrated version of SUMI-I at its
chromosomal location was able to better repress the
URA3promoter (datanotshown). These results are con-
sistent with our earlier results that Sum1-1p was better at
repressing the MATal promoter compared to the URA3
promoter (see Figure 1D). Wild-type Sumlp did not re-
press these hybrid genes, while Sir2p completely re-
stored silencing.

We next addressed the question of whether Sum1-1p-
mediated repression was stably inherited over many
generations. We generated two HMR alleles in sir2A
sumIA strains: in one allele, the URA3 coding region was
placed under the control of the URA3 promoter, and in
the second allele, the URA3 coding region was placed
under the control of the MATal promoter (Figure 4B).
Once again this allows us to monitor solely the two
promoters without having to worry about differences
in the stability of the RNA or protein. These strains
were transformed with plasmids that expressed Sum1-1p,
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Sumlp, or Sir2p and repression was monitored by growth
on 5-FOA-containing plates. Neither strain could grow
on 5-FOA media, indicating that the repression mediated
by Suml-Ip was transient. Cells expressing wild-type
Sumlp were also not able to repress the reporter genes,
whereas Sir2p stably silenced both promoters. These
results clearly demonstrated that Suml-1p-mediated re-
pression of URA3 and even the MATal promoter was not
stably inherited for many generations and may reflect a
general characteristic of the repressive state mediated by
Suml-1p.

While Sum1-1p-mediated repression was not inheri-
ted for many generations, it was possible that Suml-
Ip-mediated repression was stably inherited for a few
generations but was not sufficient to form a visible col-
ony on 5-FOA. To determine the number of gener-
ations in which the repressed state was inherited, we
monitored the division of single cells over a period of
24 hr. We used three different strains: SIR2 SUM1, sir2A
SUMI, and sir2A SUMI-1. The HMR locus in these
strains was modified such that the URA3 coding region
was under the control of the MATal promoter. These
strains were initially grown in YPD and >200 individual
cells were manipulated for each strain and placed on
plates lacking or containing 5-FOA. In the absence of
FOA, the vast majority of cells divided and formed
colonies (data not shown). Also as expected, the vast
majority of wild-type SIR2 SUMI cells divided and
formed colonies within 24 hr on plates containing 5-
FOA (Figure 5). While most of the sir2A SUMI cells did
not divide more than once and nearly 60% of the micro-
colonies had only two cells, 15-20% had three or four
cells each. It should also be pointed out that the micro-

FIGURE 4.—SUMI-1 repression was pro-
Vector moter specific and unstable. (A) MATw sir2A
pSUMI sumIA strains in which transcription of
pSUMI-1 the MATal coding region was driven by the
X MATal promoter (ROY2863) or by the
pile URA3 promoter (ROY3723) at the HMR locus
were transformed with vector alone (pRS425),
pSUMI (pRO709), pSUMI-I (pRO711), or
Vector pSIR2 (pRO46). Transformants were grown
pSUM1 selectively and fivefold serial dilutions were
pSUMI-1 spotted onto YMD plates lacking leucine to
monitor growth or onto YMD plates with a
MATa tester lawn (MATa his4) to monitor
for expression of the MATal gene using a mat-
ing assay. (B) MATw sir2A sumlIA strains with
the URA3 coding region under the control
of the MATal promoter (ROY3306) or the
URA3 promoter (ROY3769) were transformed
with  vector alone (pRS425), pSUMI
(pRO709), pSUMI-1 (pRO711), or pSIR2
(pRO46). The transformants were grown se-
Vector lectively and fivefold serial dilutions were spot-
pSUMI ted onto YMD plates without leucine as
pSUMI-1 controls for growth or onto YMD plates con-
taining 5-FOA (5-FOA-LEU) to monitor for

stable repression of URA3.

colonies scored with three and four cells could actually
be two cells with large buds.

The sir2A SUMI-I cells also did not divide to form
colonies on 5-FOA. The manipulated cells divided once
or twice since there was an even distribution from one to
four cells in the microcolonies. Since SUMI-I-mediated
repression results in only 40% of cells in a population
being repressed (CH1 and SHORE 1996), and since we
were unable to determine which micromanipulated
cells were repressed and which were derepressed at the
start of this experiment, our data suggest that repression
mediated by SUMI-1 was at the most stably inherited for
two generations and more likely no more than one
generation.

SUMI-I-mediated repression was not stably main-
tained: Our data showed that SUMI-I-mediated repression
was not stably inherited. We next asked if SUMI-I-mediated
repression was stably maintained in the G, phase of the cell
cycle using a modified shmoo-bud assay (ExomoTO and
BeErMAN 1998). To perform this analysis, we used three
MATa hmlIA HMRa strains. One of these was SIR2 SUMI,
one was sir2A SUMI, and the third was sir2A SUMI-1. As
shown in Figure 2, the MATa genes at HMRwere repressed
by SUMI-1.

Cells were grown in YPAD and then transferred to
YPAD liquid medium containing a-factor for 3 hr to
arrest the cells in the G; phase of the cell cycle. The sir2A
SUMI1 strains never arrested in oa-factor. For the other
two strains, single cells that had formed shmoo projec-
tions were then micromanipulated on regions of YPAD
plates containing or lacking a-factor (Figure 6). Cells
were monitored for the maintenance of their shmoo
projections or the appearance of buds. When shmooed
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cells were placed on medium lacking a-factor, wild-type
and sir2A SUMI-I strains were able to exit from the
arrest, bud, and form microcolonies within a few hours.

On o-factor-containing plates, wild-type cells main-
tained their shmoo projections and remained arrested
for close to 15 hr, often forming multiple shmoo pro-
jections. While a considerable number of SUMI-I sir2A
cells arrested in a-factor in liquid medium, when these
arrested cells were manipulated onto plates containing
a-factor and monitored over a period of time, a signifi-
cant number of the arrested, shmooed cells escaped the
arrest and began forming buds and microcolonies.
Analyses of the data indicate that cells remained ar-
rested for 6-9 hr before they escaped the arrest and
began forming microcolonies, suggesting that Sum1-1p-
mediated repression was not stably maintained (Figure 6
and Table 2). We do not believe that Sum1-1p-containing
cells were exiting the arrest due to overexpression of
Barlp since it has been shown that SUMI-I-containing
cells have significantly lower levels of BARI RNA (LyNcH
et al. 2005).

The SUMI-I-repressed state spreads: One of the hall-
marks of S/R-mediated silencing is that the Sir proteins
spread between and beyond the HMR-E and HMR-I
silencers up to the flanking barrier elements, and the
genes present in this region are repressed indepen-
dently of their orientation or location (DONZE et al.
1999). While SUMI-1 is present at different locations
across the HMR domain (RuscHE and RINE 2001), it is
not known whether these regions are transcriptionally
repressed.

4 >4

Number of cells

To test whether genes located at any position or
orientation within the HMR domain were repressed
by SUMI-I, the native MATal gene was mutated and
rendered nonfunctional, and MA7Tal reporter genes
were placed at three different locations along the HMR
domain. MATal was placed either between the two si-
lencers, to the right of the HMR-I silencer but between
the silencer and the barrier element, or outside the
barrier element as shown schematically in Figure 7.
MATal was chosen as the reporter gene because it was
most efficiently repressed by SUMI-1. As expected, the
MATal gene located between the two silencers was
repressed. It was also repressed when present to the
right of the HMR-I silencer between the silencer and
the barrier element, but not when it was located beyond
the barrier element. Furthermore, overexpression of
Sum1-1p alone or with Hstlp did not extend the re-
pressed domain beyond the barrier element (data not
shown). These results suggest that Sum1-1p-mediated re-
pression encompassed the entire HMR domain and
spread beyond the silencer and up to the barrier
element.

The repressive domain generated by the Sir proteins
blocks transcription of genes independently of their
orientation. Similarly, the repressive domain generated
by Sum1-1p also repressed genes independently of their
orientation since transcription of the MATal gene pres-
ent between the two silencers was repressed in either
orientation (data not shown).

The spread of Sir-protein-mediated silencing is
blocked by barrier elements (DONZE and KaMAKAKA
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2001; Oxi1 et al. 2004). We therefore inquired if the
spread of Suml-lp-mediated repression was also
blocked by the barrier element. We replaced the entire
HMR right barrier with pUC DNA and monitored
expression of the MATal gene that was present outside
the barrier. While Sum1-1p was unable to repress MA7a I
when the barrier was intact, in the absence of the barrier,
Suml-1p was able to spread and partially repress the
reporter gene. The analysis of the semiquantitative spot-
mating assay suggests that in ~5-10% of the cells, the
MATal gene located beyond the barrier became re-
pressed when the barrier was deleted. While we were
able to map Suml-1p by chromatin immunoprecipita-
tion at the HMR silencers, we were not able to see an
increase in the spread of this protein when the barrier
was deleted (data not shown). We believe that this is due
to the fact that repression by Suml-1p, beyond the
barrier, was present in only a small percentage of cells
(Figure 7).

Tethered Suml-1p repressed HMRAL Suml-1p is
recruited to HAMR via interactions with ORC (RUSCHE
and RNk 2001; SutTOoN et al. 2001; LyNcH et al. 2005).
This model implies thatif Sum1-1p were recruited to the
silencer, it would be able to silence in the absence of the

ORC-binding site. To test this model, we generated sir2A
sumIA strains with a synthetic HMR-E silencer contain-
ing Gal4-binding sites in place of the ORC-binding site
(CHIEN et al. 1993; Fox et al. 1997). We also generated
fusion proteins with the Gal4 DNA-binding domain
fused in frame to SUMI-1. The Gbd-Suml-1p chimera
was active since it was able to repress wild-type HMR
in the absence of Sir2p almost to the same extent as

TABLE 2
Single cell analyses for repression of HMRo

MATa hmlA HMRo

SIR2 SUM1 sir2A SUMI-1
a-Factor + — + —
Budding 0 88 55 78
Shmoo 100 12 45 22

At 1 hr after micromanipulation, the cells in each microcol-
ony were monitored for the presence of shmooed undivided
single cells wvs. cells that had divided multiple times to form
microcolonies with greater than two cells per colony. The
strains monitored were MATa hmiA HMRo with SIR2 SUMI
or sir2A SUMI-1 alleles. Numbers are percentages.
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FIGURE 7.—SUMI-I-repressed genes within
a large domain. MATo SUMI-1 sir2A strains
(ROY 3322, ROY 3324, ROY 3259, and

ROY4029) containing the MATal reporter
gene integrated at different locations were
grown in YPD liquid medium and 3 pl of five-
fold serial dilutions were spotted onto mating
lawns to assay for the expression of the MATal
genes. A schematic shows the sites of inser-
tion and orientation of the MATal reporter
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untagged Suml-1p (Figure 8A). We then determined
whether the fusion protein could silence MATal at the
synthetic silencer containing a single Gal4p-binding site
in place of the ORC-binding site at the HMR-E silencer.
As Figure 8A shows, direct recruitment of Gbd-Suml-
1p was able to repress the reporter gene in the absence
of the ORC-binding sites at HMR-E, while Sum1-1p was
unable to silence this allele of HMR, presumably be-
cause it was not recruited to this locus.

The HMR-Isilencer is necessary for Sum1-1p-mediated
repression (SUTTON et al. 2001) although its role in
repression is not clear. We tested the requirement for
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FIGURE 8.—SUMI-I-repressed genes in the absence of the
HMRT silencer. (A) MATo sir2A sumlA strains bearing a
wild-type or synthetic HMRE silencer containing one Gal4p-
binding site (GEB) were generated. Strains were transformed
with vector or plasmids expressing SUMI-1 (pRO711) or GBD-
SUMI-1 (pRO707) protein chimeras. Patch-mating assays using
a MATa tester lawn were performed to monitor silencing of the
MATal reporter gene. (B) MATw sir2A sumIA strains bearing a
synthetic HMR-E silencer without HMR-I were generated. One,
three, or five GAL4binding sites replaced the ARS element at
HMR-E (ROY4039 HMRssIxGEBAL ROY4040 HMRss3xGEBAI
and ROY4041 HMRss5xGEBAI). Strains were transformed with
vector or plasmids expressing GBD-SUMI-1 (pRO707) and HST1
(pRO713) and patch-mating assays using a MA7Ta tester lawn were
performed to monitor silencing of the MATal reporter gene.

barrierA

gene integrated within the HMR locus.
“BarrierA” refers to a replacement of the HMR
barrier sequences with pUC DNA.

HMR-I by using strains with a synthetic silencer that
contained one, three, or five binding sites for Gal4p in
place of the ORC-binding sites at the HMR-E silencer
butlacked the HMR-Isilencer (Figure 8B). Under these
conditions, Gbd-Sum1-1p was able to repress the MATal
gene but only when there were multiple binding sites
for Gal4p. These results demonstrated that the require-
ment for the HMR-I silencer could be bypassed by in-
creased or more efficient recruitment of Sum1-1p to the
silenced domain.

Suml-1p-generated changes in the nucleosomal or-
ganization at HMR: The presence of the Sir proteins at
HMR generates a characteristic organization of the
nucleosomes (RAVINDRA et al. 1999), and it has been
suggested that this special organization might be in-
volved in the mechanism of Sir-mediated silencing.
We asked if this characteristic pattern of nucleosome
organization is recreated in the presence of Suml-1p.
We mapped the locations of the nucleosomes at the
HMR locus by micrococcal nuclease digestion and
indirect end labeling and the analysis of the pattern in
a sir2A SUMI-1 revealed characteristics of both wild-
type and sir2A SUMI strains (Figure 9). Since SUMI-I-
mediated repression occurs in only a fraction of cells
in the population, one possibility is that the nucleosomal
pattern observed was a composite of the patterns pres-
ent in wild-type and sir2A SUMI cells. We are currently
unable to sort silenced cells from nonsilenced cells to
distinguish between this and other possible scenarios.

DISCUSSION

Transcriptional repression is either gene specific or
general (reviewed in GrRAY and LEVINE 1996; COUREY
and Jia 2001): gene-specific repressors are usually short-
range local repressors that affect transcription by block-
ing the function of specific activators in the immediate
vicinity of the operator without affecting distal activa-
tors. General repression is usually long range, where the
repressor encompasses an entire chromatin domain and
is often referred to as silencing. Silencing is not gene
specific and most genes packaged in the silenced chro-
matin are rendered inactive. Furthermore, and most
importantly, the repressed state is stably inherited over
many generations.
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FIGUure 9.—Indirect end-labeling analyses of the HMR do-
main. Permeabilized spheroplasts from wild type (JRY4013),
sir2A SUM1 (JRY4563), and sir2A SUM1-1 (ROY1924) strains
were digested with micrococcal nuclease. After deproteiniza-
tion and restriction enzyme digestion, the DNA was resolved
on an agarose gel, blotted, and hybridized with a probe spe-
cific to HMR.

A key difference between local and long-range re-
pressors is that the latter encompass large domains of
chromatin into a repressed state that can repress most
genes placed anywhere within this domain. Sirmediated
silencing at the HMR and HML loci are classic ex-
amples of the latter and most genes placed in these
silenced domains are repressed (reviewed in MOAZED
2001; RUSCHE et al. 2003). Sumlp is an example of a
sequence-specific local repressor (XIE e al. 1999) while
SUM1I-1 is a neomorphic allele of SUMI that transforms
the wild-type protein from a promoter-specific repressor
to a long-range repressor capable of repressing genes
at HMR (RuscHE and RINE 2001; SuTTON et al. 2001).
We have investigated Suml-1p-mediated repression at
HMR and our data suggest that this repressor is not as
pleiotropic in repressing different promoters as the Sir
proteins. We did not observe robust repression of the
TRPI, URA3, or ADE2 reporter genes (Figure 1), but as
previously reported we did find that the MATa genes
were repressed at HMR and, interestingly, even at HML
(Figure 2).

It is interesting that while the MATa genes were not
repressed at HML, these genes were repressed by Sum1-
1p when placed at the HMR locus. We showed that
this specificity of repression was due to the presence of
specific silencers, with the HMR-E silencer being more

efficient for repression compared to the HML silencers.
These data are consistent with observations that the
HMR silencers are more proficient than the HML si-
lencers in Sir-mediated repression (SHEI and BrRoacH
1995). However, a recent report has shown that wild-
type Sumlp was bound to the D-element of the HML-E
silencer and was necessary for Sir-mediated silencing at
HML (IRLBACHER et al. 2005) . Itis therefore paradoxical
that HMR-E, rather than HMIL-E, is a better silencer
for Suml-lp-mediated repression. Since Suml-1p is
recruited via interactions with ORC (RuscHE and RINE
2001; SuTTON et al. 2001; LyNcH et al. 2005), one pos-
sibility is that the HMR-E silencer is better at recruiting
the mutant protein, given the large number of ORC-
binding sites present around this silencer (PAracros
DEBEER and Fox 1999). An alternative possibility is that
in the absence of wild-type Sum1p, the HML-Esilencer is
weakened and is therefore unable to efficiently recruit
Suml-1p.

In addition to silencer specificity, promoter specificity
may also be involved in influencing Sum1-1p-mediated
repression since it is believed that MATo genes are more
active than MATa genes, which have no known tran-
scriptional activators (SiLICIANO and TATCHELL 1984,
1986). Our data also suggest that the MATo promoter
might be stronger than the MATa promoter since the
former could overcome SUMI-I repression at HML.
Thus, the observed differences in Suml-1p-mediated
repression of different genes may be a composite of
promoter specificity or strength and silencer specificity
or strength. The ability of Suml-1p to silence some
promoters and not others and the role of promoter
strength is reminiscent of silencing at telomeres where
Sir-mediated telomeric silencing is also promoter spe-
cific and depends on promoter strength (reviewed in
VAN LEEUWEN and GOTTSCHLING 2002).

Repression mediated by Sum1-1p is partial and only a
fraction of the cells in a population are repressed at any
one time (LAURENSON and RINE 1991). In this aspect,
too, Suml-1p repression is more akin to telomeric si-
lencing where repression is observed only in a fraction
of the cells in a population (GOTTSCHLING et al. 1990).
However, the partial repression mediated by Suml-1p
is different from the partial repression mediated by the
Sir proteins at telomeres. Silencing at telomeres is
epigenetically stable in that, in the fraction where the
promoter is silenced, that state of the promoter is pro-
pagated for many generations while the cells where the
promoter is active remain active for many generations
(GOTTSCHLING et al. 1990; Iipa and Arakr 2004). Like
telomeric silencing, SUMI-I-mediated repression is
partial but our data with the URA3 and MATal pro-
moters (using the same transcript reporters) showed
that neither promoter was stably repressed and that the
repressed state was not stably inherited over many gen-
erations. We showed that Suml-1p-directed repression
either could be disrupted in the same mitotic cycle
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(2.e., 2 maintenance defect) as the silencing defects
observed in cacIA mutants (ENoMOoTO and BERMAN
1998) or could be lost following cell division. Thus the
partial repression observed in SUMI-I cells was different
from the partial repression observed for Sirmediated
silencing (PiLLus and RiINE 1989; SusseL et al. 1993;
GOTTSCHLING et al. 1990; MAHONEY el al. 1991).

One key difference between local gene-specific re-
pressors and long-range repressors is that the latter
usually spread along the chromatin to encompass a
large chromatin domain into a repressed state. Silenc-
ing mediated by the Sir proteins initiates at specific
elements (silencers) and then spreads along the chro-
matin (Luo et al. 2002; RuscHE ¢t al. 2002). This en-
croaching silenced chromatin is actively restricted from
spreading by barrier elements (DONzE ef al. 1999).
Localization studies with Suml-1p have shown that, as
with Sir proteins, this protein is also present across the
entire VMR domain and it is believed that Sum1-1p re-
cruited to the silencers by ORC spreads along the HMR
locus with the aid of Hstlp (RuscHE and RINE 2001;
SuTTON et al. 2001). While Suml-1p is present across
the entire HMR domain, the functional consequences
of the physical presence across the domain were not
known. We have now shown that while URA3 was not
robustly and stably repressed when placed at different
sites within this domain (Figure 1 and data not shown),
the MATal gene was repressed in an orientation- and
location-independent manner across the entire domain
(Figure 4), suggesting that, as with the Sir proteins,
Sum1-1p could also spread and form a repressive chro-
matin domain. These results are consistent with recent
data showing that Suml-1p-mediated recruitment at
ORGC-binding sites and the resultant spreading from
these sites does lead to repression of some neighboring
genes (LyNCH et al. 2005).

Our data also showed that the repressed domain was
not constrained between the silencers but extended
beyond them and that genes located in this flanking
region were also repressed by Suml-1p. Furthermore,
our result also showed that genes repressed by Suml1-1p
did not necessarily have to be flanked by silencers.
Previous data have suggested a requirement for both
HMR-E and HMR- silencers to be present, flanking a
gene for efficient repression by this protein (SUuTTON
et al. 2001). We have now shown that the requirement
for HMR-I can be partially bypassed by increasing the
recruitment of Suml-1p to the synthetic HMRE si-
lencer. While the exact function of HMR-I in Sum]1-1p-
mediated repression is not clear, it is likely that the role
of HMR-I is to recruit Suml-1p with the aid of ORC
present at this silencer. However, we cannot exclude the
possibility that HMR-Ifunctions to stabilize the Sum1-1p
complex recruited at HMR-E in a manner ascribed to
proto-silencers (BOSCHERON et al. 1996).

Also, similar to Sir-mediated silencing (OK1 et al.
2004), the spread of the SUMI-I repressed state could

be disrupted by barrier elements, suggesting common-
alities in the mechanisms that underlie the spread of
these different repressor proteins and that spreading is
important for this repression. Current models for Sum1-
lp-mediated repression at HMR suggest that the in-
teraction between ORC and Suml-Ip enables its own
recruitment as well as that of Hstlp (through its in-
teraction with Sum1-1p), leading to deacetylation of the
histones and the propagation of the repressed state
along the chromatin fiber (LyNcH et al. 2005).

In conclusion, we have shown that Sum1-1p is a long-
range repressor since it encompasses an entire chro-
matin domain to repress genes independently of their
position or orientation within the domain. However,
unlike Sir-mediated silencing, which is promoter non-
specific and stably inherited, repression mediated by
Sum1-1p is more robust for certain promoters and is not
stably inherited over many generations.
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