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ABSTRACT
Using a screen for genes that affect telomere function, we isolated sir3-P898R, an allele of SIR3 that
reduces telomeric silencing yet does not affect mating. While sir3-P898R mutations cause no detectable
mating defect in quantitative assays, they result in synergistic mating defects in combination with mutations
such as sirl that affect the establishment of silencing. In contrast, sir3-P898R in combination with a cacl
mutation, which affects the maintenance of silencing, does not result in synergistic mating defects. MATa
sir3-P898R mutants form shmoo clusters in response to «-factor, and sir3-P898R strains are capable of
establishing silencing at a previously derepressed HML locus with kinetics like that of wild-type SIR3 strains.
These results imply that Sir3-P898Rp is defective in the maintenance, but not the establishment of silencing.
In addition, overexpression of a C-terminal fragment of Sir3-P898R results in a dominant nonmating
phenotype: HM silencing is completely lost at both HML and HMR. Furthermore, HM silencing is most
vulnerable to disruption by the Sir3-P898R C terminus immediately after S-phase, the time when new

silent chromatin is assembled onto newly replicated DNA.

N eukaryotes with large chromosomes that are easily
analyzed in the light microscope, heterochromatin
was originally defined as chromosomal regions that stain
darkly and appear to remain condensed during in-
terphase. Heterochromatin replicates late in S-phase,
often localizes to the periphery of the nucleus during
interphase, and is less accessible to enzymes and DNA
binding proteins (reviewed in Pardue and Hennig
1991). In the budding yeast Saccharomyces cerevisiae, the
silent mating loci (HM loci) and telomere-adjacent se-
guences are organized into specialized domains of the
genome that share these characteristics of heterochro-
matin (Grunstein 1998) and have a number of features
in common. The four core histones and the silent infor-
mation regulator proteins Sir2p, Sir3p, and Sirdp are
structural components of both telomeric and HM locus
heterochromatin (reviewed in Grunstein 1998). The
two HM loci (HML and HMR) and telomere-adjacent
regions compete with each other for the same silent
chromatin components, presumably because the avail-
able pool of these proteins is limiting (Buck and Shore
1995; Marcand et al. 1996).

The process of forming heterochromatin is thought
to proceed by a similar process at both the HM loci
and at telomeres (reviewed in Grunstein 1998; Lustig
1998). First, DNA binding proteins bind to “silencer”
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sequences adjacent to the HM loci or to TGy3/C ;A
tracts at the telomeres. The HM silencers bind Raplp,
Abflp, and the origin recognition complex (ORC). At
telomeres, Rapl1p binds the the terminal (TG..;) repeats.
Second, at the HM loci, but not at telomeres, Sirlp
associates with proteins bound to the silencer sites (Tri-
olo and Sternglanz 1996; Fox et al. 1997). Third, the
DNA binding proteins recruit (at HM loci with the help
of Sirlp) the Sirp complex, which is composed of Sir2p,
Sir3p, and Sirdp (Chienet al. 1993; Moretti et al. 1994,
Lustig et al. 1996; Marcand et al. 1996). Fourth, the
Sirp complex propagates a higher-order chromatin
structure along the DNA, rendering it inaccessible to
transcription factors and other enzymes (Hecht et al.
1996; Strahl-Bolsinger et al. 1997).

Three mechanistic processes, establishment, mainte-
nance, and inheritance, play important roles in silenc-
ing. Miller and Nasmyth (1984) first demonstrated
that de novo silencing of a derepressed HM locus could
occur if cells pass through S-phase. Pillus and Rine
(1989) observed that sirl cells exist in two epigenetically
distinct subpopulations: one in which HM silencing is
normal and the cells are mating competent and one in
which the HM loci are derepressed and the cells are
mating defective. The de novo repression of an HM locus
in cells previously carrying a derepressed HM locus,
termed the process of establishment, is very inefficient in
sirl cells. Furthermore, the silent, mating-competent
state is heritable in sirl cells that were previously car-
rying a silent HM locus. This ability to promote the
transmission of the silent state from mother to daughter
cells is defined as inheritance.

The maintenance of silencing is defined as the process
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required after the formation of silent chromatin that
retains the silent state during the same cell cycle. Defects
in the maintenance of silencing were first detected ex-
perimentally by exposing MATa HMLa« cells to a-factor.
Wild-type cells arrest and form mating projections
(shmoos) in response to a-factor while cacl cells alter-
nately shmoo (respond to a-factor, indicating that they
can establish the silent state) and then divide (fail to
respond to a-factor, indicating that they are no longer
in the silent state). This alternation between responding
and not responding to a-factor gives rise to “shmoo
clusters,” microcolonies of cells with a shmoo morphol-
ogy that are indicative of a defect in the maintenance
of silencing (Enomoto and Berman 1998). Defects in
the inheritance of silencing have been studied by moni-
toring the state of excised chromosomal HM loci con-
taining or lacking the adjacent silencer sequences
(Holmes and Broach 1996; Bi and Broach 1997,
Cheng et al. 1998; Ansari and Gartenberg 1999). The
inheritance of the silent state into the next generation
(involving passage of S-phase) required functional si-
lencers in cis (Holmes and Broach 1996; Cheng et al.
1998). If silencers were excised from the silent DNA,
HML silencing was maintained during arrest on a-factor
(Holmes and Broach 1996) or in vitro (Ansari and
Gartenberg 1999). HM silencing was not maintained
well in cells moving through the cell cycle (Bi and
Broach 1997; Cheng et al. 1998). However, in a small
fraction (5%) of the cells, the silent state was inherited
in the next cell cycle despite the absence of silencer
sequences (Holmes and Broach 1996). This was inter-
preted to indicate that it is the silent chromatin itself,
rather than the silencer sequences, that is inherited.
Thessilencer sequences, however, improve the efficiency
of that inheritance.

Distinguishing between establishment, maintenance,
and inheritance is complicated by the fact that these
three aspects of silencing appear to be interdependent
and partially redundant processes. One can easily imag-
ine that, in the presence of a highly efficient mainte-
nance and inheritance, a defect in establishment will
not manifest as a silencing defect. Conversely, if mainte-
nance is defective, there will be no silent structure to
inherit, and silencing will be highly dependent upon
strong establishment.

Role of Sir3p in silencing: Sir3p is an important struc-
tural component of silent chromatin that is required
for silencing at both HM loci and at telomeres. Sir3p
interacts physically with Sirdp, Raplp, Rad7p, the N
termini of histone H3 and histone H4, and with other
molecules of Sir3p (reviewed in Stone and Pillus
1998). Most of these interactions occur via the Sir3p
C terminus (Sir3-C). The Sir3p N terminus (Sir3-N)
modulates the activity of Sir3-C: interactions of Sir3p
with Sir3-C and with Sirdp are increased when the Sir3p
N terminus is deleted (Moretti et al. 1994; Gotta et
al. 1998; Park et al. 1998). Sir3p is post-translationally

modified into multiple phosphorylated forms (Stone
and Pillus 1996). The classic experiment done by
Miller and Nasmyth (1984) used an allele of SIR3
(sir3-8%) to demonstrate that Sir3p is required for the
maintenance of silencing throughout the cell cycle and
that the de novo establishment of silencing requires func-
tional Sir3p during S-phase.

High-copy expression of full-length Sir3p leads to in-
creased silencing and increased spreading of telomeric
silencing: silent chromatin extends farther inward from
the telomere (Renauld et al. 1993) and Sir3p is physi-
cally associated with more centromere-proximal chro-
matin than in strains expressing wild-type levels of the
Sir proteins (Strahl-Bolsinger et al. 1997). On the
other hand, high-level expression of Sir3p domains af-
fects the nuclear distribution of the Sirp complex and
influences silencing in different ways: high-copy expres-
sion of the N-terminal domain of Sir3p (Sir3-N) en-
hances telomeric silencing and redistributes more Sirp
complex to the telomeres (Gotta et al. 1998); high-
copy expression of the C-terminal fragment of (Sir3-C)
decreases telomeric silencing by promoting the localiza-
tion of the Sirp complex to the nucleolus (Gotta et al.
1998), where it acts to reduce the silencing of, and
frequency of recombination between, rDNA repeats
(Smith et al. 1998). However, high-copy expression of
Sir3-C does not have an obvious effect on HM silencing,
suggesting that the HM loci compete effectively with
the nucleolus for the Sirp complex while the telomeres
do not. Thus different domains of Sir3p have markedly
different effects on the cellular distribution of the Sir
proteins and on silencing at the HM loci and telomeres.

Role of Sirp complex localization in silencing: Rap1lp,
Sir3p, and Sir4p co-localize with telomeric DNA to a
small number of punctate foci near the nuclear periph-
ery of wild-type cells (Gotta et al. 1996). This localiza-
tion pattern often, but not always, correlates with the
silent state of the HM loci and telomeres (Konkel et al.
1995; Gottacetal. 1996). RLF (Rapl localization factor)
genes were isolated by their effect on the segregation
of TEL + CEN plasmids (circular plasmids carrying
both centromere and telomere sequences; Enomoto et
al. 1994a,b) and their effect on the nuclear distribution
of Raplp. rlf mutants alter both the segregation of
TEL + CEN plasmids and the localization of Raplp
(Enomotoetal. 1994b, 1997). RLF2 isidentical to CAC1,
which encodes the largest subunit of the chromatin
assembly factor | complex and causes a significant loss
of silencing at telomeres but no obvious loss of silencing
at the mating loci (Enomoto et al. 1997; Kaufman et
al. 1997; Monson et al. 1997). RLF4 is identical to
NMD2/UPF2 (Lew et al. 1998), a component of the
nonsense-mediated mMRNA decay pathway. Both rlf2 and
rlf4 mutants disrupt telomeric silencing, are mating
competent, yet have subtle defects in the maintenance
of HM silencing (Enomoto and Berman 1998; Lew et
al. 1998).
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In this report we characterized a rlf3 mutant, a mating-
competent allele of SIR3 that is defective in telomeric
silencing. Like rlf2 and rlf4 alleles, sir3™ mutants are
mating competent, yet they exhibit synergistic mating
defects in combination with mutations in silencer se-
guences or with loss of SIR1 function. The relevant
mutation in sir3" alters the proline codon at position
898 to an arginine codon. The C-terminal fragment of
Sir3"®p exhibits a novel anti-Sir phenotype when overex-
pressed: it causes loss of HM silencing as well as the loss
of telomeric silencing. Furthermore, HM locus chroma-
tin is most vulnerable to this anti-Sir activity during and
immediately after S-phase, the time when chromatin is
assembled onto newly replicated DNA.

MATERIALS AND METHODS

Strains and plasmids: Yeast strains used in this study are
listed in Table 1. The temperature-sensitive sir3-8 allele was
introduced into the W303 strain background by digesting
pSH135 (Holmes and Broach 1996) with Nrul and perform-
ing two-step gene replacement (Rothstein 1991).

Plasmids used in this study are listed in Table 2. pSE615 was
constructed by in vivo recombination of pSE562 and pLL550.
pPSE562 was constructed by inserting the EcoRI fragment of
sir3"™™ [amino acids (aa) 439-972] from pSE393 into pACT-
Il (Li et al. 1994). pLL550 was constructed by inserting the
Bglll-Sal | fragment of sir3™ (aa 307-979) from pSE393 into
PGAD424,

pSE647 and pSE856 were constructed by gap repair of
pSE615 digested with Bsiwl + Ndel and transformed into a
SIR3 strain to replace the sir3-P898R allele. DNA sequencing
confirmed that the wild-type allele replaced the mutant allele
in pSE856 and that in pSE647 the insertion of an adenine
immediately after codon 853 led to a frameshift mutation
generating 35 additional amino acids prior to a termination
codon. pSE853 was constructed by gap repair of pM393 (di-
gested with BsiWl and Ndel; Moretti et al. 1994) in sir3"
strain (YJB966). The presence of the mutant allele was con-
firmed by sequencing. pSE1072 was constructed by recombina-
tion between pSE1033 (digested with Xhol and Sphl) and
pSE438 (digested with Hpal) such that the sir3" allele was
replaced by the wild-type SIR3 allele pSE438. pSE1071 was
constructed by recombination between pSE1033 (digested
with Xhol and Sphl) and pSE425 (digested with Hpal) to ensure
that the Xhol-Sphl fragment was the wild-type SIR3 allele.
pSE1033 was constructed by recombination between pAR16
(digested with Kpnl and EcoRV; Holmes and Broach 1996)
and pSE715 (digested with Xbal) such that the Pg, -SIR3-1-
979 gene was inserted into the P, -SIR3-C (439-987) region
of pSE715. pSE332 was constructed by recombination between
pJR273 (digested with Pvull) and pJkmf (=) (digested with
Hindlll; Kirschman and Cramer 1988). pSE334 is an in vivo
recombination product of pSE332 (digested with Pvull) and
YCplac11l (digested with Hindlll; Gietz and Sugino 1988)
such that SIR3 was inserted into the lacZ gene in YCplacl1l.
pSE338 was constructed by inserting the 3’ region of (EcoRI-
Sall fragment) SIR3 from pSE332 into YIPlac128 (Gietz and
Sugino 1988). pSE650 was made by inserting the pSE615
BamHI-Pstl fragment into the Bglll-Pstl-digested pSE497.
pSE497 is analogous to pRSET-C (Invitrogen, Carlsbad, CA)
with a kanamycin resistance marker replacing the B-lactamase
gene (S. Enomoto, unpublished results). pSE912 was made
by ligation of pSE856 (digested with BamHI and Pstl) and

pSE497 (digested with BamHI and Pstl). pSE715 was made by
recombination of pSE650 (digested with Xbal) and
YGALSET351 (digested with Xhol; Enomoto et al. 1998).
pSE481 is an in vivo recombination product of pSE438 (di-
gested with Pvull) and YIPlac211 (digested with Hindlll;
Gietz and Sugino 1988).

Isolation of rlf3 alleles: The TEL + CEN plasmid screen
used to isolate sir3" and methods used to isolate complement-
ing genes were described previously (Enomoto et al. 1994a,b,
1997; Lew et al. 1998). Quantitative mating, telomeric silenc-
ing, and HMR::TRP1 derepression assays were performed as
previously described (Enomoto et al. 1997; Enomoto and
Berman 1998). For the quantitative mating assays, four mat-
ings were performed for each strain. The median values were
compared by the rank sum test (Snedecor and Cochran
1980).

Differentsir3" alleles were subcloned by gap repair. pSE334
was digested with Hpal and transformed into a SIR3/sir3"®
strain (YJB276 X YJB497). The Hpal sites flank the SIR3 open
reading frame (ORF) at nucleotide (nt) —206 and nt 3485
relative to the ORF. A total of 10 independent plasmids with
the appropriate restriction map were recovered and function-
ally tested for complementation of the telomeric silencing
phenotype in YJB1033 (sir3 null). Two classes of plasmids
were obtained and we chose one of each type for further
characterization. pSE392 restored telomeric silencing to wild-
type levels; pSE393 did not restore telomeric silencing to wild-
type levels and thus contained the sir3™ allele.

Mapping the lesion in the sir3' alleles: To map the muta-
tions within the sir3"™ allele, pSE393 was digested at nt 487
with Clal or at nt 2502 with Kpnl and cotransformed with
pSE332 digested with different restriction enzymes whose sites
span the SIR3 gene. The telomeric silencing phenotype was
checked for several transformants for each plasmid pair. This
analysis indicated that the lesion in sir3"® was located between
the Nrul site (nt 2283) and the Xhol site (nt 2833).

To reintegrate sir3 alleles, pSE481 was linearized by diges-
tion with either Kpnl (at nt 2502) or Xhol (at nt 2833), and
two-step gene replacement of these alleles was performed into
wild-type SIR3 strains. Candidate strains were assayed for
TEL + CEN antagonism [by crossing them to YJB499 carrying
p49K (Enomoto et al. 1994a,b)] and for telomeric silenc-
ing by monitoring expression from URA3 inserted at the left
end of chromosome VII. Strains for assaying telomeric silenc-
ing were generated by transformation with pVIIL-URA3-TEL
(Gottschling et al. 1990) or by genetic crosses to strains
carrying chromosome VIIL-URA3-TEL.

Sequencing of sir3"” alleles: DNA sequencing of the entire
SIR3 gene in both pSE392 and pSE393 was performed by
the University of Minnesota microchemical facility, using the
following primers:

acaggagatggtaccacgct, agcgtggtaccatctcetgt, — tttatgcggegtec
aaaa,

gtaaatagtcatttccttc, ttccggattttgtattaa, agtttattttgggaagac, caaa
ccggtctaaaatta,

tgcttcatcagaactttc, ggtgatgtgagcgcagaa, gtttgggttecatttect, tag
atctggcctgaattg,

gtaatgataacttgccaa.

Mating assays: For the mating establishment assay, cells were
pregrown on synthetic complete medium lacking leucine (SC-
Leu; Sherman et al. 1986) containing 2% glucose (to prevent
expression of Pga -SIR3 or Pg, -sir3-P898R) at 25° and shifted
to 37° for 18 hr (to inactivate Sir3-8p). Cells were transferred
to SC-leu containing 0.5% galactose and 2% raffinose (to
induce Pga -SIR3 or Pg, -sir3-P898R expression) that was pre-
heated to 37° and maintained at 37° (to continue inactivation
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TABLE 1

Yeast strains used

Strains Genotype Source
Isogenic to S150B-2
YJB276 MATa leu2-3, 112 ura3-52 trp1-289 his3A ade2A [cir+] J. Berman
YJB199 YJB276 MATa ADE+ J. Berman
YJB487 YJB276 SUP? adh4::URAS3-TEL [cir0] J. Berman
YJB497 YJB276 MATa SUP? cyh2 sir3-rlf3 [cir0] This study
YJB499 YJB276 SUP? cyh2 sir3-rlf3 adh4::URA3-TEL This study
YJB998 YJB276 SIR3-LEU2 This study
YJB1033 YJB276 MATa sir3A::TRP1 adh4::URA3-TEL This study
YJB1250 YJB276 HIS+ trpl::URA3 J. Berman
YJB1267 YJB276 SUP? HIS+ lys2 adh4::URAS3-TEL cyh2 sir3-P898R [cir0] This study
YJB2670 YJB276 SUP? sir3-P898R, -5 adh::URA3-TEL [cir0] This study
YJB2728 YJB276 SUP? SIR3-5u adh::URA3-TEL [cir0] This study
Isogenic to W303
YJB195 MATa ura3-1 ade2-1 his3-11 leu 2-3,112 can 1-100 trp1-1 J. Berman
YJB209 MATa ade2-1 his3-11 leu2-3,-112 can1-100 trpl-1 ura3-1 J. Berman
YJB955 YJB195 HMRAA::TRP1 J. Berman
YJB958 YJB195 HMRAA::TRP1 cacl::LEU2 J. Berman
YJB959 YJB195 HMR:: TRP1 J. Berman
YJB1104 YJB195 HMRAE:: TRP1 J. Berman
YJB1143 YJB195 HMRAB::TRP1 J. Berman
YJB1504 YJB209 sir3-P898R This study
YJB1532 YJB195 HMRAE:: TRP1 sir3-P898R This study
YJB1544 YJB195 HMR::TRP1 sir3-P898R This study
YJB1563 YJB195 HMRAA::TRP1 sir3-P898R This study
YJB1578 YJB209 cacl::LEU2 J. Berman
YJB1539 YJB195 HMRAB::TRP1 sir3-P898R This study
YJB1633 YJB209 HMRAA::TRP1 VII::URA3-TEL J. Berman
YJB1838 YJB195 cacl::LEU2 J. Berman
YJB1940 YJB195 sirl::HIS3 J. Berman
YJB1941 YJB209 sirl::HIS3 J. Berman
YJB2001 YJB195 HMRAA::TRP1 sirl::HIS3 J. Berman
YJB2315 YJB195 sir3-P898R sirl::HIS3 J. Berman
YJB2316 YJB209 sir3-P898R sirl::HIS3 J. Berman
YJB2352 YJB195 sir3-P898R J. Berman
YJB2353 YJB209 sir3-P898R cacl::LEU2 J. Berman
YJB2354 YJB195 sir3-P898R cacl::LEU2 J. Berman
YJB2769 YJB195 sir3-8 This study
YJB2930 YJB195 sir3-8 sirl::HIS3 This study
YJB5094 YJB209 rapl-17 VII::URA3/ADE2 LexAS3 This study
YJB5093 YJB209 sir3-P898R rapl-17 VII::URA3/ADE2 LexAS3 This study
Miscellaneous
YJB4 (A364A) MATa adel ural gall ade2 tyrl his7 lys2 L. Hartwell
YJB5 (B364B) MATa adel ural gall ade2 tyrl his7 lys2 L. Hartwell
YJB905 (CTY10-5d) MATa ade2-1 trp1-901 leu2-3,112 his3-200 leu2 gal4 gal80 S. Fields

URA3::IexA op-lacz

2trp1-289 is suppressed by an unlinked, uncharacterized suppressor mutation.

of Sir3-8p) for the times indicated in Figure 4A. All subsequent
manipulations were performed on plates prewarmed to 37°
and incubated at 37°. Mating competence was assayed by
streaking these cells across tester strain B364B (Table 1) on
rich medium containing glucose (YPAD; which represses Pga, -
SIR3 or Pg, -sir3-P898R expression) and allowing the cells to
mate for 18 hr. The efficiency of mating was determined by
analyzing the growth of cells on SC-his medium containing
glucose, which selected for diploids formed in the test cross.

For mating assays with Sir3-R898P-C, strain YJB905 (ade2

leu2) containing LEU2-marked plasmids pSE856, pSE647,
pSE615, or pACT Il was mated with tester strain YJB199 (ADE2
leu2) and the formation of diploids was determined by selec-
tion on SC-leu-ade.

B-Galactosidase assays: B-Galactosidase assays were per-
formed using standard methods (Ausubel et al. 1989). A mini-
mum of four independent transformants were assayed at least
twice each. All measurement values were normalized to that
of Pap-LEXgy-GAL4,, = 10,000 units. The rank sum test
(Snedecor and Cochran 1980) was used to assess the statisti-
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Plasmids used
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Name Relevant feature Source

pl84.4 GST HHT (aa 1-46) Hecht et al. (1995)

pl07.1 GST HHF (aa 1-34) Hecht et al. (1995)

pGEX-B Globin GST B-globin Johnston et al. (1996)

pPACT II Paon GAL4,p vector Moretti et al. (1994)

pSE647 PACT 11-SIR3,35 g5, This study

pSE615 PACT 11-5ir3-P898R 435_07 This study

pSE856 PACT I1-SIR3,35.979 This study

pSE1072 Peal-sir3-P898R This study

pSE1071 Pea-SIR3 This study

pBM116 Paon-LEXgp vector Moretti et al. (1994)

pBTM-R7 Pron-LEXgo-RAD7 g5 Paetkau et al. (1994)

PM26 P pon-LEXgo-RAPLg35_607 Moretti et al. (1994)

PM250 P ron-LEXgo-RAPLg47_g07 Moretti et al. (1994)

PM398 P aor-LEXgo-SIR4g59-1356 Moretti et al. (1994)

pSE853 P aon-LEXgp-5ir3-P898R 307979 This study

pM392 Paon-LEXgo-SIR3,. 479 Moretti et al. (1994)

PM393 P ron-LEXgp-SIR3 307970 Moretti et al. (1994)

PM395 Pron-LEXgo-GAL4,p Moretti et al. (1994)

pSE49K TEL+CEN ADE2 Enomoto et al. (1994b)

pSH135 sir3-8® YIP URA3 Holmes and Broach (1996)

pSE393 sir3" YCP LEU2 This study

pSE332 SIR3 Kan This study

pSE334 SIR3 YCP LEU2 This study

pSE392 SIR3 (S150B-2) YCP LEU2 This study

pSE338 homology 3’ to SIR3 locus YIP LEU2 This study

pSE650 T7 sir3-P898R35.979 This study

pSE912 T7-SIR3435 979 This study

pSE408 T7-RAP1 Enomoto et al. (1998)

pSE715 Peario T7 sir3-P898R 35 70 This study

pVIIL-URA3-TEL VIIL::URA3-TEL Gottschling et al. (1990)

pSE481 sir3™ YIP URA3 This study

pVIIL-URA3-ADE2- VIIL-URA3-ADE2-LexAS3-TEL Lustig et al. (1996)
LexAS3-TEL

AD, activation domain; BD, DNA binding domain; YIP, yeast integration plasmid; YCP, yeast centromere

plasmid.

cal significance of the values obtained between wild-type and
sir3-P898R strains.

GST pull-down assay: Sir3p, Sir3-P898Rp, and Raplp were
produced in vitro in the presence of [**S]methionine using the
TNT-coupled transcription and translation system (Promega,
Madison, WI). GST-B-globin,_j»;, GST-histone H3,_, and GST-
H4,_;, were produced in Escherichia coli essentially as described
(Smith and Johnson 1988; Hecht et al. 1995). Briefly, recom-
binant protein production was induced in E. coli strain BL21
carrying the plasmids by the addition of isopropyl thiogalacto-
side to 1 mm and incubation at 25° for 1 hr. Cells were collected
by centrifugation and lysed by sonication in TGDy, [20 mm
Tris-Cl (pH 8.0), 150 mm NaCl, 1 mm EDTA, 0.1% Triton
X-100, 1 mm glutamate, 1 mm DTT, 1 mm PMSF]. Cell debris
was removed by centrifugation and the resulting supernatant
was incubated with 40 .l of a50% slurry of glutathione-agarose
(Sigma, St. Louis) for 45 min at room temperature. The resin
was washed twice with TGD,5, and then incubated with *S-
labeled protein in 100 wl buffer for 1 hr at room temperature.
The resin was washed with buffer three times before all pro-
teins were eluted by the addition of 20 pl of SDS loading
buffer. Proteins were separated by SDS-PAGE and detected
by autoradiography.

Arrest/release anti-SIR shmooing assay: Cells were grown
in SC-leu containing 2% glucose and arrested by the addition
of a-factor (0.1 pg/ml), hydroxyurea (400 mm), or nocodazole
(10 wg/ml) for 4 hr at 25°. Arrested cells were collected by
centrifugation and resuspended in SC-leu medium containing
2% galactose and 2% raffinose and the appropriate cell cycle
inhibitor and incubated for 18 hr. Cells were then washed
three times with fresh medium containing glucose and after
a 20-min recovery were placed on SC-leu medium containing
a-factor. Arrest and cycling of the cells was monitored by
examination of cell morphology.

RESULTS

Identification of a novel allele of SIR3: Circular plas-
mids carrying both telomeric and centromeric DNA
(TEL + CEN plasmids) are highly unstable (Longtine
et al. 1992), a phenotype termed TEL + CEN antago-
nism. Furthermore, these TEL + CEN plasmids are
stabilized by mutations that alter telomeric chromatin
structure and function (Enomoto et al. 1994a,b). A
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screen for mutants that lost TEL + CEN antagonism
initially identified a large number of mutants that were
defective in mating and could be restored to wild-type
mating competence by transformation with a copy of
SIR2, SIR3, or SIR4 (Enomoto et al. 1994a,b). We fo-
cused our attention on mutants that also perturbed the
nuclear localization of Raplp [from the punctate, peri-
nuclear foci that co-localize with a majority of telomeric
DNA foci (Gottacet al. 1996) to a more diffuse distribu-
tion of Raplp]. These mutants, which segregated as
single genes and altered the localization of Raplp, were
termed Raplp localization factor mutants and the mu-
tated genes were designated “RLF genes.” Analyses of
RLF2, which is allelic with CAC1, and of RLF4, which is
allelic with NMD2/UPF2, have been reported elsewhere
(Enomoto et al. 1997; Enomoto and Berman 1998;
Lew et al. 1998).

Here we describe the characterization of rlf3, a novel
mating-competentallele of SIR3. Strains carrying the rlf3
allele are defective in TEL + CEN antagonism, Raplp
localization, and telomeric silencing (see below). To
identify the gene mutated in the rlf3 strain, we used a
low-copy (CEN) library and isolated clones that restored
the TEL + CEN antagonism phenotype and the telo-
meric silencing of the rlf3 strain. We isolated >80 clones,
all of which contained the SIR3 gene. Because an extra
copy of SIR3 can complement some nonallelic muta-
tions (Enomoto et al. 1998), the isolation of SIR3 was
not sufficient to indicate that the rlf3 mutation is an
allele of SIR3, especially since the rlf3 strain was mating
competent (see below) and all other reportedsir3 alleles
were defective in HM silencing and mating (Rine and
Herskowitz 1987). To test the allelism of rlf3 and SIR3,
rlf3 strain YJB497 was crossed to strain YJB998, which
contained a LEU2-marked SIR3 allele. In five complete
tetrads, the SIR3-LEU2 allele always segregated away
from the rlf3 mutation, detected using TEL + CEN
antagonism assays (Enomoto et al. 1994a,b), consistent
with the idea that rlf3 is allelic to SIR3.

The rlf3 allele of SIR3 (sir3") was cloned by gap
repair of a wild-type, plasmid-borne copy of SIR3. The
sequence of the mutant allele identified six different
missense mutations, five of them near the Bgl Il site and
one 3’ of the Kpnl site (Figure 1A). The gap repair
strategy mapped the mutant phenotype to the single
cytosine-to-guanine transversion at nt 2693, which
causes a proline-to-arginine substitution at amino acid
898. We confirmed that the single P898R substitution
is responsible for the restoration of the TEL + CEN
antagonism phenotype when expressed from a plasmid
in a sir3 null strain. This allele is called sir3-P898R.
We refer to the original allele as sir3"™ and to the five
missense mutations near the Bglll site collectively as
Sir3-5p.

To generate a strain carrying a genomic copy of the
rlf3 allele, we performed two-step gene replacements
using different restriction enzyme digests that targeted

replacement of different domains of the wild-type SIR3
allele with domains of the rlf3 allele. Replacement of
almost all of SIR3 with sequence encoding aa 1-945
from the rlf3 allele resulted in abrogation of telomeric
silencing (at least 10,000-fold lower than wild-type lev-
els), similar to that seen with the original rlf3 mutant
strain (Figure 1C, sir3-P898R, 5u). In contrast, replace-
ment of SIR3 with aa 834-978 (the C terminus of Sir3p)
from sir3"™ resulted in telomeric silencing levels 1000-
to 10,000-fold lower than wild-type levels (Figure 1C,
sir3-P898R). Replacement of the five upstream muta-
tions created a strain that had a very modest reduction
in telomeric silencing (Figure 1C, sir3-5u). These re-
placement experiments indicated that the major telo-
meric silencing defect was due to the P898R mutation
and that the 5u. mutations enhanced the telomeric si-
lencing defect. The studies described below were con-
ducted primarily with strains carrying the sir3-P898R
allele.

sir3-P898R mutations have subtle mating defects: To
ask if the different mutations within the alleles contrib-
uted differently to the mating competence of these
strains, we performed quantitative mating assays. We
observed no significant difference in mating compe-
tence between wild-type, sir3"®, sir3-R898P, sir3-5u, and
sir3-R898P, 5. strains (Figure 1B). While subtle defects
in HM silencing are not detected by these mating assays,
the results confirm that all of these sir3 alleles are mating
competent.

There are several genes that, when mutated, signifi-
cantly reduce telomeric silencing and have only very
subtle effects on HM locus silencing. For example,
strains lacking CAF-I subunit genes (CAC1, CAC2, and
MSI1/CAC3) do not have an obvious mating defect in
guantitative mating assays, unless they are combined
with sirl mutations (Enomoto and Berman 1998; Kauf-
man et al. 1998). We constructed both MATa and MAT«
strains carrying sir3-P898R alone or together with sirl
or cacl mutations and analyzed the mating ability of the
strains in patch mating assays (Figure 2A). Similar to
results seen previously with cacl sirl strains, MATa sir3-
P898R sirl mutants were defective for mating and MAT«
sir3-P898R sirl mutants exhibited reduced mating abil-
ity. In contrast, sir3-P898R cacl double mutants (both
MATa and MATa) mated as efficiently as wild-type and
single-mutant strains (Figure 2A). These results suggest
that the sir3-P898R mutation and the cacl mutations
may affect a similar aspect of silencing (e.g., the mainte-
nance of silencing) that is distinct from SIR1 function
[e.9., the establishment of silencing (Pillus and Rine
1989)].

sir3-P898R mutations enhance defects in the HMR
silencer: To measure the effect of sir3-R898P at HMR,
we utilized an HMR::TRP1 construct, in which the al
and a2 genes at HMR were replaced by the TRP1 gene
(Hardy et al. 1992). Assays that measure expression of
HMR::TRP1 are more sensitive to low levels of HMR
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Figure 1.—A novel allele of
SIR3 that affects telomeric si-
lencing but does not affect mat-
ing efficiency. (A) Map of the
missense mutations identified
within the original sir3" allele.
Numbers indicate the amino
acid positions within Sir3p.
Restriction sites used for gap
repair experiments are indi-
cated above the gene. Below
the gene, the mutations found
within the sir3™ allele are in-
dicated, using the one-letter
amino acid code. The sir3-5u
allele contains the five muta-
tions near the Bgl 11 site and the
wild-type proline at position
898. The sir3-P898R allele is
wild type for all amino acids
except the proline-to-arginine
missense mutation at position
898. (B) Quantitative mating
assays of the different sir3™ al-
leles. Values shown are the me-
dian of at least four individual
mating assays. The differences
between the strains were not
statistically significant as deter-
mined by the rank sum test
(Snedecor and Cochran
1980). Strains used were as
follows: WT, YJB487; sir3ms,
YJB499; sir3-P898R, YJIB1267;
sir3-P898R, -5, YIB2670; sir3-
5w, YIB2728. (C) Telomeric si-
lencing assays of the different

- uracil

sir3" alleles. Tenfold serial dilutions of each strain were plated onto medium containing 5-fluoro-orotic acid (5-FOA) and SDC
(complete) medium lacking uracil. Strains used were as follows: WT, YIB487; URA+, YIB1250; sir3"®, YIB499; sir3-P898R, YIB1267;

sir3-P898R, -5, YIB2670; sir3-5u, YIB2728.

derepression than are mating assays. We constructed a
series of isogenic strains carrying the sir3-R898P allele
and either HMR::TRP1 (including the intact silencer)
or derivatives missing binding sites for either ORC,
Abflp, or Raplp and compared the ability of these
strains to grow on medium lacking tryptophan with the
growth of isogenic SIR3 strains (Figure 3). As previously
reported (e.g., Sussel and Shore 1991), of the SIR3
strains, only the strain missing the HMR E Raplp site
grew on medium lacking tryptophan (Figure 3). Of
the sir3-P898R strains, the strain with the wild-type
HMR::TRP1 allele and the strain with the HMR e-AADbf1
did not grow in the absence of tryptophan. However,
the sir3-P898R HMR e-AORC site strain grew in the ab-
sence of tryptophan. Similarly, the sir3-P898R HMR
e-ARapl site strain grew very well in the absence of
tryptophan. In this case the TRP1 gene was more dere-
pressed than in the corresponding SIR3 HMR e-ARapl
strain, as evidenced by the larger size of the Trp™ colo-
nies as well as by the increased frequency of Trp* colo-
nies. Because we observed a synergistic loss of silencing
when we combined sir3-P898R with mutations that affect

the establishment of silencing [sirl and HMR e-AORC
site (Sussel et al. 1993)], these results are consistent
with the hypothesis that the sir3-P898R allele is defective
in the maintenance, but not the establishment, of si-
lencing.

sir3-P898R is not defective in the establishment of silencing:
At the HM loci, the de novo establishment of silencing
is critically dependent on Sirlp. In sirl mutant cells,
HML exists in one of two epigenetic states: silent (off)
or derepressed (on; Pillus and Rine 1989). Further-
more, the process of restoring the silent state to dere-
pressed cells is very inefficient, requiring >40 genera-
tions (Pillus and Rine 1989).

Experimentally, the establishment of HML silencing
can be observed by monitoring the a-factor response
of MATa cells (Pillus and Rine 1989). Wild-type MATa
cells arrest in response to a-factor, forming cells with a
single shmoo. MATa cells carrying mutations that com-
pletely derepress HML (e.g., sir3A strains or sir3-8° cells
held at 37°) do not respond to a-factor, continue divid-
ing, and form colonies of cells. MATa sirl cells respond
in one of two ways: those that are silent at HML form
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Figure 2.—SIR1, but not CAC1, is required for mating in
sir3-P898R strains. (A) sir3-P898R sirl mutants have an obvious
mating defect. Patch mating assays were performed using tes-
ter strains A364A and B364B. Strains used (MATa and MATa,
respectively) were as follows: WT, YJB195 and YJB209; sirl,
YJB1940 and YJB1941; cacl, YJB1838 and YJB1578; sir3,
YJB2352 and YJB1504; sirl sir3, YJB2315 and YJB2316; cacl
sir3, YJB2354 and YJB2353. All sir3 alleles were sir3-P898R. (B)
sir3-P898R strains, like cacl strains, form shmoo clusters in
response to a-factor. Cells were plated on o-factor at 23° for
18 hr and cell morphology was assayed. WT, YJB195; sirl,
YJB1940; cacl, YJB1838; sir3, YIB2352; sirl sir3, YIB2315; cacl
sir3, YIB2354. Shmoos, single cells with a single mating projec-
tion; shmoo clusters, cells or groups of cells with two or more
elongated mating projections; colonies, groups of round cells
that did not appear to respond to «-factor.

shmoos and those that are derepressed at HML form
colonies. To ask if a strain carrying the sir3-P898R allele,
like sirl strains, is defective in the establishment of si-
lencing, we analyzed the o-factor responses of a sir3-
P898R strain and a sirl sir3-P898R strain. Unlike sirl
strains [but similar to the response of cacl strains (Eno-
moto and Berman 1998)], the entire population of sir3-
P898R cells initially formed shmoos that subsequently
gave rise to shmoo clusters (Figure 2B). This indicates

that HML in the sir3-P898R cells cannot be considered
to be in different epigenetic states. Furthermore, the
shmoo cluster phenotype is indicative of a defect in the
maintenance of the silent state, since cells initially form
shmoos (and thus have a silent HML locus), but the
silent state is not as persistent in the mutant cells as it
is in wild-type cells (Enomoto and Berman 1998). In
contrast, sirl sir3-P898R double-mutant cells are com-
pletely derepressed at HML, growing as a relatively uni-
form population of a-factor resistant colonies (Figure
2B). This result also supports the idea that sirl and sir3-
P898R do not affect the same aspect of silencing.

We previously noted that limiting the amount of Sir3p
alone resulted in increased levels of shmoo clusters in
otherwise wild-type cells (Enomoto and Berman 1998).
All of the sir3-P898R phenotypes could be explained if
Sir3-P898Rp was less stable than wild-type Sir3p. Immu-
noblot analysis detected similar steady-state levels of
Sir3p in strains carrying the wild-type and any of the
other sir3™ mutant alleles including sir3-P898R as shown
in Figure 1 (M. McClellan and S. Enomoto, unpub-
lished data). Thus, the silencing phenotypes observed
in the sir3™ mutants are not due to a significant reduc-
tion in the stability of the mutant Sir3 proteins.

A second way to examine the role of SIR1-dependent
de novo silencing is to monitor the kinetics of the restora-
tion of mating competence by providing Sir3p to cells
that were derepressed because they lacked Sir3p func-
tion. SIR1-dependent de novo establishment of silencing
must include the recruitment of Sir3p to the HML locus
and propagation of a silent chromatin structure that
includes Sir3p. If Sir3-P898Rp is defective in being re-
cruited by Sirlp, then we would expect a delay in the de
novo formation of silent chromatin in a strain expressing
sir3-P898R. We used the sir3-8* allele (Miller and Nas-
myth 1984) to generate cells in which HML was com-
pletely derepressed. Wild-type or mutant forms of Sir3p
were provided by inducing Pga -SIR3 or Pgy -sir3-P898R
expression on medium containing galactose. Cells were
pregrown at 37° on glucose to eliminate all silencing
(Figure 4A, time 0). The cells were then streaked to
medium containing galactose (to induce the expression
of Pga-SIR3 or Pg, -sir3-P898R) held at 37° (to keep sir3-
8" inactive) for different pulse time periods. Then the
restoration of mating competence was tested by streak-
ing across a tester strain on glucose medium (to repress
Pca-SIR3 or Py -5ir3-P898R expression) held at 37°. The
crosses were then replica-plated to glucose medium held
at 37° that was selective for diploids resulting from suc-
cessful mating (Figure 4A).

SIR1 strains expressing either Pga-SIR3 or Pgy -sir3-
P898R displayed similar mating kinetics: they restored
mating ability to the sir3-8" strain within 1.5-2.5 hr (Fig-
ure 4A). The sirl strains did not restore mating for up
to 4 hr and the kinetics of the appearance of mating
competence was similar in the strains expressing Pgp.-
SIR3 or P, -sir3-P898R. The efficiency of mating at the
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earliest time points was slightly lower for both of the
sir3-P898R strains relative to the SIR3 strains. However,
the kinetics of the appearance of some mating-compe-
tent cells were similar when either Pga -SIR3 or Pgp -Sir3-
P898R was expressed (Figure 4A). Thus, Sir3-P898R,
like wild-type SIR3, was sufficient to restore silencing to
chromatin that was previously in a transcriptionally ac-
tive state. The fact that the kinetics of the appearance
of mating competence was similar in the SIR3 and sir3-
P898R strains suggests that sir3-P898R is not defective
in the ability to be recruited to HML and to initially
form silent chromatin.

In the sirlA strains, silencing and mating competence
only appeared after much longer periods of time (o
in Figure 4A), indicating that we can detect the sirl-
independent establishment of silencing in this assay.
The amount of time required in our assay was similar
to that required (~2 days, >30 generations) for the
subpopulation of HML-derepressed sirl cells to become
silenced as monitored by arrest and shmooing in re-
sponse to a-factor (Pillus and Rine 1989; S. Enomoto,
unpublished data).

sir3-P898R strains are defective in the maintenance
and/or inheritance of telomeric silencing: The inheri-
tance of silencing is defined as the ability of silent
mother cells to produce silent daughter cells. Inheri-
tance can only be monitored if the silent state is main-
tained during the previous cell cycle. Cells that inherit
silent chromatin do not need to assemble the silent
chromatin de novo, in part because the components of
silent chromatin are already present at the silent loci.
Monson et al. (1997) examined the “inheritance” of
the silent state of a telomere-adjacent URA3 gene by
pregrowing cells on 5-fluoroorotic acid (5-FOA) to en-
rich for those that were silent. They then examined the
proportion of cells that formed daughter cells in which

sir3-P898R abf, YJB1539; SIR3
rap, YJB1104; sir3-P898R rap,
YJB1532.

the telomeric URA3 gene remained silent. Because
5-FOA is toxic to any cell that becomes derepressed,
cells that continue to divide are those that both main-
tained and inherited silent chromatin. Based on the
assumption that any cell that failed to maintain the silent
state would die on 5-FOA prior to the establishment of
a de novo silent state, this assay measures only establish-
ment-independent contributions to silencing. It cannot,
however, distinguish between defects in the mainte-
nance or the inheritance of silencing.

To measure the effect of the sir3-P898R allele on the
inheritance and/or maintenance of telomeric silencing,
we pregrew a strain YJB1267 on 5-FOA, transferred the
cells to a fresh 5-FOA plate, and examined the size of
the microcolonies formed after 18 hr of growth. The
size of the microcolonies formed by the sir3-P898R
strain were smaller (~40-60 cells/microcolony in most
cases and occasional appearance of microcolonies with
~100 cells/microcolony) than the microcolonies
formed by the SIR3 strain (~~100->1000 cells/microcol-
ony; Figure 4B). In fact, colonies formed by wild-type
SIR3 cells were comparable in size to colonies formed
by a ura3 strain (Figure 4B). Since the size of the micro-
colonies is a function of either maintenance and/or
inheritance, this indicates that the sir3-P898R allele is
defective in at least one of these functions.

The shmoo cluster assay measures the ability of cells
to maintain the silent state during a single cell cycle.
This 5-FOA survival assay measures the ability of cells
to maintain and/or inherit the silent chromatin state.
While it is formally possible that strains carrying the
sir3-P898R allele are defective in both the inheritance
and the maintenance of silencing, a defect in mainte-
nance alone can account for all of the observed silencing
defects in strains carrying the sir3-P898R allele.

Interactions of Sir3-P898Rp with Raplp, Sir3p, Sirdp,
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Rad7p, and histones H3 and H4: The C-terminal do-
main of Sir3p (including amino acid 898) interacts with
Sir3p, Sirdp, Raplp, and Rad7p in the yeast two-hybrid
system (Moretti et al. 1994; Paetkau et al. 1994). We
compared the ability of the C terminus (aa 307-978)
of Sir3p and Sir3-P898Rp to interact with Rap1lp, Sir4p,
and Rad7p using two-hybrid constructs that were origi-
nally used to reveal Sir3p interactions. In all these cases,
we detected no significant difference in the interactions
between the proteins and either Sir3p or Sir3-P898Rp.
However, when we analyzed the Sir3p-Sir3p interactions
of the mutant and wild-type proteins we found a signifi-
cant difference: the Sir3-P898Rp with Sir3-P898Rp inter-
action was increased relative to the wild-type Sir3p with
wild-type Sir3p interaction (Table 3).

Coprecipitation experiments have also demonstrated
that Sir3p binds the unacetylated N-terminal tails of
histones H3 and H4 in vitro (Hechtet al. 1995). Because
the sir3-P898R mutation maps within the histone H3/
H4 interaction domain of Sir3p (Hecht et al. 1995),
we asked if the sir3-P898R mutation affected interactions
between Sir3p and histones H3 and H4. Coprecipitation

experiments were performed with either Sir3p or Sir3-
P898Rp and either GST-HHT (aa 1-46) or GST-HHF
(aa1-34) (Hechtetal. 1995) (Figure 5). Sir3p and Sir3-

TABLE 3

Transcriptional activation of hybrid proteins

Activation domain?

DNA binding domain  pACT 11-Sir3  pACT I1-Sir3-P898R
LexA 3 3
LexA-Rapl 521 470
LexA-Rapl 157 100
LexA-Sir3 21 89°
LexA-Sird 149 187
LexA-Rad7 554 640

2 B-Galactosidase units were normalized against Pnp-LEX-
Gal4,p as 1000 units. The median value of at least four indepen-
dent transformants is indicated.

® The difference between LexA-Sir3/pACTII-Sir3 and LexA-
Sir3"/pACTII-Sir3"® was significant (P < 0.05). Differences
for all other pairs were not significant at this level.
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Figure 5.—Sir3-P898Rp associates with the N termini of
histones H3 and H4 in vitro. GST-B-globin,_;,;, GST-H3,_, and
GST H4, 5, were produced in E. coli and purified by glutathione
affinity chromatography. Raplp, Sir3p, and Sir3-P898Rp, pro-
duced by coupled in vitro transcription and translation in
the presence of [®S]methionine, were incubated with the
immobilized GST proteins. After washing, proteins were
eluted by denaturation, separated by SDS-PAGE, and detected
by autoradiography. Input, 10% of total transcription and
translation reaction. Other lanes represent 100% of the pro-
tein eluted from the GST proteins. Small arrows indicate full-
length Raplp, Sir3-P898R-C, and Sir3C, respectively.

i

P898Rp were expressed as fusions with an N-terminal
histidines-T7-gene-10-epitope tag by in vitro transcrip-
tion and translation (see materials and methods).
As a negative control, we used a histidineg-T7-gene-10-
epitope-tagged Raplp (Enomoto et al. 1998). As ex-
pected, the wild-type Sir3p fusion protein coprecipi-
tated with histones H3 and H4 and the Raplp fusion
protein did not coprecipitate with either of the histones
(Figure 5). Like Sir3p, Sir3-P898Rp coprecipitated with
histones H3 and H4 and the affinity of the wild-type
and mutant Sir3 proteins for the histones was indistin-
guishable (Figure 5). Thus, the sir3-P898R mutation did
not alter the ability of the protein to interact, in vitro,
with unacetylated N-terminal tails of histones H3 and
H4.

The sir3-P898R C terminus confers a strong nonmat-
ing phenotype: Interestingly, during our analysis of Sir3-
P898Rp interactions, we found that two-hybrid plasmids
(both “binding domain” and “activation domain” con-
structs) carrying codons 307-978 of sir3-P898R inter-

fered with the mating ability of the otherwise wild-type
two-hybrid reporter strain (Figure 6). Expression of
these plasmids in other MATa strains resulted in a simi-
lar nonmating phenotype (data not shown). The Sir3-
P898R 307-978 plasmids also conferred a nonmating
phenotype on MATa strains (data not shown). Similarly,
a strain carrying TRP1 within the HMR locus was Trp*
when the Gal4-AD-sir3-P898R allele was expressed (data
not shown). During the course of these studies, overpro-
duction of the C terminus of wild-type Sir3p was re-
ported to interfere with telomeric silencing (Le et al.
1997; Gottacet al. 1998; Park et al. 1998). We observed
a similar effect with the C-terminal fragments of both
Sir3p and Sir3-P898R (Figure 6). However, the mutation
in sir3-P898R causes an increased level of derepression
relative to the wild-type SIR3 allele: the Sir3-P898Rp
C-terminal fragment (Sir3-P898R-C) caused a complete
loss of mating competence in patch mating assays (Fig-
ure 6). These results indicate that the sir3-P898R muta-
tion enhances the ability of the Sir3p C terminus to
derepress silencing at both telomeres and the HM loci.

The C terminus of Sir3-P898Rp disrupts silencing
specifically during late S-phase: To better understand
how the C-terminal fragment of Sir3-R898Pp interferes
with HM silencing, we asked whether the disruption
of silencing by the mutant protein occurred during a
particular stage of the cell cycle. One possibility was that
Sir3-R898Pp could interfere with silencing at any stage
of the cell cycle, perhaps by titrating away a component
of the normal silent chromatin complex. Another possi-
bility was that Sir3-R898Pp could interfere with silencing
by being physically assembled into the silent chromatin
complex in late S-phase. For these experiments we ex-
pressed the C-terminal portion of Sir3-R898P from the
galactose-inducible GAL10 promoter. Cells were pre-
grown in glucose, which prevented Pgy -sir3-R898P ex-
pression; in these cells the HM loci were repressed as
evidenced by their sensitivity to a-factor. Cells were then
arrested in G; by the addition of a-factor, in S-phase
by the addition of hydroxyurea, or in M-phase by the
addition of nocodazole. Four hours later, cells were
shifted to medium containing the same cell cycle inhibitor
plus galactose, to induce expression of sir3-R898Psy;_g7 dur-
ing the cell cycle arrest. Cells were held under these
conditions for 18 hr, washed three times with fresh
glucose medium, and released into glucose medium for
a brief recovery period. a-Factor was then added to the
medium to monitor the mating response of the MATa
cells to o-factor in the subsequent cell cycle. Most of
the cells that had been arrested in G; with a-Factor or
in M-phase with nocodazole during the induction of
the C-terminal fragment of Sir3-R898P responded to
a-factor in the subsequent cell cycle by arresting and
forming a mating projection (Figure 7), indicating that
the silent mating loci remained silent in these cells de-
spite the presence of the sir3-R898P C terminus. In con-
trast, 66% of the cells that had been arrested with hy-
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Telomeric Silencing

- Uracil FOA

Mating Figure 6.—High-level ex-

pression of the sir3-P898R C

979 terminus disrupts both telo-

== | meric silencing and mating
852 in a dominant negative man-
I ner. For the telomeric silenc-
—— ing assays (left), strain YJB1633
transformed with pSE856 (SIR3-

P898R sa019),  PSE647  (SIR3y35.650),

pPSE615 (5ir3-P898R 435.970), OF

Plasmids pACTIl (vector only) was

plated in 10-fold serial dilu-

tions onto SD-Ura or SD + FOA and grown for 2 days at 30°. For the mating assay (far right), YJB905 transformed with pSE856
(SIR3,35.970), PSE647 (SIR3,3545,), Or PSE615 (5ir3-P898R 35.479) Was crossed to tester strain YJB199 and replica-plated to SD-

Ade —Leu to select for diploids.

droxyurea were o-factor resistant, indicating that the
HMLa silencing had been perturbed in the majority of
these cells. Control cells carrying only the vector and
arrested with hydroxyurea continued to respond to «-
factor (S. Enomoto, unpublished data). These results
indicate that Sir3-R898Pp interferes with the assembly
of silent chromatin during or just after replication. This
could occur either by being incorporated directly into
the chromatin or by interfering with the assembly of
another component required for the complete silencing
of the HM loci.

Tethering wild-type Sir3p cannot bypass the sir3-
P89SR silencing defect: Telomeric silencing is thought
to be nucleated by the binding of Rap1p at the telomere
repeats, recruitment of the Sirp complex (by the Raplp
C terminus interacting with Sir3p and Sir4p), and propa-
gation of the Sirp complex onto the telomere-adjacent
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Figure 7.—High-level expression of the sir3-P898R C termi-
nus preferentially disrupts silencing in cells arrested with hy-
droxyurea. Strain YJB276 transformed with pSE715 [Pga.-Sir3-
P898R 35 473 Was pregrown in glucose medium, arrested with
a-factor (), hydroxyurea (HU), or nocodazole (NOC), or
allowed to cycle in the presence of galactose (to induce expres-
sion of Sir3-P898R-C)]. Cells were released from the cell cycle
inhibitors in the presence of glucose and tested for the ability
to respond to a-factor. x? tests indicated that cells released
from hydroxyurea arrest were significantly different from the
other treatments.

DNA. In a rapl-17 strain, telomeric silencing does not
occur because the Rap1-17p does not interact with Sir3p
and Sirdp. However, tethering LEXA-Sir3p to telomere-
adjacent lexA operator sites in a rapl-17 strain permits
silencing of a telomeric URA3 gene (Lustig et al. 1996).
If the major defect in sir3-P898R is in an early step of
silencing, such as recognizing and binding to proteins
like Raplp, or being recruited to the Sirp complex, it
might be possible to suppress this defect by tethering
wild-type Sir3p, to weakly bypass early initiation steps.
We compared the ability of wild-type Sir3p to generate
silent chromatin in a rapl-17 SIR3 strain and a rapl-17
sir3-P898R strain (Figure 8). As previously reported, the
rapl-17 SIR3 strain expressing pLEX-SIR3 produced
FOA-resistant colonies at a frequency of 10~° (Lustig
etal. 1996). In contrast, tethering pLEX-SIR3 in the rapl-
17 sir3-P898R strain did not bypass the rap1-17 silencing
defect: no FOA-resistant colonies were observed (Figure
8). Thus, the silencing defect in sir3-P898R strains is
seen both when tethered Sir3p initiates or when normal
telomere sequences initiate silencing, implying that the
defect in sir3-P898R cannot be in an early step in silenc-
ing. Rather, the major defect must be a problem in
either the propagation/assembly of the silent chroma-
tin/Sirp complex or in the stable maintenance of the
complex. This assay does not allow us to distinguish
between a defect in the assembly process, which would
form an unstable Sirp complex structure, and a defect
in Sirp complex structure itself.

SIR3 pLEX-SIR3
SIR3 pLEX
sir3-P898R pLEX-SIR3

sir3-P898R pLEX

- Uracil FOA

Figure 8.—Tethered LexA-Sir3p does not restore silencing
to a rapl-17 sir3-P898R strain. Strains YJB5094 (SIR3 rapl-
17) or YJB5093 (sir3-P898R rapl-17) were transformed with
pBTM116 (LEXgp) or pM392 (LEXgy-SIR3). Tenfold serial
dilutions were plated onto FOA and SDC-Ura plates. Cells
were grown for 2 days (—uracil) or 3 days (FOA).
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DISCUSSION

sir3-P898R is an interesting allele of SIR3 that allows
us to dissect some of the separable roles of Sir3p in the
processes of establishing, maintaining, and inheriting
silent chromatin. Sir3p is an important component of
silent chromatin at both telomeres and at the HM loci.
Here we identified and characterized rlf3, an allele of
SIR3 that affects TEL + CEN antagonism, Raplp local-
ization, and telomeric silencing without an obvious ef-
fect on HM silencing. The original sir3" allele included
a point mutation near the C terminus (R898P) that
accounts for the majority of the phenotypes observed
in the original allele. Five additional mutations slightly
enhanced the telomeric silencing defect in the original
sir3" allele.

We used several assays to analyze the silencing defect
in sir3-P898R strains. In qualitative and quantitative
assays, sir3-R898P did not cause any obvious defects in
HML or HMR silencing (Figures 1B, 2A, and 3). Yet in
combination with mutations that affect the establish-
ment of HM silencing [e.g., sirl or ORC site silencer
mutations (Pillus and Rine 1989; Sussel et al. 1993)],
sir3-P898R caused a significant loss of HM silencing and
mating competence (Figures 2A and 3). This synergistic
decrease in silencing between mutations in sirl (or si-
lencer sites) and sir3-P898R can be interpreted in a
number of ways. One possibility is that the two genes
(e.g., SIR1 and SIR3) encode proteins that have similar,
at least partially redundant, functions and when both
are missing the function cannot be accomplished. An
alternative interpretation is that the two genes encode
proteins that have distinct functions that are dependent
upon one another. We favor the latter interpretation
because we do not have any data to support the idea
that sir3-P898R affects the establishment of silencing.
Using more sensitive assays, we found that sir3-P898R
strains formed primarily shmoo clusters in response to
a-factor (Figure 2B), indicating a defect in the ability
to sustain the silent state of HML. This is very different
from how sirl mutations affect silencing: sirl mutants
either arrest or divide in response to a-factor and do
not form shmoo clusters. In addition, the kinetics of
the establishment of de novo silencing at HML was similar
for Sir3-P898Rp and wild-type Sir3p (Figure 4A), indicat-
ing that initial steps of establishment were not defective
in sir3-P898R strains, and thus implying that it is later
steps in silencing that are affected. At a URA3-marked
telomere, sir3-P898R strains grown on FOA had a defect
in the maintenance and/or inheritance of the silent
state (Figure 4B). Furthermore, while wild-type tethered
Sir3p was able to initiate silencing (Lustig et al. 1996),
it could not do so in a sir3-P898R strain (Figure 8),
indicating that silencing in sir3-P898R was defective even
if the initiation step was provided (by bypassing normal
initiation via tethered Sir3p at the telomere). This im-
plies that a step after the initiation of silencing is defec-

tive in sir3-P898R strains. The simplest explanation con-
sistent with all of these results is that the primary defect
in sir3-P898R strains is a defect in the maintenance of
silencing. While we cannot rule out the possibility that
Sir3-P898Rp has additional defects in the inheritance
of a silent chromatin structure, a defect in the mainte-
nance of silencing is sufficient to account for all of the
results observed.

Sir3-R898P-C has a strong dominant negative effect
on HM silencing, especially during S-phase: Sir3-C inter-
acts with other proteins (e.g., Rapl1p, Sir4dp, Sir3p, and
the N termini of histones H3 and H4) that form stable
silent chromatin. Like wild-type Sir3-C, Sir3-R898P-C has
a dominant negative activity that interferes with telo-
meric silencing. The assembly of silent chromatin re-
quires passage through S-phase (Miller and Nasmyth
1984), presumably because the state of the chromatin
is reformed following passage of the replication fork.
We found that cells released from HU in the presence of
Sir3-R898P-C did not remain in the silent state efficiently
while cells released from either a-factor or nocodazole
usually remained in the silent state despite the presence
of Sir3-R898P-C. This result is consistent with the idea
that Sir3-R898P-C affects HM silencing by being assem-
bled directly into the chromatin following early S-phase,
and likely after the replication of the silent chromatin.
Alternatively, Sir3-R898P-C may interfere with silencing
during S-phase by associating with some factor that is
required for the formation of silent chromatin especially
during S-phase. In either case, the interference with
silencing must have occurred sometime between early
S and G,, since expression of Sir3p-R898P-C during and
after release from nocodazole did not have much effect
on silencing. The interference in silencing may be due
to the increased affinity of Sir3-P898R-C for other Sir3-
P898R-C molecules as detected in the two-hybrid assays
(Table 3).

These results differ slightly from the previous studies
of silencing and cell cycle of Gottschling and colleagues,
who found that silent chromatin is most accessible to
transcription factors during arrest with nocodazole
(which holds cells at G,/M; Aparicio and Gottschling
1994). An important difference between these two series
of experiments is that here we analyzed the mainte-
nance of silencing after release from a cell cycle arrest,
while Aparicio and Gottschling (1994) monitored
transcription factor accessibility in cells during cell cycle
arrest. The dynamics of chromatin accessibility are likely
to be different when cells are cycling than when cells
are arrested. Support for this idea comes from studies
that monitored the state of excised chromosomal HM
loci containing or lacking the adjacent silencer se-
quences (Holmes and Broach 1996; Bi and Broach
1997; Cheng et al. 1998; Ansari and Gartenberg
1999). The inheritance of the silent state into the next
generation (involving passage of S-phase) requires func-
tional silencers in cis (Holmes and Broach 1996;
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Cheng et al. 1998). If silencers are excised from the
silent DNA, HML silencing is maintained during arrest
on a-factor (Holmes and Broach 1996), while chroma-
tin is altered during arrest with nocodazole (Bi and
Broach 1997). Yet HM silencing is not maintained well
in cells moving through the cell cycle (Bi and Broach
1997; Cheng et al. 1998), even if the DNA is not repli-
cated (Cheng et al. 1998).

sir3-P898R may interfere with silencing by increasing
the affinity of Sir3p-Sir3p interactions: Sir3p interacts
with many components of silent chromatin (reviewed
in Stone and Pillus 1998) and many of these interac-
tions are necessary for silent chromatin function. We
envision three types of molecular interactions that Sir3p
may use to contribute to silencing: nucleation, propaga-
tion, and stabilization.

1. Sir3p would contribute to the nucleation of silencing
at both telomeres and the HM loci by interacting
with proteins such as Raplp (Moretti et al. 1994)
and Sirdp (Moazed et al. 1997) that associate with the
silencer sequences (Lustiget al. 1996). (In tethering
experiments, this type of interaction is bypassed.)

2. Sir3p may interact with Sir3p and Sirdp and with
nucleosomes to propagate the assembly of the Sirp
complex (Moazed et al. 1997; Strahl-Bolsinger et
al. 1997).

3. Interactions between Sir3p and the other compo-
nents of the silent chromatin, including Sir proteins
and nucleosomes, may stabilize contacts between the
Sirp complex and the silenced DNA (Hecht et al.
1996; Strahl-Bolsinger et al. 1997).

Finally, we propose that the relative strength of the
interactions between Sir3p and proteins at the silencer
site, proteins in the Sir complex, and proteins in the
nucleosomes must be balanced so that silent chromatin
is appropriately organized on the DNA. If any one of
these interactions is too strong [which is likely the case
for sir3-P898R-sir3-P898R interactions (Table 3)], an ab-
errant structure that is less effective in overall silencing
would be formed.

Since the kinetics of establishment are similar be-
tween SIR3 and sir3-P898R strains (Figure 4A), our re-
sults suggest that the nucleation functions of Sir3p are
not significantly affected in sir3-P898R mutants. The
strong dominant negative effect of the Sir3-R898P-C
allele on silencing is consistent with the fact that Sir3-
R898P-C/Sir3-R898P-C interactions were stronger than
Sir3C/Sir3C interactions in two-hybrid experiments. We
propose that the stronger protein-protein interactions
of Sir3-P898Rp relative to Sir3p perturb the stability of
the Sirp complex, leading to a defect in the mainte-
nance of silencing in sir3-P898R strains. That stronger
protein-protein interactions can inhibit the function of
complexes has been observed in other systems as well
(Sandrock et al. 1997). Interestingly, rapl-12 mutants
also have stronger interactions with Sirdp in the two-

hybrid system. In the case of rap1-12, however, the in-
creased interaction between Rap1-12p and Sir4p caused
reduced silencing at the HM loci because of a limiting
supply of Sirdp that was preferentially interacting with
the Rapl-12p present at higher levels at the telomeres.
In the case of sir3-P898R, the altered Sirp complex inter-
actions affect the maintenance of a silent Sirp complex,
especially in regions of the genome where the establish-
ment of silencing is less efficient.

Why are telomeres more vulnerable to defects in the
maintenance of silencing? sir3"® strains have a dramatic
reduction in telomeric silencing but only very subtle
defects in HM silencing. Silencing at telomeres is less
stable than HM silencing. This epigentic nature of telo-
meric silencing is likely due to less efficient establish-
ment of silencing: tethering Sirlp to telomeresimproves
telomeric silencing (Chien et al. 1993), presumably by
improving the establishment of silencing. In contrast,
the establishment of silencing at HM loci is strong and
partially redundant: two silencer sites, E and I, can nu-
cleate silent chromatin, and Sirlp specifically improves
the establishment of silencing at the HM loci. In fact,
in sirl cells, HML behaves much like telomere-adjacent
sequences in wt cells: it is silent in some cells and is
actively expressed in others. And, in sirl sir3-P898R
strains, HM silencing is dramatically reduced.

Strains carrying mutations in CAC1, which encodes
the large subunit of CAF-1, have many phenotypes simi-
lar to those seen in sir3-P898R strains. Both sir3-P898R
and cacl mutations give rise to shmoo clusters and do
not influence the kinetics of the de novo establishment
of silencing (Figures 2B and 4A; Enomoto and Berman
1998), suggesting that they cause defects in the mainte-
nance of silencing. Furthermore, sir3-P898R and cacl
mutations each reduce telomeric silencing dramatically
and have no obvious mating defects, yet exhibit signifi-
cant reduction in mating efficiency when combined with
sirl mutations (Figures 1 and 2). Other mutants exhib-
iting these characteristics include the eso mutants
(Stone et al. 2000). We propose that, like sir3-P898R,
other mutations that affect telomeric silencing, but not
HM silencing, may do so because they affect mecha-
nisms involved in the maintenance of silencing and be-
cause the establishment of silencing is naturally weaker
at telomeres. We predict that such mutations will, like
sir3-P898R, also affect HM silencing if establishment is
weakened by mutations in the silencers or by mutation
of SIR1. This is indeed the case for mutations in CAC1/
RLF2, CAC2, CAC3/MSI1, HHF1, and HHT1.: strains car-
rying mutations in these genes exhibit reduced HM
silencing in combination with sirl mutations (Thomp-
son et al. 1994; Enomoto and Berman 1998) and give
rise to the shmoo cluster phenotype (Enomoto and
Berman 1998).
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