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Sir3, a component of the transcriptional silencing complex in the yeast Saccharomyces cerevisiae, has an
N-terminal BAH domain that is crucial for the protein’s silencing function. Previous work has shown that the
N-terminal alanine residue of Sir3 (Ala2) and its acetylation play an important role in silencing. Here we show
that the silencing defects of Sir3 Ala2 mutants can be suppressed by mutations in histones H3 and H4,
specifically, by H3 D77N and H4 H75Y mutations. Additionally, a mutational analysis demonstrates that three
separate regions of the Sir3 BAH domain are important for its role in silencing. Many of these BAH mutations
also can be suppressed by the H3 D77N and H4 H75Y mutations. In agreement with the results of others, in
vitro experiments show that the Sir3 BAH domain can interact with partially purified nucleosomes. The
silencing-defective BAH mutants are defective for this interaction. These results, together with the previously
characterized interaction between the C-terminal region of Sir3 and the histone H3/H4 tails, suggest that Sir3
utilizes multiple domains to interact with nucleosomes.

Transcriptional silencing in the yeast Saccharomyces cerevi-
siae occurs at the silent mating type loci, HML and HMR, at
genes near telomeres, and at the ribosomal DNA. The silencer
elements flanking the HM loci recruit the DNA binding pro-
teins Rapl, Abfl, and Orcl, while telomeric sequences bind
Rapl. These DNA-bound proteins in turn recruit the silent
information regulator (SIR) proteins. Multiple protein-protein
interactions lead to spreading of a Sir2, Sir3, and Sir4 complex
to nearby nucleosomes (reviewed in references 11 and 35). Sir2
plays a crucial role in this spreading by deacetylating histone
H4 K16, thus allowing Sir3 and Sir4 to bind to nucleosomes
and allowing further spreading of the Sir complex (reviewed in
references 11, 26, and 35). Sir3 protein levels seem to control
the extent of silencing. Silencing normally spreads up to 4 kb
from the telomeres but can go as far as 20 kb away from the
telomeric ends when Sir3 is overexpressed (16, 34). While the
exact mechanism by which transcription is silenced at these loci
is not yet clear, it seems to involve a specialized chromatin
structure that prevents transcription at either initiation or
elongation (6, 36).

The N-terminal tails of histones H4 and H3 are important
for silencing. Mutations in these tail regions show loss of si-
lencing because they cause reduced binding of the Sir2, -3, and
-4 complex (17, 19, 41). In addition to the N-terminal tails, a
group of residues in the core domain of H3 and H4 are im-
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portant for silencing (31, 42). These residues cluster around
H3 K79, a site of methylation by Dot1, forming a patch on the
surface of the nucleosome that could be a potential site for
interaction with the silencing complex (23, 44, 49). Silencing is
restricted to silent loci by many redundant mechanisms that
prevent the spread of the silencing complex from the silent
chromatin to active chromatin. Acetylation at H4 K16, meth-
ylation at H3 K4 and K79, and incorporation of the H2A.Z
variant into nucleosomes are known hallmarks of active chro-
matin and, as such, antisilencing factors (25; reviewed in ref-
erence 45). Overexpression of Sas2, the acetyltransferase for
H4 K16, or of Dotl, the methyltransferase for H3 K79, leads to
loss of silencing as the silencing proteins are driven off the
silent loci by the modified lysines (1, 44). On the other hand,
loss of these active chromatin markers allows the silencing
complex to spread from the silent loci to the active chromatin
(20, 40, 44, 47). Such spreading dilutes the Sir proteins at the
silent loci and, hence, weakens silencing. This explains why
sas2, dotl, and set] mutants have telomeric silencing defects.
The delineation between active and silent chromatin by the
modifications on histone proteins helps to localize the silencing
complex to the silent loci.

Sir3 interacts with Sir4, Rap1, Abfl, H3, and H4 N-terminal
tails through the C-terminal two-thirds of its 978 amino acids
(reviewed in references 9 and 35). However, mutants that lack
the N-terminal domain are defective in silencing, suggesting
that the N terminus plays an important role in silencing (14).
Mutants with mutations in the N-terminal domain have also
been isolated as enhancers of the minor sir] silencing defect
(38). The N-terminal region of Sir3 contains a bromo-adjacent
homology (BAH) domain found in several other chromatin-
associated proteins, such as Orcl and Rscl and Rsc2, subunits
of the RSC remodeling complex (5). Previous work from our
laboratory has shown that the Sir3 BAH domain can establish
some silencing in the absence of the rest of the Sir3 protein,
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TABLE 1. Yeast strains used in this study

Strain Genotype”

W303-1a MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 ura3-1

JCY3 W303-1a sir3A::kanMX6

JCY4 e, W303-1b sir3A::kanMX6

JCY8 W303-1a sir3A::kanMXG6 sirl A::S.p.his5™

JCYO e W303-1b sir3A::kanMX6 sirl A::S.p.his5*

JCYS W303-1a ard1A::kanMX6

DCI6.iiiiiiiiciccccccccce MATa hisl

DC17 MAT« hisl

XRY 16 W303-1b TEL-VIIL-ADH4::URA3 sir3A::kanMX6

PYY4 MATa his3A200 trp1-901 leu2-3,112 ade2 LYS2::(4lexAop-HIS3) URA3::(8lexAop-lacZ) TEL-VIIL-ADH4::URA3
pprlAz:natMX4 sir3A::kanMX6

XRY36 MATo HML::URA TEL-VR::ADE?2 lys2-801 ade2-101 trpl1A63 his3A200 leu2Al ura3-52 sir3A:kanMX6
sirl Az:natMX hht1 A-hhf1A::S.p.his5™

VSY29 MATo HML::URA3 TEL-VR::ADE?2 lys2-801 ade2-101 trpl1 A63 his3A200 leu2Al ura3-52 sir3A::kanMXo6
sirl AznatMX hht1A-hhfIA::S.p.his5™" hht2A-hhf2A::hphMX4; pHHT2-HHF2 LEU2 CEN

VSY30 MATa HML::URA3 TEL-VR::ADE?2 lys2-801 ade2-101 trpl1 A63 his3A200 leu2Al ura3-52 sir3A::kanMX6
sirl AznatMX hht1A-hhfIA::S.p.his5 ™" hht2A-hhf2A::hphMX4; pHHT2 D7IN-HHF2 LEU2 CEN

VSY31 MATo HML::URA3 TEL-VR::ADE?2 lys2-801 ade2-101 trpl1 A63 his3A200 leu2Al ura3-52 sir3A::kanMXo6
sirl AznatMX hht1A-hhfIA::S.p.his5 ™" hht2A-hhf2A::hphMX4; pHHT2-HHF2 H75Y LEU2 CEN

UCC7014 W303-1a dot1A::kanMX6

PYYI12 e MATo HML::URA TEL-VR::ADE?2 lys2-801 ade2-101 trpl1A63 his3A200 leu2Al ura3-52 sir3A::kanMX6
sirl AznatMX hht1A-hhfIA::S.p.his5 ™" hht2A-hhf2A:: hphMX4; pHHTI1-HHF1 K16R LEU2 CEN

VSY38..oiieieeieecreeneeeneeeaene W303-1a hht1A-hhf1A::S.p.his5" hhi2A-hhf2A::hphMX4; pHHT2-HHF2 LEU2 CEN

VSY39 W303-1a hhtl A-hhf1A:S.p.his5™ hhi2A-hhf2A::hphMX4; pHHT2 D77N-HHF2 LEU2 CEN

VSY4 i W303-1a hhtl A-hhflA::S.p.his5" TEL-VIIL-ADH4::URA3 sir3A::kanMX6

VSY43 W303-1a hhtl A-hhf1A::S.p.his5" TEL-VIIL-ADH4::URA3 sir3A::kanMX6 dotlA::hphMX4

@ S.p.his5™, Schizosaccharomyces pombe his5" gene.

especially if Sirl is overexpressed (7). It was also shown that
this short fragment of Sir3 can spread along the silent loci to
establish silencing even though the Sir3 C-terminal region re-
sponsible for binding to the H3/H4 tails is missing (7). This
suggests that the Sir3 BAH domain is able to mediate protein-
protein interactions with Sir proteins or nucleosomes indepen-
dent of the interactions mediated by the Sir3 C-terminal re-
gion. This has been directly demonstrated by Moazed’s group,
who showed that the Sir3 BAH domain can bind to nucleo-
somes and to H3/H4 tetramers (29). They also showed that the
BAH domain binds with greater affinity to nucleosomes lack-
ing acetylation on H4 Lys16 or methylation of H3 Lys79, re-
sults that agree well with the in vivo silencing results with sas2
or dot! mutants (or overexpression plasmids) described above.
Previous work from our laboratory had also shown that the
N-terminal alanine residue of Sir3, Ala2, plays an important
role in silencing. Mutating this residue, or affecting its acety-
lation state by mutating the N®-acetyltransferase, NatA, that
acetylates it, weakened silencing (39, 48). Our initial goal in the
work described here was to determine the protein to which the
N-terminal residue of Sir3 bound. We used a genetic screen to
look for mutants that suppressed the silencing defect of a sir3
mutant with Gly instead of Ala at its N terminus. Interestingly,
we found that two mutations in the nucleosome core, H3 D77N
and H4 H75Y, suppressed the silencing defect of the Sir3 A2G
mutant. In the course of this work, we also identified several
mutations in the specific regions of the Sir3 BAH domain that
affect silencing. A recent report described similar mutants (3).
The results described here, together with previously published
results, provide genetic and biochemical evidence that the N-
terminal BAH domain of Sir3 interacts with the nucleosome
and thus explain why this domain is important for silencing.

MATERIALS AND METHODS

Strains and plasmids. The strains used in this study are listed in Table 1. They
were grown in yeast extract-peptone-dextrose (YPD) or synthetic complete (SC)
medium (2). Plasmid transformations were performed according to standard
protocols (2). Gene replacements were performed by replacing the open reading
frame (ORF) with Streptomyces hygroscopicus hphMX, a hygromycin resistance
cassette; Streptomyces noursei natMX, a nourseothricin resistance cassette; or
other standard markers (13).

The plasmid pPY41 was generated by sequential cloning of the SIR3 promoter
region (—300 to +1), the SIR3 ORF in frame with LexA, and the T,pyy; in the
plasmid pRS314 (TRPI CEN). pPY17 expresses the coding region corresponding
to amino acids (aa) 94 to 566 of Rad7 as a fusion to the Gal4 activation domain
(Gal4AD) in pGAD424 (Clontech, United States). The mutants generated from
the PCR-based mutagenesis of the Sir3 ORF were subcloned as BamHI-PstI
fragments into pXR58 (Pgr3-SIR3-Tgirs TRPI CEN) to replace the wild-type
BAH domain with the mutant BAH domain. The mutant plasmids are pPY122
(sir3A2V), pPY125 (sir3NSOD), pPY120 (sir3F94L), pPY123 (sir3FI123P),
pPY118 (sir34136T), pPY117 (sir3C177R), pPY119 (sir3A181V), pPY126
(sir3S204P), pPY127 (sir3Y207C), and pPY124 (sir3K209R). Mutant plasmids
pXR61 (sir342Q), pXR62 (sir3A2T), pXR63 (sir342S), and pXR64 (sir342G)
were generated by site-directed mutagenesis of pXRSS8, as described before (48).
Plasmids pPY128 (sir3T4F) and pPY129 (sir3L5A) were generated by site-di-
rected mutagenesis of pPY41 and subcloned into the pXR58 background. The
1.6-kb histone HHT2-HHF?2 fragment was cloned by PCR amplification from the
wild-type strain or the D77N or H75Y suppressor into pCR2.1 Topo using
primers 5" ATGTCCCCCCAGTCTAAAT 3’ and 5" GGTTCTATTATATTC
CCAA 3'. The Spel-Xhol HHT2-HHF?2 fragment was subcloned into pRS315
(LEU2 CEN) to generate pVS11 (wild type), pVS12 (D77N), and pVS16
(H75Y). The HHT2-HHF2 K16R plasmid (LEU2 CEN) has been described
before (24).

pJC82 has the glutathione S-transferase (GST) ORF subcloned from plasmid
pDS472a (ATCC) into pET28a NotI-Xhol sites to allow for C-terminal GST
tagging of proteins. The coding region of Sir3 aa 1 to 219 was cloned as an
Ncol-BamHI fragment in frame with the GST ORF in pJCS82 to generate pEP14.
Mutants in this background were pVS32 (sir342Q), pPY136 (sir3NSOD), pPY135
(sir3F94L), pPY116 (sir3A136T), pPY115 (sir3CI77R), pPY134 (sir3A181V),
pPY114 (sir3S204P), and pPY111 (sir3D205N).

For protein expression and purification from yeast, the Sir3 ORF fragments
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tagged with GST at their C termini were cloned as Spel-Pstl fragments in
p425TEF (Pygr LEU2 CEN). pVS33 contained the coding region of Sir3 aa 1 to
219. pVS34 and pVS35 expressed sir342G and sir34A2Q mutants from the pEP14
background described above.

EMS mutagenesis screen for second-site suppressors of the Sir3 A2G mutant.
Strain XRY36 was grown overnight to a density of 2 X 108 cells/ml. One milliliter
of cells was pelleted, washed once with sterile water and once with 0.2 M
Na;PO,, pH 7, and then resuspended in 1 ml of 0.2 M Na;PO,, pH 7. Thirty
microliters of EMS (ethyl methanesulfonate) was added, and the mixture vigor-
ously vortexed for 30 min at 30°C. Cells were collected by centrifugation and
washed twice with 1 ml of 5% Na$S,0; and once with sterile water before being
resuspended in sterile YPD medium. An untreated control was processed as
described above but with the EMS treatment omitted. Fractions of the treated
and untreated samples were diluted and plated on the appropriate medium to
calculate killing rate. Two rounds of EMS mutagenesis, one at the 90% Kkilling
rate and the other at the 50% Kkilling rate, were performed (4).

The EMS-treated samples were grown overnight in YPD medium and trans-
formed with plasmid pXR64 (Sir3 A2G TRPI CEN). Strain XRY36 has two
reporter genes, TEL-VR::ADE2 and HML::URA3. Suppressors of the Sir3 A2G
silencing defect were screened for 5-fluorootic acid (5-FOA) resistance and pink
color, indicating good suppression of both reporter genes. Twelve candidates
from the first round and 18 candidates from the second round of mutagenesis
were screened further.

Screen for random mutations in the BAH domain. Mutants with random
mutations in the first 757 bp of the SIR3 ORF were generated during routine
PCR with Tag DNA polymerase using the 50-base primers 5" TTACAGGGGT
TTAAGAAAGTTGTTTTGTTCTAACAATTCGATTAGCTAAAGGATCC
3"and 5 TGTTGACGTTCCTCGCTGAGACGGTATATTTCCATTATTTAC
GTCATCAT 3'. pPY41 was used to generate a gapped plasmid lacking bp 1 to
757 of Sir3. The PCR-mutagenized pool and the gapped plasmid were trans-
formed into the background strain PPY4 containing the Rad7-Gal4AD plasmid,
pPY17. In vivo recombination between the gapped plasmid and the PCR frag-
ment generated Trp™ transformants. PPY4 has a TEL-URA3 reporter and a
LexAop-LacZ reporter. In the first round of screening, B-galactosidase (-gal)
assays were performed to monitor the ability of the mutant Sir3-LexA to interact
with Rad7-Gal4AD, indicating an absence of stop codon in the mutant Sir3
OREF. B-Gal-positive colonies were further screened for their ability to silence
the TEL-URA3 reporter by monitoring their growth on 5-FOA plates for 3 days.
The mutants that did not show any growth on 5-FOA plates were screened
further by other silencing assays.

Silencing assays. For telomeric and HML reporter assays, strains with plas-
mids were grown overnight in appropriate SC medium. Tenfold serial dilutions
were generated from 2 optical density units of cells and spotted onto 5-FOA-
containing plates (for TEL-URA3 and HML-URA3 reporter assays) or SC me-
dium plates containing low levels of adenine (for the TEL-ADE?2 reporter assay).
The ability of the strains to grow was recorded after 3 days at 30°C for 5-FOA
plates. To enhance the visualization of the pink color on low-adenine plates, the
plates were incubated for 3 days at 30°C, followed by 2 days at 4°C, before being
photographed.

For mating assays, 10-fold serial dilutions generated as described above were
spotted onto newly replicated lawns of mating type tester strains (DC16/DC17)
in YPD and incubated overnight at 30°C, followed by replica plating onto syn-
thetic defined medium lacking any amino acids to select for diploids. The plates
were incubated at 30°C for 2 days and photographed.

ChIPs. Chromatin immunoprecipitation (ChIP) assays were performed from
strains VSY29, VSY30, and VSY31 carrying pRS314, pXR58 (wild-type Sir3), or
pXR64 (Sir3 A2G) as described before (21). Briefly, cell extracts from cross-
linked cultures were sonicated for 12 cycles of 20 s each in an Ultrasonics, Inc.,
sonicator (model W220-F). One microgram of anti-Sir3 antibody (generated in
our laboratory) was used to immunoprecipitate Sir3 from 2.5 mg of total protein
extract. Input and immunoprecipitated DNA samples were analyzed by real-time
PCR using a Mastercycler ep realplex thermal cycler (Eppendorf AG, GmBH)
and LightCycler SYBR green master mix (Roche Applied Science, United
States). The primers used were for HMR-al (5' CAGTTTCCCCGAAAGA
ACAA 3" and 5" CCATCCGCCGATTTATTTT 3'), HMR-E (5" ACCAGGAG
TACCTGCGCTTA 3’ and 5" TGCAAAAACCCATCAACCTGG 3'), 0.67-kb
TEL-VIR (5' CAGGCAGTCCTTTCTATTTC 3’ and 5" GCTTGTTAACTCTC
CGACAG 3'), and 5-kb TEL-VIR (5" CGGACATGAATACTGGGTTCGTGA
3" and 5" CGAGACCCACTTGTATTCTTAGTGC 3'). The results presented
are the averages and standard deviations of the results of duplicates from one
representative experiment.

Protein purification from Escherichia coli. Sir3'>'°-GST proteins were ex-
pressed from plasmid pEP14 (wild type) and its mutants (pVS32, pPY111,
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pPY114-116, and pPY134-136). Expression was induced by the addition of 1 mM
isopropyl-B-p-thiogalactopyranoside and 3% ethanol for 5 or 6 h at room tem-
perature. The GST-tagged proteins were purified by using glutathione Sepharose
4 fast flow resin (GE Healthcare, United States), following the manufacturer’s
instructions. Purified proteins were dialyzed against a buffer containing 50 mM
HEPES, pH 7.5, 25 mM KCI, 1 mM EDTA, 1 mM EGTA, 5 mM magnesium
acetate. Protein concentrations were estimated by comparison of Coomassie blue
staining of samples to that of bovine serum albumin standards, as well as quan-
titation using a Bio-Rad protein assay (Bio-Rad, United States).

Protein purification from yeast. W303-1a transformed with the plasmids ex-
pressing wild-type Sir3'"2!'>-GST and its mutants (pVS33 to pVS35) were grown
in appropriate synthetic medium to an optical density of 1.2. Cells were lysed by
using Yeast Buster reagent (EMD Biosciences, United States) according to the
manufacturer’s instructions. The supernatant was mixed with glutathione-Sepha-
rose beads at 4°C overnight. The beads were washed with 1X PBS, and the GST
proteins bound to beads eluted in 10 mM Tris, pH 8, 40 mM glutathione. The
eluted proteins were dialyzed into buffer (10 mM Tris, pH 8.0, 150 mM NaCl, 5
mM KCI, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride [PMSF], 2 mM
benzamidine, and other protease inhibitors) used for nucleosome binding exper-
iments. Proteins were quantitated by using bovine serum albumin standards on
a Coomassie blue-stained sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis gel.

Nucleosome purification. Partially purified nucleosomes were purified as de-
scribed previously with some modifications (10, 33). Briefly, spheroplasts were
isolated from 1-liter cultures of W3031-a and lysed by Dounce homogenization
in lysis buffer (10 mM Tris, pH 7.5, 18% Ficoll, 20 mM KCI, 5 mM MgCl,, 1 mM
EDTA, 0.25 mM EGTA, 0.5 mM spermidine, 3 mM dithiothreitol, 2 mM ben-
zamidine, 2 mM sodium metabisulfite, 1 mM PMSF, protease inhibitors). The
nuclei generated were washed in buffer A with and without 0.5% NP-40 (10 mM
Tris-HCI, pH 7.5, 75 mM NaCl, 1 M sorbitol, 2 mM benzamidine, 2 mM sodium
metabisulfite, | mM PMSF, and other protease inhibitors). Micrococcal nuclease
(Worthington Biochemicals, United States) at 200 U/ml was added to nuclei
resuspended in buffer (10 mM Tris-HCI, pH 8.0, 150 mM NaCl, 5 mM KCl, 1
mM EDTA, 1 mM PMSF, 2 mM benzamidine, and other protease inhibitors) in
the presence of 5 mM CaCl, and incubated at 37°C for 15 min. Reactions were
stopped by the addition of EGTA to 20 mM, and supernatant used as the source
of partially purified nucleosomes. The presence of nucleosomes of multiple sizes
was confirmed by digesting the purified material with 0.5 mg/ml Proteinase K at
50°C for 1 h, followed by electrophoresis on a 2% agarose gel and staining with
ethidium bromide.

Nucleosome binding assay and Western blotting. The purified GST-tagged
proteins from yeast (different concentrations) or E. coli (20 ng) were incubated
with glutathione Sepharose beads on ice and mixed with 200 to 400 pl of partially
purified nucleosomes for 2 h at 4°C. The beads were spun at 3,000 rpm for 1 min,
and the supernatant removed by using a syringe with a 30-guage needle. The
beads were washed twice with 300 wl of wash buffer (20 mM Tris, pH 8, 25 mM
NaCl, 1 mM dithiothreitol). The bound proteins were released by boiling in 2x
SDS-gel loading buffer. A fraction of the bound proteins were analyzed on a
15% SDS-polyacrylamide gel electrophoresis gel. The gel was cut at a position
corresponding to 25 kDa, and the top portion stained by Coomassie blue staining
to visualize the ~50-kDa Sir3-GST fragments. The lower portion of the gel was
immunoblotted, using anti-H3 antibody (Abcam ab1791) as the primary antibody
and anti-rabbit immunoglobulin G-horseradish peroxidase as the secondary an-
tibody, and visualized by using an ECL Plus system (GE Healthcare, United
States). The anti-dimethyl K79 antibody used for Western blotting was generated
in the van Leeuwen laboratory.

RESULTS

We used two approaches to understand the function of the
N-terminal BAH domain of Sir3 in silencing. First, we per-
formed a genetic screen to isolate second-site suppressors of
the previously characterized Sir3 A2G mutant (48). Second, we
used PCR-based random mutagenesis to identify residues in
the BAH domain that are important for telomeric silencing.

Genetic screen for suppressors of the Sir3 A2G silencing
defect. As mentioned above, previous work from our labora-
tory showed that the N-terminal alanine residue of Sir3 is
important for silencing at both the HM and TEL loci (48). This
analysis led us to hypothesize that Sir3 interacts with other
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FIG. 1. (A) A screen for second-site suppressors of the Sir3 A2G silencing defect. Expected results for wild-type Sir3, the Sir3 A2G mutant,
and a putative suppressor (sup X) of Sir3 A2G are depicted. Strain XRY36 was used for the screen. 5-FOA", 5-FOA resistant. (B) H3 D77N and
H4 H75Y mutants can suppress the silencing defects of some Sir3 Ala2 mutants. MAT« sir3A sirl A strains carrying the indicated alleles of Sir3
Ala2 in combination with either a plasmid encoding wild-type (WT) H3/H4 (top panels) or H3 D77N/H4 (middle panels) or H3/H4 H75Y (bottom
panels) were assayed for silencing at HML and HMR, using strains VSY29, VSY30, and VSY31, respectively. Silencing at HML::URA3 was assessed
on 5-FOA medium, and silencing at HMR by a mating assay. Silencing at a telomere was assessed by pink colony color on low-adenine medium.

proteins through the extreme N terminus. In this work, we used
a suppressor screen to identify such interacting proteins.
After EMS mutagenesis, we looked for mutants that re-
stored silencing to a Sir3 Ala-to-Gly (A2G) mutant. We used
this mutant because its phenotypes were moderate, it lacked
acetylation at its N terminus, and we presumed that the small
size of the glycine residue would be readily suppressed by
second-site mutants. The strain used for the screen (XRY36)
was MATa sir3A sirl A, carrying a CEN plasmid expressing the
Sir3 A2G mutant protein. The reason for the sir/A mutation
was that Sir3 A2G only shows defects in silencing the HM loci
when Sirl is absent (48). The strain also had a deletion of one
of the copies of the histone H3/H4 genes (hht1A-hhfIA), as we
thought having both copies might mask any suppressor muta-
tions in these genes. Silencing in this strain was assessed by
using HML::URA3 and TEL-VR::ADE?2 reporter genes. In the
presence of wild-type Sir3, these genes were silenced, as mon-
itored by growth on 5-FOA and the formation of pink colonies
on low-adenine medium (Fig. 1A). On the other hand, the Sir3

A2G mutant was 5-FOA sensitive and formed white colonies.
When the mutagenesis was done on the strain carrying the Sir3
A2G plasmid, the only mutations obtained were intragenic
suppressors that changed Sir3 residue 205 from Asp to Asn.
This is a well-known suppressor of many silencing defects (17,
22, 32, 42). To avoid intragenic suppressors, we mutagenized
the strain without the Sir3 A2G plasmid and then transformed
the plasmid into the mutagenized cells. With this method, we
identified 20 putative suppressors that formed 5-FOA-resistant
and pink colonies.

Crossing each of these mutants with an appropriate strain of
opposite mating type showed that almost all the mutations
were dominant. This would have made it difficult to clone the
corresponding wild-type gene by complementation. For this
reason and because we suspected that some of these mutations
might be in the genes for H3 or H4, we sequenced the HHT2-
HHF?2 locus (the only H3/H4 locus present) in each of the
mutants. Interestingly, of 18 suppressors characterized, 15 had
mutations in the gene for histone H3 or H4. Thirteen mutants



2536 SAMPATH ET AL.

had an H3 D77N mutation, and two had an H4 H75Y muta-
tion. At least some of these 15 histone mutants were indepen-
dent isolates, as they were recovered from separate rounds of
EMS mutagenesis or had different growth properties due to
secondary mutations. The three suppressors that did not have
mutations in the genes for H3 or H4 did not segregate as single
mutations in crosses and were not characterized further.

H3 D77N and H4 H75Y mutants were bona fide suppressors
of the silencing defects of Sir3 A2G. To verify that the observed
suppression of the silencing defect was due to the histone
H3/H4 mutations, we cloned the HHT2-HHF2 locus from
these suppressors onto plasmids and analyzed whether the
histone mutations could suppress Sir3 A2G and other Sir3
Ala2 mutants in strains that had not been subjected to mu-
tagenesis. To do this, we generated strains carrying the wild-
type or mutant HHT2-HHF2 genes on a plasmid as the only
source of histone genes. As with the strain used for the screen,
these strains were MATo sir3A sirl A and carried the same two
reporter genes, HML::URA3 and TEL-VR::ADE?2. In addition,
silencing at HMR could be tested by mating. The strain with
the wild-type histone H3/H4 genes gave the expected results
with the different Sir3 Ala2 mutants; only wild-type Sir3 and
the A2S mutant were capable of silencing both HM loci and the
telomere (Fig. 1B, top panel). As reported previously, the Sir3
A2Q, A2T, and A2G mutants were silencing defective with
wild-type histones (48). As seen in Fig. 1B, middle and bottom
panels, the plasmid-borne H3 D77N and H4 H75Y histone
mutations each suppressed the silencing defect of the Sir3 A2G
mutant at both HM loci and the telomere, thus demonstrating
that they were the bona fide suppressors found in the original
screen. The histone mutations also suppressed the silencing
defects of a Sir3 A2T mutant but not a Sir3 A2Q mutant. This
indicated that the histone mutations could suppress silencing
defects of weak mutants, like Sir3 A2G or A2T, but not a
strong mutant, like A2Q.

We performed ChIP of Sir3 at HMR and at two locations
near TEL-VIR. There was decreased occupancy of Sir3 A2G
compared to the occupancy of wild-type Sir3 at both HMR and
TEL-VIR in strains with wild-type histones (Fig. 2). In the
presence of the H3 D77N mutation, there was a striking in-
crease in occupancy of Sir3 A2G at both loci. This was also true
for strains with H75Y nucleosomes, but the effect was less
pronounced. The correlation between the results of the in vivo
silencing assays and the ChIP data suggested that the suppres-
sion by the histone H3 D77N and H4 H75Y mutations was due
to increased recruitment of the Sir3-containing silencing com-
plex to silent loci.

Loss of H3 K79 methylation did not suppress the silencing
defects of Sir3 Ala2 mutants. H3 D77 and H4 H75 localize to
a region around H3 K79 in the nucleosome core (see Fig. 7B).
H3 K79 methylation is one of the factors distinguishing eu-
chromatin from heterochromatin (45). The high levels of H3
K79 methylation in euchromatin are thought to inhibit binding
of the Sir complex, whereas heterochromatin, with lower levels
of K79 methylation, permits binding of the Sir complex and
allows silencing to occur at these loci (18, 27, 44).

Thus, we considered the possibility that the D77N mutation
resulted in a loss of K79 methylation, leading to better binding
of the Sir complex and, hence, suppression. However, as eval-
uated by a Western blot assay, H3 D77N mutants retained K79
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dimethylation even though the levels of methylation were
somewhat lower than in the wild-type histone control (Fig.
3A). This reduction could be reflective of the reduced ability of
the antibody raised to an epitope containing D77 to recognize
N77. Some commercial antibodies to different H3 K79-meth-
ylated states did not recognize H3 with the N77 mutation and,
hence, the levels of mono- or trimethylated K79 could not be
evaluated.

To confirm that D77N suppression was not due to a lack of
K79 methylation, we compared the suppression in DOTI to
that in dotIA strains. For these experiments, we tested sup-
pression of the silencing defect of various Sir3 Ala2 mutants by
using a URA3 reporter gene at a telomere. As seen in Fig. 3B,
top panels, in a DOT1 strain, there is no suppression of Sir3
A2G or A2T mutants in the presence of wild-type histones but
there is in the presence of H3 D77N histones. This confirms
the initial results shown in Fig. 1 but with a different reporter
gene and a different strain background. It should be pointed
out that these experiments were done in a strain in which a
wild-type H3/H4 locus (HHT2-HHF?2) was present on the ge-
nome, thus confirming the dominance of the D77N mutation.
The results for the dot] A strain in the presence of wild-type or
D77N histones are shown in the bottom two panels of Fig. 3B.
They show that lack of K79 methylation does not lead to
suppression of Sir3 A2G and A2T mutants in the presence of
wild-type histones. Thus, the suppression ability of D77N can-
not be due to an inhibition of K79 methylation. Fig. 3B also
shows that in the dot/A mutants, silencing with wild-type Sir3
and the Sir3 A2S mutant is poor with wild-type H3 and not
detected with H3 D77N. The results with wild-type H3 confirm
what was known previously, that dot/A mutants have a telo-
mere silencing defect (although we observed more silencing
than has been seen previously for dotIA strains, perhaps be-
cause more Sir3 is produced from a CEN plasmid than from
the chromosomal locus). The presence of H3 D77N exacer-
bates this defect. In both cases, the loss of silencing is presum-
ably due to the spreading and, hence, dilution of Sir proteins
from the telomeres into euchromatin due to lack of methyl-
ation of K79 in dotIA strains. The dotIA mutant also did not
suppress Sir3 Ala2 mutants at HMR (data not shown). Sup-
pression could not be tested at HML because a dot! sirl double
mutant is silencing defective even with wild-type Sir3 (46).

Random mutagenesis of the Sir3 BAH domain identified
residues important for silencing. Another goal of this work
was to screen for mutations in the BAH domain that affected
silencing. We used mutagenic PCR and screened for mutants
as outlined in Fig. 4A and described in detail in Materials and
Methods. Briefly, the DNA sequence corresponding to aa 1 to
253 of Sir3 was mutagenized by PCR. Gap repair was used to
recombine the mutagenized fragments into a plasmid encoding
full-length Sir3 with LexA fused to its C terminus. Plasmids
were transformed into a strain with a two-hybrid lacZ reporter
gene and assayed for the ability to interact with a Rad7-
Gal4AD hybrid. It is known that Rad7 binds to the C-terminal
region of Sir3 (30). Therefore, a positive two-hybrid signal
indicated that no stop codon was introduced during the mu-
tagenesis. The B-gal-positive colonies were assayed for their
ability to silence a TEL-URA3 reporter gene that is present in
the strain. Of 24,000 transformants screened, 9 silencing-de-
fective sir3 mutants with single amino acid changes in the BAH
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type.

domain were identified. The nine mutants, plus one that was
made by site-directed mutagenesis (F123P), were subcloned
into plasmids expressing full-length Sir3 from its own promoter
and terminator without the LexA fusion. These mutants were
then assessed for their silencing ability at a telomere and the
HM loci. As seen by the results shown in Table 2, all the

mutants except one were completely defective at telomeric
silencing; the Y207C mutant was only partially defective. Data
for four representative mutants are shown in Fig. 4B and C.
The mutants showed various abilities to silence the HML locus,
but none of them showed any observable HMR silencing defect
(Fig. 4C and Table 2). We categorized the 10 mutants as strong
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various plasmid-borne alleles of Sir3 in combination with either a wild-type histone H3/H4 plasmid or a histone H3 D77N/H4 plasmid were assayed

for telomeric silencing by growth on 5-FOA plates. WT, wild type.

(defective at TEL and HML), moderate (defective at TEL,
moderately affected at HML), and weak (defective at TEL but
not at HML or HMR). A Western blot assay with an antibody
to Sir3 showed that the mutant proteins were expressed at
levels similar to that of wild-type protein (data not shown).

Several sir3 mutations were identified previously that caused
no silencing defect by themselves but completely lost silencing,
as judged by mating, in the absence of STR! (38). Many of these
mutations caused single amino acid changes in the Sir3 BAH
domain (38). To test whether any of our BAH mutants were
also more defective in the absence of SIR1, their mating ability
was analyzed in sir3A sirl A strains of both mating types. All 10
Sir3 BAH mutants lost the ability to mate in these strains and
thus were completely defective at silencing both HML and
HMR in the absence of SIR! (Table 2).

We previously noted that mutations that changed the N-
terminal Ala2 residue of Sir3 were detrimental to silencing
(48) (Table 2). A comparison of the N-terminal sequences of S.
cerevisiae and related Saccharomyces species revealed that

Thr4, LeuS, and Asp7 were identical in all species. To test
whether these N-terminal residues were also important for
silencing, they were mutated in SIR3 and assayed for silencing.
Tests showed that only Thr4 and, to a lesser extent, Leu5
mutants weakened silencing. Mutations of Asp7 to Ala, Lys, or
Asn did not affect silencing (Table 3). Deletion of residues 3 to
6 or 3 to 10 affected the stability of Sir3 (data not shown),
suggesting that these residues in the N terminus play a role in
maintaining the structure of the protein.

Histone mutations could suppress silencing defects of many
Sir3 BAH domain mutants. Previous reports identified the
region around histone H3 K79 to be important for silencing, as
various mutations in this region either weakened or improved
silencing (31, 42, 49). For example, H3 D77N and H4 H75Y
were previously identified as suppressors of the weak silencing
defect of a cacl mutant (37). H3 residues Q76, D77, and D81
have also been shown to be important for preventing the ec-
topic spread of Sir3 away from the HMR locus (43). Since H3
D77N and H4 H75Y mutations could suppress the Sir3 A2G
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mutant, we checked whether they could suppress the silencing
defects of the Sir3 BAH domain mutants isolated in the screen
described above. As mentioned before, all the Sir3 BAH do-
main mutants lost silencing ability at both HM loci in the
absence of Sirl. As shown in Fig. 5A and Table 4, in a sir3A
sirl A strain, H3 D77N and H4 H75Y could suppress the si-
lencing defects of all the weak BAH mutants at both HML and
HMR loci. However, they could not suppress the silencing
defects of the moderate and strong mutants. The degree of

suppression varied among the weak BAH mutants, with F94L,
F123P, and AI181V being suppressed more efficiently than
A2V. Both H3 D77N and H4 H75Y had similar patterns of
suppression of the Sir3 mutants, supporting the idea that the
region of the nucleosome around H3 K79 is important for
silencing.

The N-terminal tails of histones H3 and H4 are known
binding sites for the C-terminal region of Sir3 (15). Mutations
around H4 K16 that alter the basic nature of that region
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TABLE 2. Silencing phenotypes of Sir3 BAH domain mutants”

Silencing ability of indicated mutant at
indicated locus

Expression

S sir3A sir3A, - sir3A sir3A - sir3A level Phenoupe
telomere  HML ~HMR 3 jfﬁ Z’jﬁé

WT +++ +++ +++ +H++ A+t
A2V - +++ +++ — - +++ Weak
N8OD  — ++  +++ - - +++  Moderate
Fo4L  — +++ +++ — - +++ Weak
F123P> - +++ +++ — - ++ Weak
A136T - +/- ++ = - +++  Strong
C177R  — +/= ++ = - +++  Strong
A8V — +++ +++ - - ++ Weak
S204P  — +/- ++ - - +++  Strong
Y207C  +/—  +++ +++ - - ++ Weak
K209R  — +++ +++ — - +++ Weak
Vector — - - - - -

¢ Different levels of silencing are indicated as ++ + to — based on comparison
to wild type (+++) or vector (—) phenotypes. Strain XRY16 was used to
measure telomeric silencing, and strains JCY3, JCY4, JCYS, and JCY9 were
used to assess HM silencing.

® The F123P mutant was generated by site-directed mutagenesis.

diminish silencing (17). This silencing defect can be suppressed
by mutations in the Sir3 BAH domain (W86R and D205N),
suggesting an interaction between the BAH domain and the
N-terminal tail of H4 (17). More recently, direct evidence for
binding of the BAH domain to unacetylated H4 K16 has been
obtained (29). Consistent with previous results, we found that
an H4 K16R mutation that mimicked the unacetylated state of
K16 could suppress the silencing defects of the weak and mod-
erate but not the strong BAH domain mutants at HMR in a
sirlA strain (Fig. 5B and Table 4). In fact, the pattern of
suppression by H4 K16R was very similar to that of the H3
D77N and H4 H75Y mutations (Fig. 5A), suggesting a link
between these two regions of the nucleosome.

Sir3 BAH domain binds to nucleosomes. Sir3 has been
shown to bind to the H3 and H4 N-terminal tails through its
C-terminal region (aa 623 to 910). As mentioned above, more-
recent work has demonstrated that the N-terminal BAH do-
main interacts with both the nucleosome core near H3 K79 and
the H4 tail near K16 (29). Our analysis of genetic interactions
between the Sir3 BAH domain mutants and the histone mu-
tants led us to investigate whether the N-terminal Sir3 BAH
domain could interact directly with nucleosomes. We had pre-
viously shown that certain Sir3 N-terminal fragments could
bind to nucleosomes and DNA (7). Specifically, a Sir3 aa
1-t0-380 fragment had nucleosome and DNA binding activi-
ties, while a shorter fragment with aa 1 to 214 had no nucleo-
some or DNA binding ability unless the hypermorphic muta-
tion D205N was introduced.

In this study, we purified Sir3 aa 1 to 219 C-terminally fused
to GST from E. coli or from yeast. First, Sir3 aa 1-to-219 GST
fusions were purified from yeast, immobilized on glutathione
beads, and mixed with partially purified nucleosomes. We used
three different versions of Sir3 aa 1 to 219: the wild type and
the A2G and A2Q mutants. The amount of nucleosomes re-
tained on the beads was measured by a Western blot assay
using anti-H3 antibody. As seen by the results shown in Fig.
6A, only the wild-type Sir3 fragment bound to nucleosomes in
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TABLE 3. Silencing phenotypes of N-terminal Sir3 BAH
domain mutants”

Silencing ability of indicated mutant at
indicated locus

Expression

Sir3 . : Phenotype
A, s, sigd, SPIR SEIR - evel
telomere HML  HMR HML  HMR
WT  +++ +++ +++ +++ +++ +++
T4F - +4++ +++ - - +++ Weak
LSA - +++ +++ +—- - +++ Weak
D7A  +++ +++ +++ +++ +++ ND None
D7K +++ +++ +++ +++ +++ ND None
DN  ++4++ +++ +++ +++ +++ ND None
Vector — - - - - -

¢ Different levels of silencing are indicated as ++ + to — based on comparison
to wild type (+++) or vector (—) phenotypes. The strains used are those listed
for Table 2.

this assay, while Sir3 A2G and A2Q did not. Next we tested
whether the acetylation state of the N terminus influenced
binding by purifying the wild-type Sir3 fragment from ARDI
and ardIA strains. Onishi et al. had previously shown that Sir3
BAH isolated from an ardlA mutant did not bind to nucleo-
somes (29). As seen by the results in Fig. 6B, we found that
both the N-terminally acetylated and unacetylated proteins
from yeast bound to nucleosomes, but a much greater concen-
tration of the unacetylated Sir3 from the ardIA strain was
required to detect binding. This shows that acetylation of Ala2
by Ardl, the catalytic subunit of the NatA acetyltransferase, is
important but not absolutely required for binding. We had
shown previously that Sir3 N-terminal fragments expressed in
E. coli are not acetylated on the N-terminal alanine, while
those from yeast are (48). Consistent with the results shown in
Fig. 6B, high concentrations of Sir3 aa 1 to 219 purified from
E. coli can also bind to nucleosomes (Fig. 6C, lane 1).

Some of the BAH domain mutants isolated from our screen
were also tested for their ability to bind to nucleosomes, using
proteins purified from E. coli. No binding was detected for the
three strongest mutants (S204P, C177R, and A136T), suggest-
ing that regions apart from the extreme N terminus are also
important for nucleosome binding (Fig. 6C). Furthermore, two
other mutants tested, of which one was classified as moderate
(N80OD) and one as weak (F94L) (Fig. 4 and Table 2), also
showed no binding (data not shown). As noted before (7), Sir3
D205N bound to nucleosomes more strongly than the wild type
(Fig. 6C).

DISCUSSION

Three distinct regions of the Sir3 BAH domain are impor-
tant for silencing. A goal of this study was to understand the
role of the N-terminal Sir3 BAH domain in silencing. Our
previous work had shown that overexpression of this domain
could bring about significant silencing in the complete absence
of the rest of the protein (7). This silencing required Sir1, Sir2,
and Sir4 and was greatly enhanced by overexpression of Sirl,
thus indicating that the Sir3 BAH domain plays a crucial role
in the function of full-length Sir3.

The mutational analysis of the BAH domain described here
revealed three different regions that were important for silenc-
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TABLE 4. Suppression of Sir3 BAH domain mutations by another BAH domain-containing protein, interacts with Sirl
histone mutations (50). Although there is no evidence that the Sir3 BAH domain
Sir3 WT H3/H4 H3 D7IN H4 HISY H4 K16R interacts with Sirl, its H-domain is likely be a site for interac-
tion with other proteins involved in silencing. The results for

WT +++ +++ +++ +++ . . .
A2V _ 4/ +/— 4 the A2V mutant (Fig. 7A, region 3), as well as the evidence
NSOD - - - + that acetylation of the N-terminal Ala residue is important for
Fo4L - +++ +++ ++ nucleosome binding (Fig. 6C), confirm the importance of the
21123361; - A A t extreme N terminus of Sir3 for silencing, as shown before (48).
CI77R _ _ _ _ Site-directed mutagenesis showed that Thr4 and Leu5 are also

A1S1V _ T+ +4 R important for function.

$204p - - - - Interestingly, a previous screen for Sir3 mutants whose si-
Y207C += T+ t++ t++ lencing defect was enhanced by a sir/A mutation identified
5§g?§ B J:++ i++ i++ eight mutants with mutations in the Sir3 BAH domain, all of

which had phenotypes similar to the ones we found (38). Six of
o oSl g e SRSy those cight mutations localzed o th thrce regions highlighted
VSY31, and PYY12. in Fig. 7, reiterating the importance of those domains for Sir3
function. The three strongest mutations from that screen lo-
calized to region 3, as did all of our strong mutations. More
ing (Fig. 7A). Many of the mutants clustered in or near an recently, Moazed’s group looked for dominant Sir3 mutations

a-helix in the structure called helix F (region 1 in Fig. 7A). that disrupted telomeric silencing. Most of the mutations they
Helix F is located at the surface of the structure and thus is a found were in the BAH domain, and they were either at or
potential site for interaction with other proteins. Two muta- near the residues we identified in our screen (3).

tions, F94L and F123P, were near the so-called H-domain of The Sir3 BAH domain interacts with nucleosomes. Sir3 in-

Sir3 BAH, called region 2 in Fig. 7A. The H-domain of Orcl, teracts with many silencing proteins, like Sir4, Rap1, Abf1, and

A B
Inout Sir3 2°-GST
npu _
Nucl GST WT A2G A2Q Input  ARDI ardls .
Nucl‘ A Sir3
—— — E___- O T — - Sir3 1219
coomassie .| -GST
m—
-—
s - -
C
z ¢ =
— g § % E 5 — Input
2 2 A 3 T < & Nud
- G Gy e e y
coomassie
e WD e s —— *
® . - « o-H3
- . -

FIG. 6. Sir3 BAH domain binds to nucleosomes. (A) The N terminus of Sir3 is important for binding to nucleosomes. Wild-type (W303-1a)
nucleosomes were mixed with GST, Sir3'219-GST, Sir342S 219.GST, or Sir342? 1219 GST bound to glutathione-Sepharose beads. One-third of
the nucleosomes retained by the GST-tagged protein on the beads was visualized by Western blotting with anti-H3 antibody. “Input Nucl” refers
to 1% of nucleosomes used for the binding reaction. (B) N-terminal acetylation of Sir3 stimulates binding to nucleosomes. Wild-type (W303-1a)
nucleosomes were incubated with increasing concentrations of wild-type Sir3'?'°-GST purified from ARD1 (W303-1a) and ard1A (JCY5) strains.
One-third of the nucleosomes retained on the beads was visualized as described for panel A. (C) Loss-of-function Sir3 BAH domain mutants are
unable to bind to nucleosomes, whereas the D205N mutant binds well. Nucleosomes from W303-1a were incubated with wild-type Sir3'-*'°-GST
purified from E. coli and with the indicated Sir3 mutants. One-fourth of the nucleosomes retained on the beads was visualized as described for
panel A. “Input Nucl” refers to 0.5% of nucleosomes used for the binding reaction. The asterisk indicates the position of a Sir3-GST degradation
product. WT, wild type; «, anti.
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FIG. 7. Location of the mutated residues in Sir3 BAH domain and in the nucleosome. (A) Sir3 BAH domain crystal structure (Protein Data
Bank accession number 2FVU) was used to pinpoint the location of the mutated residues by using PyYMOL. The region 1 mutant is colored orange,
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is colored blue, H4 yellow, and H2A and H2B green. Residues depicted as spheres are H3 D77 in light pink, H3 K79 in brown, H4 H75 in red,

and H4 K16 in purple.

histone H3/H4, through its C-terminal region (aa 440 to 978)
(9). More recently, it has been demonstrated that the N-ter-
minal BAH domain interacts directly with the nucleosome
(29). Moreover, it has been shown that silencing-defective
BAH mutants disrupt the nucleosome interaction (3). Our
quest to identify interacting partners of the Sir3 BAH domain
also uncovered genetic and biochemical evidence that the nu-
cleosome core provides an interaction surface for the Sir3
BAH domain. We found that it interacted with partially or
fully purified nucleosomes from yeast, as well as with recon-
stituted mononucleosomes (Fig. 6 and data not shown). It is
noteworthy that the Sir3 aa 1-to-219 fragment binds to nucleo-
somes, whereas we reported previously that the Sir3 aa 1-to-
214 fragment does not (7). It is possible that the crucial a-helix
starting at residue 202 is less stable in the aa 1-to-214 protein
than in the aa 1-to-219 protein, accounting for their different
binding properties. Although the N-terminal Ala residue is
important for binding, Sir3 BAH purified from an ardIA strain
or from E. coli (and therefore unacetylated) can interact with
nucleosomes at high concentrations in vitro, suggesting that
regions of the BAH domain other than the N terminus can also
interact with nucleosomes (Fig. 6). Consistent with this, none
of the BAH mutant proteins with mutations in region 1 or 2
purified from E. coli were able to interact with nucleosomes in
vitro (Fig. 6C and data not shown). It should be emphasized
that the mutant recombinant proteins lacked acetylation at
their N termini and thus, in effect, carried two lesions that
hindered binding to nucleosomes.

While H3 D77N and H4 H75Y mutants were isolated as
suppressors of the Sir3 A2G silencing defect, they could also

silence the other weak and moderate BAH mutations found in
this study (Fig. 5A). However, H3 D77N did not suppress sir/
or a sir3-8 mutation (a temperature-sensitive mutation leading
to lower levels of Sir3), unlike H4 H75Y, which could suppress
those two mutations (49 and data not shown). It should be
pointed out that H3 D77 is on the surface of the nucleosome,
while H4 H75 is somewhat buried (Fig. 7B), perhaps account-
ing for their different suppression properties. The H3 D77N
and H4 H75Y mutants also could not suppress strong muta-
tions in Sir3, such as A2Q, S204P, A136T, and C177R. Either
these mutations alter the interaction between Sir3 and nucleo-
somes so drastically that they cannot be restored by second-site
mutations in histones or they lead to unfolding and subsequent
loss of function of the Sir3 BAH domain. On the other hand,
since these mutants show almost-normal silencing at HMR,
they may have a properly folded BAH domain.

A very recent report provided additional genetic evidence
for an interaction between the nucleosome core and the Sir3
BAH domain (28). This work showed that the silencing defects
of an H3 A75V mutant could be suppressed by the same two
histone mutations we identified, H3 D77N and H75Y, as well
as by mutations in the Sir3 BAH domain.

DNA binding versus nucleosome binding. We showed pre-
viously that, unlike the full-length Sir3, the Sir3 BAH domain
(aa 1 to 214) did not bind to DNA in vitro (7, 12). We have
observed that a longer Sir3 fragment (aa 1 to 253) bound
weakly to DNA (data not shown). The residues between aa 215
and 253 include a large number of basic amino acids (pI =
10.8), which could account for its ability to bind to DNA. H3
residue D77 and H4 H75 are not near DNA in the nucleosome
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structure and thus it is not clear if the observed in vitro DNA
binding by N-terminal fragments is significant. It is worth not-
ing that the previously characterized gain-of-function mutant,
Sir3 D205N, also falls in helix F of the BAH structure. The
D205N mutant binds with much higher affinity than wild-type
Sir3 to nucleosomes and free DNA, probably accounting for its
ability to suppress many different silencing defects (17, 22,
32, 42).

Role of the region around H3 K79 in spreading. Both H3
D77 and H4 H75 are near the H3 K79 residue that is methyl-
ated by Dot1 (Fig. 7B). Silencing defects caused by mutation of
DOTI and residues around H3 K79 or by DOT1 overexpres-
sion suggested that this region of the nucleosome interacts with
the Sir complex (45). Several studies have indicated that H3
K79 methylation is one of the marks distinguishing yeast eu-
chromatin from heterochromatin by controlling the spread of
the Sir complex along the chromosome (27, 45). Loss of H3
K79 methylation promotes binding of the Sir complex and its
spread away from silent loci, resulting in a telomeric and HM
silencing defect. Our results show that the suppression by H3
D77N and H4 H75Y is not due to lack of K79 methylation and,
furthermore, that just the lack of K79 methylation, as in dot1A
strains, cannot suppress the defects of Sir3Ala2 mutants (Fig.
3). We interpret this to mean that some region of the Sir3 BAH
domain, perhaps the N terminus, binds to the region around
H3 D77, and methylation at K79 blocks this interaction. The
Sir3 A2G mutant and Sir3 that lacks N-terminal acetylation
bind more poorly to nucleosomes (Fig. 6A and B). In a dot/A
strain, Sir3 and, by association, the Sir complex can interact
with nucleosomes throughout the genome and, thus, Sir3 is
spread away from silent loci. A recent report described evi-
dence for a genetic interaction between the N terminus of Sir3
and Dotl. Based on the results of epistasis tests and ChIP
assays, the authors proposed that K79 methylation and acety-
lation of Sir3 Ala2 by the NatA acetyltransferase act in the
same pathway to promote demarcation between euchromatin
and heterochromatin (46).

We assume that nucleosomes with the H3 D77N or H4
H75Y mutation can bind the Sir3 BAH domain more tightly,
thus accounting for the observed suppression of many of the
Sir3 mutants. It is noteworthy that strains with the H3 D77N
mutation grow more poorly when they carry wild-type Sir3
than Sir3 A2G or no Sir3 (Fig. 1). This growth defect is not
present in sir2 or sir4 mutants (data not shown), suggesting that
the wild-type Sir complex spreads inappropriately in cells with
H3 N77 nucleosomes, silencing genes that are ordinarily in
euchromatin and thus causing a growth defect. Consistent with
this, strains carrying mutations at H3 D77 and nearby residues
show enhanced silencing of a reporter gene located adjacent to
HMR loci (43). Our attempts to document increased in vitro
binding of the Sir3 BAH domain to mutant nucleosomes had
inconsistent results and hence are not reported here.

Multiple points of interaction between Sir3 BAH domain
and nucleosomes. Taken together with previously published
observations, our results indicate that the BAH domain and
the C-terminal region of Sir3 interact with the H4 tail region
and with the globular region of the nucleosome around H3
K79 (15, 29). Some of the weak mutants of the Sir3 BAH
domain were completely defective for in vitro nucleosome
binding ability as short fragments (aa 1 to 219) while retaining
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a substantial ability to silence in vivo in the context of full-
length Sir3 (Table 2 and data not shown). This difference could
be due to the well-documented ability of the C-terminal re-
gions of Sir3 to bind to histone H3/H4 tails, thus allowing some
interaction of full-length Sir3 with nucleosomes even when
interaction between the BAH domain and nucleosome is abol-
ished (15).

Suppression of the silencing defects of Sir3 BAH domain
mutants by the H4 K16R mutation suggests that H4 K16 or
residues around it are involved in binding the BAH domain.
Recent reports suggest that both the BAH domain and the
C-terminal region of Sir3 can bind to a region around H4 K16
and that this binding requires an unacetylated K16 residue (1,
8, 29). While the BAH domain is thought to bind to residues 20
to 34 in the H4 tail, the C-terminal region of Sir3 has been
shown to bind to the basic patch around residues 17 to 20 (1,
29). It is not yet clear how two adjacent regions of H4 interact
with two regions of Sir3 that are separated by more than 500
amino acids.

Our finding that all three histone mutations, H3 D77N, H4
H75Y, and K16R, resulted in the same pattern of suppression
for the Sir3 BAH domain mutants can be explained in the
context of multiple interaction points between Sir3 and nucleo-
somes. Strengthening one interaction could lead to suppres-
sion of mutations weakening another interaction.

In conclusion, our study shows that the Sir3 BAH domain
interacts with nucleosomes, probably through multiple points
of interaction, and that this interaction is necessary for accu-
rate silencing at the silent loci in yeast. X-ray crystallography
data will be needed for delineating the exact contact points
between the Sir3 BAH domain and the nucleosome.
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