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ABSTRACT
Transcriptional silencing in Saccharomyces cerevisiae is mediated by heterochromatin. There is a plethora of

information regarding the roles of histone residues in transcriptional silencing, but exactly how histone
residues contribute to heterochromatin structure is not resolved. We address this question by testing the
effects of a series of histone H3 and H4 mutations involving residues in their aminoterminal tails, on the
solvent-accessible and lateral surfaces of the nucleosome, and at the interface of the H3/H4 tetramer and
H2A/H2B dimer on heterochromatin structure and transcriptional silencing. The general state, stability, and
conformational heterogeneity of chromatin are examined with a DNA topology-based assay, and the primary
chromatin structure is probed by micrococcal nuclease. We demonstrate that the histone mutations differ-
entially affect heterochromatin.Mutations of lysine 16 of histoneH4 (H4-K16) and residues in theLRS (loss of
rDNA silencing) domain of nucleosome surface markedly alter heterochromatin structure, supporting the
notion that H4-K16 and LRS play key roles in heterochromatin formation. Deletion of the aminoterminal tail
of H3 moderately alters heterochromatin structure. Interestingly, a group of mutations in the globular
domains of H3 and H4 that abrogate or greatly reduce transcriptional silencing increase the conformational
heterogeneity and/or reduce the stability of heterochromatin without affecting its overall structure. Surpris-
ingly, yet another series of mutations abolish or reduce silencing without significantly affecting the structure,
stability, or conformational heterogeneity of heterochromatin. Therefore, histone residuesmay contribute to
the structure, stability, conformational heterogeneity, or other yet-to-be-characterized features of heterochro-
matin important for transcriptional silencing.

DNA is packed via the formation of chromatin in eu-
karyotes. The basic unit of chromatin is the nucle-

osome consisting of 147 bp of DNA wrapping around
a protein core made of two copies of each of core his-
tones H2A, H2B, H3, and H4 (Luger et al. 1997). The
primary chromatin structure composed of nucleo-
somes connected by linker DNAs can be folded further
to form higher-order structures (Tremethick 2007).
The degree of DNA compaction is not uniform across
the genome, resulting in the existence of interspersed,
highly condensed heterochromatin regions and decon-
densed euchromatin regions (Grewal and Moazed

2003; Dillon 2004). Formation of heterochromatin is
mediated by silencing complexes consisting of repressor
proteins and enzymes responsible for carrying out het-
erochromatin-specific histone modifications (Grewal

and Moazed 2003). Nucleosomes in heterochromatin
are arranged with a characteristically high regularity that
is believed to be important for the folding of chromatin

fiber intohigher-order structures (Wallrath andElgin
1995; Sun et al. 2001; Dillon 2004). Heterochromatin
generally silences the expression of genes embedded in
it, whereas euchromatin is permissive to gene expression.
However, the exact mechanism of transcriptional silenc-
ing is not known.
In Saccharomyces cerevisiae, heterochromatin at the

HML, HMR , and telomeric loci is formed via the associ-
ation of the SIR complex consisting of Sir2p through
Sir4p with nucleosomes (Rusche et al. 2003). Sir2p,
which does not bind chromatin directly, is a histone
deacetylase responsible for the hypoacetylation of histo-
nes in heterochromatin (Moazed 2001). Sir3p and Sir4p
interact with the amino (N)-terminal tails of histones H3
and H4, and Sir3p also binds a region called LRS (loss of
rDNA silencing) on the solvent-accessible surface of
the nucleosome (Hecht et al. 1995; Park et al. 2002;
Liou et al. 2005; Norris et al. 2008; Sampath et al.
2009). These interactions are believed to be key to the
binding/propagation of SIR complex along chromatin.
As core histones are fundamental architectural com-

ponents of chromatin, their mutations may affect the
structure, dynamics, and positioning of nucleosomes,
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thereby affecting chromatin structure and function. In
higher eukaryotes, each core histone is encoded by
multiple genes at distinct loci (e.g.,.10 genes are coding
for histone H4 in humans) (Albig et al. 1997; Marzluff

et al. 2002), making genetic analyses of histones very dif-
ficult. On the other hand, in S. cerevisiae, each core his-
tone is encoded by only 2 genes (Hereford et al. 1979;
Smith and Andresson 1983). This, combined with the
high amenability of yeast, has made yeast an ideal system
for genetic analyses of histone functions. Previous muta-
tional studieshaveexamined the rolesof individualhistone
residues in cellular functions, including transcriptional
silencing and DNA damage repair (Hyland et al. 2005;
Dai et al. 2008). However, there is only limited information
about how histone residues contribute to the structure of
heterochromatin in vivo (E. Y. Xu et al. 2005; Yu et al. 2009).

We and others have previously developed a convenient
assay to probe the state of chromatin structure at specific
loci in the yeast genome by examining the topology of
DNA at these loci (Bi and Broach 1997; Cheng et al.
1998). This is based on the fact that the supercoiling of
eukaryotic DNA at a specific locus is mainly determined
by the number of nucleosomes present there, as forma-
tion of each nucleosome constrains on average one neg-
ative supercoil on nucleosomal DNA (Simpson et al.
1985). Acetylation of histones reduces the negative super-
coiling of DNA (Norton et al. 1989, 1990). Moreover,
high-order chromatin structures that involve looping or
coiling of the chromatinfibermay also contribute toDNA
supercoiling. Therefore, the supercoiling of DNA can be
used as an indicator of the overall state of chromatin. In
the DNA topology-based assay for chromatin structure,
the part of genome of interest is excised in vivo as a circu-

lar minichromosome via controlled site-specific recombi-
nation, and the DNA circle can then be isolated and
analyzed by gel electrophoresis in the presence of
aDNA intercalator to resolve the topoisomersof the circle
(Figure 1B) (Bi and Broach 1997; Cheng et al. 1998).

Using the DNA topology-based assay for chromatin
structure, we have previously shown that DNA at theHML
locus is more negatively supercoiled when the locus is
transcriptionally silenced than when it is derepressed (Bi
and Broach 1997), which is consistent with the higher
regularity/density of nucleosomes and less acetylation of
histones in heterochromatin vs. derepressed chromatin.
Moreover, we showed that an increase in the negative su-
percoiling of HML DNA correlates with enhanced tran-
scriptional silencing (Bi et al. 2004a), which further
supports the notion that a higher degree of negative
supercoiling reflects higher compaction of chromatin.

To gain insights into the mechanism by which histone
residues contribute to heterochromatin structure and
function, we used the DNA topology-based assay for
chromatin structure together with chromatin mapping
with micrococcal nuclease (MNase) to systematically
examine the effects of a series of 106 histone H3 and
H4 mutations on heterochromatin structure at theHML
locus. Thesemutations represent a substantial portion of
a recently described library of histone H3 and H4 muta-
tions covering every residue in these proteins (Hyland

et al. 2005; Dai et al. 2008). We identified histone muta-
tions that alter the structure, stability, and/or conforma-
tional heterogeneity of heterochromatin, which is
correlated with their effects on transcriptional silencing.
On the other hand, interestingly, we also found some
histone mutations to negatively affect transcriptional

TABLE 1

Plasmids

Name Description Source/reference

pMS329 CEN-URA3-HHT1-HHF1 Morgan et al. (1991)
pRS412-HHT2-HHF2 CEN-ADE2-HHT2-HHF2 Kelly et al. (2000)
pH3-H4 CEN-TRP1-HHT2-HHF2 Hyland et al. (2005)
pH3-H4-K16Qa CEN-TRP1-HHT2-hhf2-K16Q Hyland et al. (2005)
pH3-H4-K8,16Qb CEN-TRP1-HHT1-hhf1-K8,16Q Zhang et al. (1998)
pH3-H4-K8,16Rc CEN-TRP1-HHT1-hhf1-K8,16R Zhang et al. (1998)
pYC318 CEN-LEU2-hht1(D1–20)-HHF1 C. Yu et al. (2006)
pYC328 CEN-LEU2-hht1(D1–15)-HHF1 C. Yu et al. (2006)
pYC338 CEN-LEU2-hht1(D110)-HHF1 C. Yu et al. (2006)
pYC348 CEN-LEU2-hht1(D1–5)-HHF1 C. Yu et al. (2006)
pMS358 CEN-TRP1-hht1(D1–28)-HHF1 Morgan et al. (1991)
pXZ22 CEN-TRP1-hht1(D1–20)-HHF1 This work
pXZ23 CEN-TRP1-hht1(D1–15)-HHF1 This work
pXZ24 CEN-TRP1-hht1(D1–10)-HHF1 This work
pXZ25 CEN-TRP1-hht1(D1–5)-HHF1 This work
pXZ26 CEN-TRP1-hht1(D1–28)-HHF1 This work

aOther CEN-TRP1 plasmids carrying mutant alleles ofHHT2 orHHF2 are similarly named and are not listed here.
bAlso known as pXZ414-F47 (Zhang et al. 1998).
cAlso known as pXZ414-F49 (Zhang et al. 1998).
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silencing without a detectable impact on the structure of
heterochromatin.

MATERIALS AND METHODS

Plasmids and yeast strains: Plasmids used in this study are
listed in Table 1. The LEU2 gene in plasmids pYC318 through

348 was replaced by the TRP1 gene to make pXZ22 through
pXZ25, respectively. Plasmid pXZ26 was similarly derived
from pMS358. pH3-H4 is a CEN-TRP1-based plasmid carrying
the HHT2-HHF2 cassette. Plasmid pH3-H4-K16Q is identical
to pH3-H4 except carrying an hhf2 allele encoding H4-K16Q.
The other plasmids carrying H3 or H4 single mutant alleles
are similar named, but not listed in Table 1.

TABLE 2

Yeast strains

Name Genotype Source/Reference

YXB94 MATa ura3 his3 ade2 can1 trp1 his5 LEU2-GAL10-FLP1 hhf1D::HIS3 hhf2D::LEU2
FRT-E-hml::b1-I-FRT [ciro] 1 p(CEN-URA3-HHF1)

E. Y. Xu et al. (2005)

YQY671 YXB94, hht2D::natMX This work
YQY671a MATa ura3 his3 ade2 can1 trp1 his5 LEU2-GAL10-FLP1 hhf1D::HIS3 hhf2D::LEU2

hht2D::natMX FRT-E-hml::b1-I-FRT [ciro] 1 pH3-H4 (CEN-TRP1-HHT2-HHF2)
This work

YQY695-WT YQY671a, hht1D::LoxP-kanMX-LoxP This work
YQY695s MATa ura3 his3 ade2 can1 trp1 his5 LEU2-GAL10-FLP1 hhf1D::HIS3 hhf2D::LEU2

hht1D::LoxP hht2D::natMX sir2D::kanMX FRT-E-hml::b1-I-FRT [ciro] 1 pH3-H4
(CEN-TRP1-HHT2-HHF2)

This work

YQY699 MATa ura3 his3 ade2 can1 trp1 his5 LEU2-GAL10-FLP1 hhf1D::HIS3 hhf2D::LEU2
hht1D::LoxP-kanMX-LoxP hht2D::natMX FRT-E-hml::b1-I-FRT [ciro] 1 pMS329
(CEN-URA3-HHT1-HHF1)

This work

YQY695 MATa ura3 his3 ade2 can1 trp1 his5 LEU2-GAL10-FLP This work
-H4-K16Qa hhf1D::HIS3 hhf2D::LEU2 hht1D::LoxP-kanMX-LoxP hht2D::natMX FRT- E-hml:: b

1–I-FRT [ciro] 1 pH3-H4-K16Q (CEN-TRP1-HHT2-hhf2-K16Q)
YXB102 MATa ura3 his3 ade2 can1 trp1 his5 LEU2-GAL10-FLP1 hhf1D::HIS3 hhf2D::LEU2

E-FRT-hml::b1-FRT-I [ciro] 1 p(CEN-URA3-HHF1)
Bi et al. (2004a)

YLO78 YXB102, hht2D::natMX
YLO79 MATa ura3 his3 ade2 can1 trp1 his5 LEU2-GAL10-FLP1 hhf1D::HIS3 hhf2D::LEU2

hht2D::natMX E-FRT-hml:: b1-FRT-I [ciro] 1 pH 3-H4 (CEN-TRP1-HHT2-HHF2)
This work

YLO80-WT YLO79, hht1D::LoxP-kanMX-LoxP This work
YLO80s MATa ura3 his3 ade2 can1 trp1 his5 LEU2-GAL10-FLP1 hhf1D::HIS3 hhf2D::LEU2

hht1D::LoxP hht2D::natMX sir2D::kanMX E-FRT-hml::b1-FRT-I [ciro] 1 pH3-H4
(CEN-TRP1-HHT2-HHF2)

This work

YLO81 MATa ura3 his3 ade2 can1 trp1 his5 LEU2-GAL10-FLP1 hhf1D::HIS3 hhf2D::LEU2
hht1D::LoxP-kanMX-LoxP hht2D::natMX E-FRT-hml::b1-FRT-I [ciro] 1 pMS329
(CEN-URA3-HHT1-HHF1)

This work

YLO80- MATa ura3 his3 ade2 can1 trp1 his5 LEU2-GAL10-FLP1 This work
H4-K16Qb hhf1D::HIS3 hhf2D::LEU2 hht1D::LoxP-kanMX-LoxP hht2D::natMX E-FRT-hml::

b1-FRT-I [ciro] 1 pH3-H4-K16Q (CEN-TRP1-HHT2-hhf2-K16Q)
UCC1111 MATa ade2D::hisG his3D200 leu2D0 lys2D0 met15D0 trp1D ura3D Dhhf2-hht2::MET15

Dhhf1-hht1::LEU2 Adh4::URA3-TEL-VII-L 1 pRS412-HHT2-HHF2
(CEN-ADE2-HHT2-HHF2)

Kelly et al. (2000)

UCC1111- WT MATa ade2D::hisG his3D200 leu2D0 lys2D0 met15D0 trp1D ura3D Dhhf2-hht2::MET15
Dhhf1-hht1::LEU2 adh4::URA3-TEL-VII-L 1 pH3-H4

This work

UCC1111 MATa ade2D::hisG his3D200 leu2D0 lys2D0 met15D0 This work
-H4-K16Qc trp1D ura3D Dhhf2-hht2::MET15 Dhhf1-hht1::LEU2

adh4::URA3-TEL-VII-L 1 pH3-H4-K16Q
YQY736 MATa ura3 his3 ade2 can1 trp1 his5 LEU2-GAL10-FLP This work
-H4-K16 hhf1D::HIS3 hhf2D::LEU2 hht1D::LoxP-kanMX-LoxP hht2D::natMX

FRT- E-hml::b1-URA3-I [ciro] 1 pH3-H4-K16Q (CEN-TRP1-HHT2-hhf2-K16Q)
YLO85 MATa ura3 his3 ade2 can1 trp1 his5 LEU2-GAL10-FLP1 hhf1D::HIS3 hhf2D::LEU2

hht1D::LoxP-kanMX-LoxP hht2D::natMX FRT- E-hml::b1-URA3-I [ciro] 1
pRS412-HHT2-HHF2 (CEN-ADE2-HHT2-HHF2)

This work

YQY736-WT MATa ura3 his3 ade2 can1 trp1 his5 LEU2-GAL10-FLP1 hhf1D::HIS3 hhf2D::LEU2
hht1D::LoxP-kanMX-LoxP hht2D::natMX FRT- E-hml::b1-URA3-I [ciro] 1 pH3-H4

This work

YQY736 MATa ura3 his3 ade2 can1 trp1 his5 LEU2-GAL10-FLP1 This work
-H4-K16Ad hhf1D::HIS3 hhf2D::LEU2 hht1D::LoxP-kanMX-LoxP hht2D::natMX

FRT- E-hml::b1-URA3-I [ciro] 1 pH3-H4-K16A
aYQY695-derived strains carrying other histone H3 or H4 mutant alleles are similarly named and are not listed here.
bYLO80-derived strains carrying other histone H3 or H4 mutant alleles are similarly named and are not listed here.
cUCC1111-derived strains carrying other histone H3 or H4 mutant alleles are similarly named and are not listed here.
dYQY736-derived strains carrying other histone H3 or H4 mutant alleles are similarly named and are not listed here.
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Yeast strains are listed in Table 2. Strains used to examine
the effects of histone H3 and H4 mutations on the topology
of HML DNA with silencers were derived from YXB94 (E. Y.
Xu et al. 2005) as follows. The open reading frame (ORF) of
HHT2 in YXB94 was replaced by natMX to make YQY671. The
CEN-URA3-HHF1 plasmid in YQY671 was replaced by pH3-H4
(CEN-TRP1-HHT2-HHF2) to make strain YXB671a. YQY695-
WT was derived from YQY671a by replacing its HHT1 with
LoxP-kanMX-LoxP. YQY695s was derived from YXB695-
WT by deleting its kanMX at hht1D::LoxP-kanMX-LoxP via
Cre-mediated recombination, followed by replacement of
SIR2 with kanMX. Plasmid pH 3-H4 in YQY695-WT was
replaced by pMS329 (CEN-URA3-HHT1-HHF1) to make strain
YQY699. Plasmids carrying mutant alleles of HHT1 or HHF1
(Table 4) derived from pH 3-H4 were used to individually
replace pMS329 in YQY699 to make a series of histone H3

and H4 mutant strains for examining the topology of HML
DNA-bearing silencers. For example, YQY695-H4-K16Q was
made by replacing pMS329 in YQY699 with pH3-H4-K16Q
(CEN-TRP1-HHT2-hhf2-K16Q).

Strains used to analyze the effects of histone H3 and H4
mutations on the topology ofHMLDNA lacking silencers were
derived from YXB102 (Bi et al. 2004a) as follows.HHT2ORF in
YXB102 was replaced by natMX to make YLO78. The CEN-
URA3-HHF1plasmid in YLO78was replacedby pH3-H4 tomake
strain YLO79. YLO80-WTwas derived from YLO79 by replacing
its HHT1 with LoxP-kanMX-LoxP. YLO80s was derived from
YLO80-WT by deleting its kanMX at hht1D::LoxP-kanMX-LoxP,
followed by replacement of SIR2 with kanMX. Plasmid pH3-H4
in YLO80-WT was replaced by pMS329 to make strain YLO81.
CEN-TRP1 plasmids carrying mutant alleles of HHT1 or HHF1
(Table 4) derived from pH3-H4 were used to individually re-
place pMS329 in YLO81 to make a series of histone H3 and H4
mutant strains for examining the topology ofHMLDNA lacking
silencers. For example, YLO80-H4-K16Qwasmade by replacing
pMS329 in YLO81 with pH 3-H4-K16Q.

Strains used to examine the effects of histone H3 and H4
mutations on telomeric silencing were derived from UCC1111
(Kelly et al. 2000). Plasmid pRS412-HHT2-HHF2 (CEN-ADE2-
HHT2-HHF2) in UCC1111 was replaced by pH3-H4 to make
UCC1111-WT. Plasmids carrying mutant alleles of HHT2 or
HHF2 (Table 4) derived frompH3-H4 were used to individually
replace pRS412-HHT2-HHF2 in UCC1111 to make a series of
histone H3 and H4 mutant strains carrying URA3 integrated
near the left telomere of chromosome VII. For example,
UCC1111-H4-K16Q was made by replacing pRS412-HHT2-
HHF2 in UCC1111 with pH3-H4-K16Q.

Strains used for examining the effects of histone H3 and H4
mutations on HML silencing were derived from YQY695-H4-
K16Q. YQY736-H4-K16Q was made by transforming YQY695-
H4-K16Q to Ura1 with pMB36 (Bi et al. 1999) digested with
HindIII, effectively integrating URA3 at the PvuII site of the
modified HML locus. YLO85 was made by replacing plasmid
pH3-H4-K16 in YQY736-H4-K16Q with pRS412-HHT2-HHF2.
YQY736-WT was made by replacing plasmid pRS412-HHT2-
HHF2 with pH3-H4. Plasmids carrying mutant alleles of HHT2
or HHF2 (Table 4) were used to individually replace pRS412-
HHT2-HHF2 in YLO85 to make a series of histone H3 and H4
mutant strains carrying HML::URA3. For example, YQY736-
H4-K16A was made by replacing pRS412-HHT2-HHF2 in
YLO85 with pH3-H4-K16A.
Analysis of DNA topology: Cells were grown in YPRmedium

(1% yeast extract, 2% bacto-peptone, and 2% raffinose) to late
log phase. Galactose (2%) was added to the culture that was
further incubated for 2.5 hr to induce the expression of PGAL10-
FLP1. Nucleic acids were isolated using the glass bead method,
and fractionated on agarose gels supplemented with 26 mg/ml
chloroquine. After Southern blotting, the DNA circles were de-
tected by an HML-specific probe. The profiles of topoisomers
from specific samples was obtained using theNIH image software.
Chromatin mapping with micrococcal nuclease and indirect

end labeling: MNase digestion of yeast chromatin and indirect
end labeling were carried out as previously described (Bi et al.
2004b). About 1 · 109 log phase cells were turned into spher-
oplasts with zymolyase treatment. Spheroplasts were permeabi-
lized with NP-40 as described (Kent et al. 1993). About 2 · 108
permeabilized spheroplasts were treated with MNase at 120 or
160 units/ml at 37� for 5min. The reactionwas stopped by 0.5%
SDS and 25 mm EDTA, and DNA was isolated. An aliquot of
DNA was determined to contain fragments suggesting the pres-
ence of nucleosome ladders by gel electrophoresis. Total geno-
mic (naked) DNA was isolated from cells not treated with
MNase and was digested withMNase at 7.5 units/ml. DNA from
each sample was then digested with HindIII and run on a 1.0%

TABLE 3

Histone H3 and H4 residues that are known or potential
targets of acetylation, methylation, and phosphorylation

in S. cerevisiae

Histone residue Modificationa Exists in S. cerevisiaeb

H3-R2 Methylation
H3-K4 Methylation Yes
H3-K9 Acetylation Yes
H3-K9 Methylation
H3-S10 Phosphorylation
H3-14 Acetylation Yes
H3-R17 Methylation
H3-K18 Acetylation Yes
H3-K23 Acetylation Yes
H3-R26 Methylation
H3-K27 Acetylation Yes
H3-K27 Methylation
H3-S28 Phosphorylation
H3-K36 Methylation Yes
H3-R53 Methylation
H3-K56 Acetylation Yes
H3-K79 Methylation Yes
H3-K115 Acetylation
H3-K122 Acetylation
H4-S1 Phosphorylation Yes
H4-K5 Acetylation Yes
H4-K8 Acetylation Yes
H4-K12 Acetylation Yes
H4-K16 Acetylation Yes
H4-K20 Acetylation
H4-K20 Methylation
H4-K31 Acetylation
H4-S47 Phosphorylation
H4-K59 Methylation
H4-K77 Acetylation
H4-K79 Acetylation
H4-K79 Methylation
H4-K91 Acetylation Yes
H4-R92 Methylation

aIdentified in bovine (Zhang et al. 2003; Mersfelder and
Parthun 2006). Some histone modifications are known to
exist in S. cerevisiae.

bReference describing histone modifications in S. cerevisiae in-
clude Suka et al. (2001); Ng et al. (2002); van Leeuwen et al.
(2002); Ye et al. (2005); F. Xu et al. (2005); Masumoto et al.
(2005);Hyland et al. (2005); Cheung et al. (2005);Mersfelder

and Parthun (2006); Zhang (2008).
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TABLE 4

Effects of histone H3 and H4 mutations on transcriptional silencing and heterochromatin structure

Histone H3 or
H4 allele Telomeric silencing HML silencing HML DNA supercoiling HML chromatin stability

H3-WT 11111a 11111 WTb WT
H3-R2A 1 11111 WT WT
H3-R2K 1111 11111 WT WT
H3-T6A 1111 11111 WT WT
H3-T6E 11 11111 WT WT
H3-K9A 11111 11111 WT WT
H3-K9R 11111 11111 WT WT
H3-K9Q 11111 11111 WT WT
H3-S10A 1111 11111
H3-S10E 1111 11111
H3-T11A 1111 11111
H3-T11E 1111 11111
H3-K14A — 1111 DLkc ¼ 11.5 WT
H3-K14R 11 11111 WT WT
H3-K14Q 1 1111 DLk ¼ 11.5 WT
H3-R17A 11 1111 DLk ¼ 10.5 WT
H3-R17K 11111 11111 DLk ¼ 20.5 WT
H3-K18A 1111 11111 WT WT
H3-K18R 1111 11111 WT WT
H3-K18Q 1111 11111 WT WT
H3-S22F 11111 11111 WT WT
H3-K23A 11111 11111
H3-K23R 11111 11111
H3-K23Q 11111 11111
H3-R26A 11111 11111
H3-R26K 11111 11111
H3-K27A 1111 11111
H3-K27R 111 11111
H3-K27Q 1111 11111
H3-S28A 11111 11111
H3-S28E 11111 11111
H3-K36A 111 11111 DLk ¼ 21 WT
H3-K36R 111 11111 DLk ¼ 20.5 WT
H3-K36Q 111 11111 DLk ¼ 21 WT
H3-R53A 11111 11111
H3-R53K 11111 11111
H3-R53Q 1111 11111
H3-K56A 1111 1111 DLk ¼ 20.5 Reduced
H3-K56R 1 111 DLk ¼ 20.5 WT
H3-K56Q 11 1111 WT WT
H3-R72G — 1 DLk ¼ 11 WT
H3-A75V — 1 WT WT
H3-F78L 11111 11111 DLk ¼ 20.5 WT
H3-K79A — — DLk ¼ 10.5 Reduced
H3-K79R 111 11111 DLk ¼ 20.5 Reduced slightly
H3-K79Q — — WT Reduced
H3-K79E — — DLk ¼ 10.5/heterogeneousd Reduced
H3-D81G 111 1111 WT WT
H3-L82S — — DLk ¼ 12.5 Reduced
H3-R83G — 111 DLk ¼ 11 WT
H3-K115A 11111 11111 WT WT
H3-K115R 11111 11111 WT WT
H3-K115Q 11111 11111 WT WT
H3-K122A 1111 1111 WT WT
H3-K122R 1/2 111 WT WT
H3-K122Q 1111 11111 WT WT
H3D(1-5) 1/2 11111 WT WT
H3D(1-10) — 11111 WT WT
H3D(1-15) — 111 DLk ¼ 11.5 WT
H3D(1-20) — 111 DLk ¼ 11.5 WT

(continued)
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agarose gel. DNA fragments ending theHindIII site nearHML-I
silencer were visualized by hybridization with a probe after
Southern blotting.

RESULTS

We systematically examined the effects of a series of
106 histone H3 and H4 mutations on heterochromatin

structure and transcriptional silencing in S. cerevisiae. The
mutated residues include lysines, arginines, serines, and
threonines that are known or potential targets for acety-
lation, methylation, or phosphorylation in yeast (Table
3), as well as residues within the LRS domain. Lysines
were replaced with alanines or glutamines (to mimic the
acetylated state) and arginines (to mimic an unmodified

TABLE 4

(Continued)

Histone H3 or
H4 allele Telomeric silencing HML silencing HML DNA supercoiling HML chromatin stability

H3D(1-28) — 111 DLk ¼ 11.5 WT
H4-WT 11111 11111 WT WT
H4-S1A 111 11111
H4-S1E 1111 11111
H4-R3A 11111 11111
H4-R3K 11111 11111
H4-K5A 11111 11111
H4-K5R 11111 11111
H4-K5Q 11111 11111
H4-K8A 11111 11111
H4-K8R 11111 11111
H4-K8Q 11111 11111
H4-K12A 111 1111 WT WT
H4-K12R 1111 11111 WT WT
H4-K12Q 111 11111 WT WT
H4-K16A — — DLk ¼ 14.5 Reduced
H4-K16R — — DLk ¼ 11.5 Reduced
H4-K16Q — — DLk ¼ 14.5 Reduced
H4-K8,16R — — DLk ¼ 13.5 Reduced
H4-K8,16Q — — DLk ¼ 18 N/A
H4-K20A — 1 WT WT
H4-K20R 11111 11111 WT WT
H4-K20Q — — WT WT
H4-K31A 11111 11111 WT WT
H4-K31R 11111 11111 WT WT
H4-K31Q 11111 11111 WT WT
H4-R39K 11111 11111 WT WT
H4-S47A 111 11111 WT WT
H4-S47E — 111 DLk ¼ 10.5 WT
H4-K59A — — WT/heterogeneous WT
H4-K59R — 111 WT WT
H4-K59Q — — WT/heterogeneous Reduced
H4-V70F — — WT WT
H4-H75Y 111111 111111 WT WT
H4-K77A — — WT WT
H4-K77R 11111 11111 WT WT
H4-K77Q 11 11111 WT WT
H4-K79A — 1 WT WT
H4-K79R 1 11111 DLk ¼ 21 WT
H4-K79Q — — WT WT
H4-K79M — — WT WT
H4-V81A — — DLk ¼ 11 Reduced
H4-K91A — — WT/heterogeneous WT
H4-K91R 11111 11111 WT WT
H4-K91Q — — WT/heterogeneous WT
H4-R92A — 11111 WT WT
H4-R92K 111 11111 WT WT

aTranscriptional silencing in histone H3 and H4 wild-type (WT) strain is denoted 11111. Lack of silencing is denoted —.
bWT indicates that the phenotype of a mutant strain is the same as, or similar to, that of the wild-type strain.
cLinking number difference (DLk) relative to WT.
dThe topoisomers of the HML circle from the mutant are more heterogeneous than those in WT.
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state). Arginines were changed to alanines and lysines.
Serines or threonines weremutated to alanines and gluta-
mic acids (the latter to mimic the phosphorylated form).
Effects of the histone mutations on the silencing of the
URA3 reporter integrated near the left telomere of chro-
mosome VII (Tel VII-L) or at the HML locus were exam-
ined. We found that a mutation that reduces HML
silencing always also reduces telomeric silencing to the
same, or a greater, extent. A DNA topology-based assay
was used to evaluate the overall state, as well as the stability
and conformational heterogeneity of heterochromatin at
theHML locus, andMNase was used to probe the primary
structure of HML chromatin. Results from these experi-
ments are summarized in Table 4, and those concerning
histone mutants that markedly affect transcriptional si-
lencing are elaborated as follows.

Lysine 16 of histone H4 is essential for the structure
of SIR-dependent heterochromatin: H4-K16 is long
known to play a critical role in transcriptional silencing
(Park and Szostak 1990; Johnson et al. 1990). Consis-
tently, we showed that changing H4-K16 to alanine (A),
arginine (R), or glutamine (Q) abrogated the silencing
of URA3 integrated near Tel VII-L or at the HML locus
(Figure 1A). It is believed that a loss of transcriptional
silencing is the result of a disruption of heterochromatin
structure.However, it has not been experimentally tested
whether histone mutations such as H4-K16A, -K16R, or
-K16Q actually lead to a disruption of heterochromatin
structure. Here we used the DNA topology-based assay
for chromatin structure to address this question.
Wemade strainYQY699 that carries aCEN-URA3-HHT1-

HHF1 plasmid and has the genomic HHT1-HHF1 and

Figure 1.—Effects of H4-
K16 mutations on tran-
scriptional silencing and
heterochromatin structure.
(A) Growth phenotypes of
two independent clones of
each of the strains UCC1111-
WT, UCC1111-H4-K16A,
-H4-K16R, and -H4-K16Q
bearing URA3 integrated
at Tel VII-L (left), as well
as YQY736-WT, YQY736-
H4-K16A, -H4-K16R, and
-H4-K16Q bearing URA3
integrated at modified
HML locus (right). Cells were
grown to late log phase and
serial 10-fold dilutions were
spotted on synthetic complete
medium with (1) or without
(2) 1 mg/ml 5-fluoroorotic
acid (FOA), and allowed to
grow for 3 days. The silencing
reporter constructs are illus-
trated at the top. Tel VII-L, left
telomere of chromosome VII.
E and I, the HML-E and -I
silencers, respectively. Note
that cells expressing URA3

are sensitive to FOA. (B) Strategy for examining the topology of chromosomal DNA. Two target sequences for a site-specific recombinase
(arrows) are inserted to flank the chromosome region of interest. Recombination between these sequences excises the region as
a minichromosome circle. After deproteinization, the topology of the DNA circle can be examined by electrophoresis in the
presence of a DNA intercalator. Circles, nucleosomes. (C and D) Effects of H4-K16 mutations on the supercoiling of HML DNA.
Two FRT (Flp1p recombination target) sites are inserted in direct orientation at HML to flank a region that includes (C, top) or
excludes (D, top) the silencers. Middle: Cells of strains YQY695-WT, YQY695-H4-K16A, -H4-K16R, and -H4-K16Q (C), as well as
YLO80-WT, YLO80-H4-K16A, -H4-K16R, and -H4-K16Q (D) were grown in YPR to late log phase, at which time galactose was
added. After 2.5 hr of incubation, DNA was isolated and subjected to gel electrophoresis in the presence of 26 mg/ml chloro-
quine. Under this condition, more negatively supercoiled circles migrate more slowly. The positions of nicked (N) and linear
(L) circles are indicated. Topoisomers of HML circle associated with silent or active chromatin were labeled as SIR1 or sir2,
respectively. Densitometer scan of each lane was shown at the bottom. The distribution center of topoisomers in each sample is
indicated by a dot. Note two independent clones of each H4-K16 mutant were examined. (E) Effects of H4-K16 mutations on
HML heterochromatin as analyzed by MNase digestion. Cells of each of the strains YQY695-WT (H4-WT), YQY695-H4-K16A,
-H4-K16R, and -H4-K16Q, as well as YQY695s (sir2), were first grown to log phase and then permeabilized and treated with
MNase at 120 U/ml or 160 U/ml. DNA was isolated, digested with HindIII, and fractionated on an agarose gel. N, genomic DNA
isolated from cells not treated with MNase and digested with HindIII. DNA fragments ending at the HindIII site were detected
using a probe corresponding to a 200-bp sequence abutting this site. The positions of the HML-I silencer and the HMLa1 gene
are shown on the left. Dots labeled a through d are sites that are uniquely sensitive in the sir2 strain.
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HHT2-HHF2 cassettes deleted. This strain allows conve-
nient replacementof theCEN-URA3-HHT1-HHF1plasmid
with a set of CEN-TRP1-based plasmids bearing wild-type
and mutant alleles of HHT2-HHF2. Moreover, in strain
YQY699, the entire modified HML locus, including the E
and I silencers, is bracketed by two tandem copies of Flp1p
recombination target (FRT) for the site-specific recombi-
nase Flp1p (Figure 1C, top), and the PGAL10-FLP1 (FLP1
under the control of the GAL10 promoter) construct was
integrated at the LEU2 locus. Induction of PGAL10-FLP1 by
galactose leads to the expression of Flp1p and subsequent
excision of theHML locus as a circular minichromosome,
capturing the chromatin structure at HML (Figure 1B).
The HML DNA circle can then be isolated, and its super-
coiling can be determined by resolving its topoisomers by
agarose gel electrophoresis in the presence of the DNA
intercalator chloroquine. Using thismethod, we have pre-
viously shown thatHMLDNA is farmore negatively super-
coiled when it is silenced (in a SIR1 strain) than when it is
derepressed (in a sir2 strain) (Figure 1C, compare lanes 2
and 1) (Bi and Broach 1997). In fact, silent HML DNA
from the SIR1 strain has seven more negative supercoils
than derepressed HML DNA from the sir2 strain (Figure
1C, compare the center of distribution of topoisomers in 2
with that in 1). In other words, complete disruption of the
silent state of HML chromatin causes a linking number
change of 7 (DLk ¼ 7) in HML DNA.

We found that theH4-K16Amutation sharply reduced
the negative supercoiling of HML DNA by a DLk of 4.5

(Figure 1C, compare 3 and 2). Nevertheless, HML DNA
in theH4-K16Amutant remainedmore negatively super-
coiled (with a DLk of –2.5) than that in sir2 mutant in
which silent chromatin is completely dismantled (Figure
1C, compare 3 and 1). These results suggest that
H4-K16A partially disrupts heterochromatin structure.
H4-K16Q has a similar effect on the topology of HML
DNA, and by inference, heterochromatin structure, as
does H4-K16A (Figure 1C, compare 5 and 3). H4-K16R
also reduced the negative supercoiling ofHMLDNA, but
the change (DLk ¼ 1.5) was significantly smaller than
that caused by H4-K16A or -K16R (DLk ¼ 4.5). There-
fore, H4-K16R has a more moderate effect on hetero-
chromatin structure relative to H4-K16A or -K16Q.
Taken together, the above results demonstrate that al-
though H4-K16A, -K16R, and -K16Q all abrogate HML
silencing, they differentially compromise HML hetero-
chromatin structure without completely dismantling it.

We next evaluated the stability of SIR-dependent
chromatin inH4-K16mutants.We have previously shown
that an HML circle lacking silencers loses its silent state
during cell-cycle progression, suggesting that hetero-
chromatin is subject to disruption by cell-cycle-depen-
dent processes upon disconnection from silencers (Bi
and Broach 1997). The rate of loss of the silent state of
silencer-free HML circles can be used as a proxy for the
stability of HML chromatin.

We constructed histone H4-K16 wild-type and mutant
strains in which FRTs bracket HML but excluding the

Figure 2.—Effects of H3-
K79 mutations on tran-
scriptional silencing and
heterochromatin structure.
(A) Growth phenotypes of
strainsUCC1111-WT,UCC1111-
H3-K79A, -H3-K79R, -H3-K79Q,
and -H3-K79E (left), as well
as YQY736-WT, YQY736-H3-
K79A, -H3-K79R, -H3-K79Q,
and -H3-K79E (right). Cells
were grown to late log phase
and serial 10-fold dilutions
were spotted on synthetic
complete medium with (1)
or without (2) FOA. (B and
C) Effects of H4-K79 muta-
tions on the supercoiling of
HML DNA. Top: Modified
HML loci.Middle:HMLcircles
from strains YQY695-WT,
YQY695-H3-K79A, -H3-K79E,
-H3-K79R, and -H3-K79Q
(B), as well as YLO80-WT,
YLO80-H3-K79A, -H3-K79E,
-H3-K79R, and -H3-K79Q
(C) were subjected to gel

electrophoresis in the presence of chloroquine. Bottom: Densitometer scan of each lane. The distribution center of topoisomers in
each sample is indicated by a dot. (D) Effects of H3-K79 mutations on HML heterochromatin. HML chromatin in each of the strains
YQY695-WT,YQY695-H3-K79A, -H3-K79R, -H3-K79Q, and -H3-K79Easwell as YQY695swas analyzedbyMNasedigestionand indirect end
labeling as described in legend to Figure 1E.
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silencers (Figure 1D, top).HML circles were excised from
cells grown to late log phase. Under this condition (min-
imumcell growth),HMLcircle fromwild-type strainmain-
tained its high negative supercoiling relative to that from
sir2 strain (Figure 1D, compare 7 and 6). On the other
hand,HML circle fromH4-K16A, -K16R, or -K16Qmutant
had lost its high negative supercoiling and adopted a to-
pology similar to that of HML circle from sir2 strain (re-
ferred to as sir2 circle hereinafter) (Figure 1D, compare 8
through 10 with 6). Therefore, the SIR-dependent HML
chromatin is less stable in the H4-K16 mutants than in
wild-type cells.

Although DNA topology is a convenient indicator of
the overall state of local chromatin, it does not reveal
specific features of the primary chromatin structure. To
complement our analyses of the effects of H4-K16 mu-
tations on HML DNA topology, we also mapped HML
chromatin directly using MNase digestion and indirect
end labeling (Ryan et al. 1999; Zhang and Reese 2006).
DNA from MNase-treated chromatin was isolated and
subjected to digestion by HindIII that cleaves near the
HML-I silencer (Figure 1E, diagram on the left) and elec-
trophoresis and Southern blotting. DNA fragments from
HML that ended at the HindIII site were detected by
a probe abutting the HindIII site. Consistent with results
form prior studies (Weiss and Simpson 1998;Q. Yu et al.
2006), we showed that the profile of MNase sensitive sites
at HML was different between SIR1 and sir2 strains (Fig-
ure 1E, compare 1 and 2). Specifically, sites a through
d were more sensitive to MNase in the sir2 vs. SIR1 strain
(Figure 1E, compare 1 and 2). The profile of MNase sites
inH4-K16A orH4-K16Qmutant was similar to that in sir2

cells except that site d was cleaved less by MNase (Figure
1E, compare 3 and 5 with 2). On the other hand, MNase
cleavage profile in H4-K16R mutant resembled that in
SIR1 cells (Figure 1E, compare 4 and 1). These results
are in line with our finding that the level of negative
supercoiling ofHMLDNA inH4-K16A or -K16Qmutants
was closer to that in sir2 vs. SIR1 cells, and the opposite
was the case for H4-K16R mutant (Figure 1C and 1D),
further validating the use of DNA supercoiling as an in-
dicator of chromatin structure.
A group of lysines in the globular domains of histones

H3 and H4 are important for the stability and confor-
mational heterogeneity of heterochromatin: We found
that individually changing a group of lysines within the
globular domains of histones H3 and H4 including H3-
K79, H4-K59, and H4-K91 to A, Q, or E (glutamic acid)
increased the conformational heterogeneity and/or de-
creased the stability ofHML chromatin, which was corre-
lated with a loss of transcriptional silencing at HML.
H3-K79: H3-K79 is located in the LRS domain of the

solvent-exposed surface of the nucleosome (Luger et al.
1997; Park et al. 2002). Changing H3-K79 to A, Q, or E
abolished silencing at the telomeric and HML loci,
whereas the H3-K79R mutation moderately reduced si-
lencing at Tel VII-L but had little or no effect on HML
silencing (Figure 2A), consistent with results from earlier
studies (Van Leeuwen et al. 2002; Hyland et al. 2005;
Fry et al. 2006). Surprisingly, we found that none of the
H3-K79 mutations significantly affected the negative
supercoiling of HML DNA (Figure 2B). Note that in this
work a significant change in DNA topology is defined
as the absolute value of a DLk $ 1. Therefore, mutating

Figure 3.—Effects of
H4-K59 mutations on tran-
scriptional silencing and
heterochromatin structure.
(A) Growth phenotypes of
UCC1111-WT, UCC1111-
H4-K59A, -H4-K59R, and
-H4-K59Q (left), as well as
YQY736-WT, YQY736-H4-
K59A, -H4-K59R, and -H4-
K59Q (right). (B and C)
Effects of H4-K59 mutations
on the supercoiling of HML
DNA. Top: Modified HML
loci. Middle: HML circles
from the indicated strains
were subjected to gel elec-
trophoresis in the presence
of chloroquine. Bottom:
Densitometer scans of top-
oisomers from each sample.
(D) Effects of H4-K59 muta-
tions on HML heterochro-
matin. HML chromatin in
the indicated strains was an-
alyzed by MNase digestion
and indirect end labeling.

Histones H3 and H4 and Heterochromatin 299

http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000029214


H3-K79 apparently negatively affects transcriptional si-
lencing without disrupting heterochromatin structure
at HML.

To test whether H3-K79 is important for the mainte-
nance/stability of heterochromatin we examined the
effects of H3-K79 mutations on the topology of HML
circle lacking silencers (Figure 2C). We found that the
topoisomers of theHML circle in eachmutant did not fit
a single Gaussian distribution as those in H3-K79 wild-
type strain did, but instead fit a profile consisting of two
distinct and partially overlapping distributions, one of
which was similar to that in H3 wild-type cells, and the
other resembled the one in sir2 cells (Figure 2C, note the
existence of two distributions of topoisomers denoted by
twodots inH3-K79A, -K79E, -K79R, or -K79Q). This result
demonstrates that H3-K79mutations increase the rate of
disruption of heterochromatin on HML circle lacking
silencers. In other words, these mutations decrease the
stability ofHML heterochromatin. H3-K79E had the big-
gest effect on the stability of HML chromatin, as the vast
majority of silencer-freeHML circles inH3-K79E cells lost
their high negative supercoiling and adopted a topology
similar to sir2 circle over the period of less than one cell
division (Figure 2C). On the other hand, silent HML
chromatin inH3-K79Rmutant was only slightly less stable
compared to that in wild-type cells (Figure 2C, compare
H3-K79R with H3-WT). Taken together, results in Figure
2C indicate an order of the degree of stability of HML
chromatin in the H3-K79 mutants of H3-K79R . H3-
K79A . H3-K79Q . H3-K79E.

We noted that the topoisomers of the silencer-bearing
HML circle in the H3-K79E mutant were more heteroge-

neous (i.e., had a broader range of distribution) than
those in wild-type cells (Figure 2B, compare H3-K79E
and H3-WT). Given that each topoisomer/circle corre-
sponds to HML chromatin in a single cell, a broader
rangeof distributionof topoisomers reflects an increased
conformational heterogeneity of HML chromatin (i.e.,
the rangeofdistinct configurationsHML chromatin adopts
in a population of cells). Therefore, theH3-K79Emutation
increases the conformational heterogeneity of HML het-
erochromatin, besides decreasing its stability.

We next examined whether the changes in the stability
and/or conformational heterogeneity of HML chroma-
tin caused by H3-K79mutations were correlated with any
alteration in the primary structure of chromatin. We
mapped HML chromatin in H3-K79 mutants by MNase
digestion and indirect end labeling. As shown in Figure
2D, the profile ofMNase cleavage in eachH3-K79mutant
was similar to that in wild-type cells. Therefore, the effects
of mutating H3-K79 on the stability and conformational
heterogeneity ofHML locus are not caused by alterations
in the primary structure of heterochromatin.

H4-K59: Like H3-K79, H4-K59 is also located on the
solvent accessible surface of the nucleosome (Luger et al.
1997). H4-K59A and -K59Q abolished, while H4-K59R
reduced,HML silencing (Figure 3A), which is consistent
with, and extends, results from an earlier study (Zhang
et al. 2003). None of the H4-K59 mutations altered the
overall topology ofHML circle as measured by the center
of distribution of topoisomers (Figure 3B, compare 3
though 5 with 1), indicating a lack of significant change
in HML chromatin structure. However, H4-K59A mark-
edly increased the heterogeneity of topoisomers ofHML

Figure 4.—Effects of
H4-K91 mutations on tran-
scriptional silencing and
heterochromatin structure.
(A) Growth phenotypes of
UCC1111-WT, UCC1111-
H4-K91A, -H4-K91R, and
-H4-K91Q (left), as well as
YQY736-WT, YQY736-H4-
K91A, -H4-K91R, and -H4-
K91Q (right). (B and C)
Effects of H4-K91 mutations
on HML DNA supercoiling.
Top: Modified HML loci.
Middle: Fractionation of
HML circles from the indi-
cated strains by gel electro-
phoresis in the presence of
chloroquine. Bottom: Den-
sitometer scans. (D) Effects
of H4-K91 mutations on
HML heterochromatin.
HML chromatin in indi-
cated strains was analyzed
by MNase digestion and in-
direct end labeling.
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circle (Figure 3B and 3C, compare 3 with 1, and 8with 7).
H4-K59Q modestly increased the heterogeneity of HML
topoisomers, and in additionmade a large portion of the
silencer-free HML circles lose their high negative super-
coiling (Figure 3B and 3C, compare 5 with 1, and 10 with
7). These results suggest that H4-K59A and, to a lesser
extent, H4-K59Q increase the conformational heteroge-
neity of HML heterochromatin, and H4-K59Q also
reduces the stability of HML chromatin. H4-K59R, on
the other hand, did not seem to affect the overall struc-
ture, stability, or conformational heterogeneity of HML
chromatin (Figure 3B and 3C, compare 4 with 1, and 9
with 7). The impact of H4-K59A or -K59Q on the confor-
mational heterogeneity or stability of HML chromatin
was not correlated with any significant change in the pri-
mary chromatin structure (Figure 3D, compare 3 and 5
with 1).

H4-K91: H4-K91 is located within the part of histone
H4 that interacts with histone H2B and helps to stabilize
H3/H4 tetramer-H2A/H2B dimer interaction involved
in the formation of the histone octamer (Luger et al.
1997; Ye et al. 2005). Similar to H4-K59A and -K59Q
mutations, H4-K91A and -K91Q also abolished telomeric
and HML silencing (Figure 4A) and modestly increased
the heterogeneity of the topoisomers of HML circle,

hence the conformational heterogeneity of HML chro-
matin (Figure 4B). These mutations did not affect the
stability ofHML chromatin (Figure 4C). MNase cleavage
profile of HML chromatin in H4-K91A or -K91Q mutant
had certain characteristics that were similar to those in
sir2 strain (Figure 4D, bands b through d denoted by
dots). Therefore, the increase in the conformational
heterogeneity of HML chromatin induced by H4-K91A
or -K91Q is correlated with partial disruption of the pri-
mary structure of heterochromatin. Unlike the H4-K91A
and -K91Q mutations, H4-K91R did not affect telomeric
or HML silencing (Figure 4A) and had no detectable ef-
fect on the structure, stability, or conformational hetero-
geneity of HML chromatin (Figure 4B through 4D).
Taken together, results described above suggest that

H3-K79, H4-K59, and -K91 play roles in controlling the
conformational heterogeneity of heterochromatin, and
H3-K79 and H4-K59 (as well as H3-K56 discussed later)
are also important for the maintenance of the stability
of heterochromatin. An increase in the conformational
heterogeneity or a decrease in the stability of hetero-
chromatin seems to be sufficient to prevent transcrip-
tional silencing.
Roles of LRS residues in heterochromatin: The LRS

domain is composed of amino acids 72–83 of histone H3

Figure 5.—Effects of
LRS mutations on transcrip-
tional silencing and hetero-
chromatin structure. (A)
Growth phenotypes of LRS
mutants bearing Tel VII-L-
URA3 (left) or HML::URA3
(right). Note results for H3-
K79A, -K79Q, and -K79E
mutants have been shown
in Figure 2 and were in-
cluded here for comparison
with results from other
strains. (B and C) Effects
of LRS mutations on HML
DNA supercoiling. Top:
modified HML loci. Bot-
tom: Fractionation of HML
circles from the indicated
strains by gel electrophore-
sis in the presence of
chloroquine. (D) Effect of
H3-L82S on HML hetero-
chromatin. HML chromatin
was analyzed by MNase di-
gestion and indirect end
labeling.
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and 78–81 ofH4 (Park et al. 2002; Norris et al. 2008).We
have just demonstrated above that LRS residueH3-K79 is
involved in the stability and conformational heterogene-
ity of HML heterochromatin. We also examined the
effects of a group of other LRS mutations on telomeric
and HML silencing, as well as HML heterochromatin.
Thesemutations eliminated or greatly reduced transcrip-
tional silencing, but affected heterochromatin in distinct
ways, as summarized in Figure 5A. The H3-L82S and H4-
V81A mutations reduced the negative supercoiling of
HMLDNA and renderedHML chromatin unstable (Fig-
ure 5B and 5C). H3-R72G reduced the negative super-
coiling of HML DNA, but had little or no effect on the
stability of HML chromatin (Figure 5B and 5C). Yet the
mutations H3-A75V and -R83G, as well as H4-K79A,
-K79Q, and -K79M had no effect on the topology of
HML DNA or HML chromatin stability (Figure 5B, 5C,
6B and 6C).

Of all the LRS mutations examined, H3-L82S had the
greatest effect (DLk¼ 2.5) on the topology ofHMLDNA
and the stability of HML chromatin (Figure 5B and 5C).
It also induced significant changes in the profile of
MNase digestion at HML (Figure 5D, compare 3 and
1). In fact, the profile of MNase sensitivity at HML in
H3-L82S mutant had characteristics of that in the sir2

strain (Figure 5D, compare 3 and 2), suggesting that
H3-L82S disrupted the primary structure ofHML hetero-
chromatin. This is consistent with the fact that, of all the
LRS mutations, only L82S has a significant effect on mat-
ing efficiency, consistent with a relatively severe silencing
defect (Fry et al. 2006).

Some histone mutations greatly affect transcriptional
silencing without significantly affecting heterochroma-
tin structure: A special heterochromatin structure is
believed to be the basis of transcriptional silencing. How-
ever, surprisingly, we found that certain histone muta-
tions abolished, or markedly reduced, transcriptional
silencing without significantly affecting the structure,
stability, or conformational heterogeneity of heterochro-
matin at HML. These mutations include LRS mutations
H3-A75V, -R83G, H4-K77A, -K79A, -K79Q, and -K79M, as
well as the H4-K20A, -K20Q, and V70F mutations (Figure
5, Figure 6, and Figure S1). As expected, H4-K79A and
-K79Q also did not significantly affect the profile of
MNase cleavage of HML chromatin (Figure 6D). This
group of mutations may affect a yet-to-be-identified fea-
ture(s) of heterochromatin that escapes detection by the
methods used here. Since a considerable body of evi-
dence supports the idea that the LRS mutations reduce
physical interactions with Sir3p (e.g., Norris et al. 2008),
the above results suggest that avid Sir3p binding is not
required for heterochromatin structure or stability.

Unique roles of H3-K56 and H3-K122 in transcrip-
tional silencing and heterochromatin structure: Histo-
nes are rich in lysines, and the positive charges carried by
them are generally important for chromatin assembly
and structure. It is therefore not surprising that changing
a lysine in histone H3 or H4 to R mimicking its
unmodified state usually has less effect on silencing and
heterochromatin structure than changing it to A or Q
that does not carry positive charges (Table 4). However,
we found this did not seem to apply to H3-K56 and -K122.

Figure 6.—Effects of
H4-K20, -K77, and -K79
mutations on transcrip-
tional silencing and hetero-
chromatin structure. (A)
Growth phenotypes of H4-
K20, -K77, and -K79 mutants
bearing Tel VII-L-URA3 (left)
or HML::URA3 (right). (B
and C) Effects of H4-K20,
-K77, and -K79 mutations
on HML DNA supercoiling.
Top: Modified HML loci.
Bottom: Fractionation of
HML circles from the indi-
cated strains by gel electro-
phoresis in the presence
of chloroquine. (D) Effects
of H4-K79 mutations on
HML heterochromatin.
HML chromatin was ana-
lyzed by MNase digestion
and indirect end labeling.
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The H3-K56A, -K56R, and -K56Q mutations reduced
telomeric and HML silencing to various extents, and it
was H3-K56R that had the most severe effect (Figure 7A,
top). Similarly, the H3-K122R mutation had a stronger
effect on telomeric and HML silencing than H3-K122A
and -122Q (Figure 7B, top). None of theH3-K56 andH3-
K122 mutations affectedHMLDNA topology (Figure 7A
and 7B, middle and bottom), and only H3-K56A destabi-
lizedHML chromatin (Figure 7A, middle right, compare
K56A with sir2 and H3-WT). H4-K56A or -K56R had no
effect on the primary structure of HML chromatin as
mapped by MNase digestion (Figure S2). H3-K56 is
known to be acetylated in yeast and other eukaryotes,
and H3-K122 is subject to acetylation in bovine and po-
tentially also in yeast (Zhang et al. 2003). The above
results suggest that preventing the acetylation of H3-
K56 or -K122 (mimicked by the K / R mutation) has
a negative impact on transcriptional silencing, despite
the fact that histones, especially their N-terminal tails,
are generally hypoacetylated in heterochromatin
(Rusche et al. 2003).

The amino terminus of histone H3 is important for
the formation of fully silenced heterochromatin struc-
ture at HML: The N terminus of histone H3 is required

for telomeric silencing and is also important for efficient
HML silencing (Mann and Grunstein 1992; Thompson
et al. 1994). Here we reexamined the role of the N termi-
nus ofH3 inHML silencing using ourHML::URA3 silenc-
ing reporter construct. We showed that deleting the first
10 residues of H3 (H3D(1–10)) did not affect, but H3D
(1–15) significantly reduced the silencing of URA3 at
HML (Figure 8A). Further deletion of up to 28 residues
from the N terminus of H3 did not lead to more reduc-
tion in silencing (Figure 8A). These results suggest that
residues 11–15 (T–G–G–K–A) of histone H3 play an im-
portant role in HML silencing. We found that mutating
H3-K14 to A or Q had a similar effect on HML silencing
as deletion of 15 or more residues from the H3 N termi-
nus, whereas H3-K14R had no effect (Figure 8A).
To test whether the N-terminal tail of histone H3

contributes to heterochromatin structure, we examined
the effects of deleting increasingly larger portions of H3
N-terminal tail andmutatingH3-K14 on the supercoiling
ofHML DNA. We found that H3D(1–5) and H3D(1–10)
did not significantly affect the topology ofHMLDNA, but
the H3D(1–15), H3D(1–20), and H3D(1–28) mutations
all decreased the negative supercoiling of HML DNA by
a DLk of �1.5 (Figure 8B and 8C). H3-K14A and -K14Q

Figure 7.—Effects of H3-
K56 and -K122 mutations
on transcriptional silencing
and heterochromatin struc-
ture. Results for (A) H3-K56
and (B) H3-K122 mutants
are shown. Top: Growth
phenotypes of H4-K56 (A)
and -K122 (B) mutants
bearing Tel VII-L-URA3 or
HML::URA3. Middle: Frac-
tionation of HML circles
from the indicated strains
by gel electrophoresis in
the presence of chloro-
quine. Bottom: Densitome-
ter scans.
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both also reduced HML DNA supercoiling by a DLk of
�1.5, whereas H3-K14R had no effect (Figure 8C). These
results suggest that residues 11–15 of the N-terminal tail
of histone H3, especially H3-K14, are important for the
formation of fully silenced HML chromatin, and that
acetylation of H3-K14 (mimicked by H3-K14A or -K14Q)
negatively affect silent chromatin. The H3 N-terminal
truncations or H4-K14 mutations did not significantly af-
fect the stability of HML chromatin (Figure 8C). We
mapped HML chromatin in the H3D(1–20) mutant and
showed that MNase cleavage profile in the mutant was
generally similar to that in wild-type cells (Figure 8D),
suggesting a lack of significant alteration in the primary
structure of heterochromatin.

DISCUSSION

We find that histone H3 and H4 residues play various
roles in transcriptional silencing and heterochromatin
structure (summarized in Table 4 and Figure 9). As his-
tones are components of chromatin, the effects of H3
and H4 mutations on heterochromatin are likely to be
direct. However, it is formally possible that some muta-
tions affect heterochromatin indirectly through, for ex-
ample, modulating the expression of genes located
elsewhere in the genome.

H4-K16: Of all the histone mutations examined, H4-
K16A and -K16Q have the largest effects onHML hetero-
chromatin, which is correlated with a loss of silencing.
This is consistent with thefinding thatH4-K16 plays a crit-
ical role in the interaction between SIR complex and
nucleosome (Hecht et al. 1995; Johnson et al. 2009).
Histone acetylation is generally inhibitory to heterochro-

matin formation as Sir3p preferentially binds deacety-
lated chromatin in vitro ( Johnson et al. 2009). H4-K16A
disrupts Sir3p-chromatin interaction, suggesting a direct
effect of H4-K16 acetylation on SIR–chromatin interac-
tion. However, HML chromatin in H4-K16A or -K16Q
mutant still bears some SIR-dependent characteristics.
Therefore, H4-K16A or -K16Q alone may not completely
block SIR–chromatin interaction in vivo. Consistent with
this notion, we found that H4-K8,16Q double mutation
completely disrupts HML heterochromatin, suggesting
a synthetic effect of H4-K8Q and -K16Q on heterochro-
matin (Figure S3B).

H4-K16Rhas a smaller effect on heterochromatin than
-K16A or -K16Q. This effect is likely the result of SIR
complex being relocated from heterochromatin to
ectopic euchromatin loci, as H4-K16R, mimicking global
H4-K16 deacetylation, may promote promiscuous bind-
ing of SIR complex to euchromatin, thereby shrinking
the pool of SIR complexes available for binding hetero-
chromatin (Kimura et al. 2002; Suka et al. 2002). TheH4-
K8,16R double mutation has a greater effect on HML
chromatin than H4-K16R (Figure 1C and Figure S3B),
suggesting that H4-K8 and -K16 synergize to promote
SIR–chromatin interaction,

LRS residues: The LRS region of the solvent-accessible
surface of the nucleosome is believed to interact with the
BAH domain of Sir3p (Norris et al. 2008; Sampath et al.
2009).We show that a groupofLRSmutations abrogateor
reduce HML silencing and differentially affect the struc-
ture, stability, and conformational heterogeneity of HML
heterochromatin (Figures 2 and 5). Therefore, LRS resi-
dues may contribute to transcriptional silencing by differ-
ent mechanisms.

Figure 8.—Effects of
mutations in histone H3
N-terminal domain on tran-
scriptional silencing and
heterochromatin structure.
(A) Growth phenotypes of
strains with H3 N-terminal
truncations and H3-K14
mutations bearing Tel VII-L-
URA3 (left) or HML::URA3
(right). (B and C) Effects of
mutations in histone H3 N-
terminal domain on the to-
pology of HML DNA. Top:
Modified HML loci. Middle:
Fractionation of HML circles
from indicated strains by gel
electrophoresis in the pres-
ence chloroquine. Bottom:
Densitometer scans. (D)
Effects of H3D(1–20) trunca-
tion on HML heterochroma-
tin. HML chromatin was
analyzed by MNase digestion
and indirect end labeling.
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H3-K79 methylation is enriched in active chromatin
and low at heterochromatin (vanLeeuwen et al. 2002;Ng
et al. 2003). H3-K79 methylation hinders the interaction
betweennucleosome andSir3p-BAH in vitro (Onishi et al.
2007). In line with this, H3-K79Rhas little effect on silenc-
ing or heterochromatin (Figure 2). H3-K79A or -K79Q
abolishes thepositive charge, and -K79E introduces a neg-
ative charge at residue 79. The fact that these mutations
all reduce the stability of HML chromatin with H3-K79E
having the greatest effect suggests that the positive charge
of K79 is important for heterochromatin stability. LRS
mutations do not generally disrupt H3-K79 methylation
or SIR complex association with HML in vivo (Fry et al.
2006). In fact, only H3-K79E caused a �30% decrease in
SIR abundance at HML. Therefore, the reduction in si-
lencing and changes in heterochromatin caused by LRS
mutations are probably not a result of SIR dissociation
from HML. As the solvent-accessible surface is involved
in higher-order chromatin formation (Chodaparambil
et al. 2007; Zhou et al. 2007), it is possible that LRS con-
tributes to silencing by aiding the formation of high-order
heterochromatin structure.

The N-terminal tail of histone H3: Residues 4–20 of
histone H3 were first found to be important for silencing
by mutational analysis (Thompson et al. 1994). Residues
1–25 of H3 bind SIR proteins in vitro (Hecht et al. 1995).
However, ChIP experiments indicate that, unlike H4
N-terminal tail, H3 tail is not required for SIR binding to
chromatin, but instead contributes to the high compac-
tion ofHMLheterochromatin (Sperling andGrunstein
2009). Consistently, H3 tail is involved in the folding and
self-association of nucleosome arrays in vitro (Kan et al.
2007).Weshowhere thatH3residues11–15are important
for transcriptional silencingandhighnegativeDNAsuper-
coiling atHML. It is likely that theH3 tail-dependent high
compaction of HML heterochromatin contributes to the
high negative supercoiling of HML DNA.

The conformational heterogeneity of heterochroma-
tin structure: Elimination of silencing by H3-K79E, H4-
K59A, -59Q, -K91A, or -K91Q is accompanied by an
increase in the conformational heterogeneity of HML
chromatin. H3-K79E and H4-K59A have no effect on the
primary structure of HML chromatin, whereas H4-K91A
and -K91Qmutations cause clear changes. Therefore, the
conformational heterogeneity of heterochromatin may
be determined by the primary structure or other yet-to-
be-identified features of heterochromatin.

H3-K79 and H4-K59 are located on the solvent
accessible surface of nucleosome and may affect high-

order heterochromatin structure, thereby increasing its
conformational heterogeneity. In addition, H3-K79E
modestly reduces SIR association with chromatin (Fry
et al. 2006). This may reflect a higher on- and off-rate of
SIR associated with heterochromatin that possibly also
contributes to the increased conformational heterogene-
ity of heterochromatin.

H4-K91 is located at the interface between H3/H4
tetramer and H2A/H2B dimer and is important for
chromatin assembly (Ye et al. 2005). H4-K91A negatively
regulates chromatin assembly presumably by weakening
H3/H4 tetramer and H2A/H2B dimer interaction (Ye
et al. 2005). Heterochromatin composed of “loosened”
nucleosomes in H4-K91A or -K91Q mutant may be in-
trinsically more dynamic, leading to a higher conforma-
tional heterogeneity.

Residues on nucleosome lateral surface: These resi-
dues follow the path ofDNAaround the histone octamer.
Several bovine histone modifications involve H3 and H4
residues that either directly contact DNA or are posi-
tioned in close proximity to DNA and may interact with
DNA indirectly (Zhang et al. 2003). These residues (H3-
K56, -K115, -K122, H4-S47, -K77, and -K79) are conserved
from yeast to mammals (Hyland et al. 2005). Mutating
these residues has various effects on transcriptional si-
lencing and heterochromatin structure at HML.

H3-K56 is near the DNA entry–exit points of nucleo-
some (Luger et al. 1997). H3-K56A, -K56R, and -K56Q all
moderately reduce HML silencing, suggesting that the
nature of the lysine side chain is important for silencing.
As H3-K56 is acetylated only in S-phase (Masumoto et al.
2005), both cell-cycle-dependent acetylation and deace-
tylation of H3-K56may be important for silencing; hence
H3-K56A and -K56Q mimicking the persistently acety-
lated state and H3-K56R mimicking deacetylated state
may both be inhibitory to silencing. None of the H3-
K56 mutations affects heterochromatin structure, and
onlyH3-K56A significantly reduces the stability of hetero-
chromatin. The side chain ofH3-K56 contacts DNAback-
bone though a H2O-bridged hydrogen bond (Luger
et al. 1997; White et al. 2001). As the side chain of Q or
R, but not A, can form hydrogen bonds, we reason that
replacing K56 with A, but not Q or R, would prevent
residue 56 of H3 to interact with DNA, thereby destabiliz-
ing heterochromatin.

Interactions between DNA and histones are at their
highest at the nucleosome dyad (Luger and Richmond
1998;Hall et al. 2009).H3-K115 and -K122 lie belowDNA
at the dyad, and their side chain amines are poised for

Figure 9.—Summary of differential effects of histone H3 and H4 mutations on transcriptional silencing and heterochromatin
structure at HML. (A) Effects of histone H3 mutations on HML silencing (top) and chromatin structure measured with a DNA
supercoiling based assay (bottom). The histone fold domains of H3 are indicated above the sequence, and the substitutions of
specific residues are indicated below the sequence. The phenotypes of H3 mutations are color coded. (B) Effects of histone H4
mutations on HML silencing (top) and chromatin structure (bottom). The phenotypes of H4 mutations are color coded similarly
to those of H3 mutations.
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electrostatic interactions with the DNA backbone (Luger
et al. 1997). Interestingly, acetylation of H3-K122, but not
-K115, increases nucleosome mobility in vitro (Manohar

et al. 2009). This may be why none of the K115A, -K115R,
and -K115Q mutations affects HML chromatin or silenc-
ing. H3-K122A and -K122Q are predicted to increase nu-
cleosome mobility and H3-K122R to reduce nucleosome
mobility. Our finding that H3-K122R, but not -K122A or
-K122Q, reducesHML silencing suggests that a certain de-
gree of nucleosome mobility is important for efficient si-
lencing. Similarly, having a certain amount of instability in
Sir3p–LRS interaction was proposed to be critical for effi-
cient silencing; either too strong or too weak a Sir3p–LRS
interaction led to a loss of silencing (Norris and Boeke
2010). We think that maintaining an acetylatable (K) or
acetylated (K/ A or Q) state of K122 is necessary for the
proper nucleosome mobility, while K/ Rmakes nucleo-
somes too rigid and inhibits silencing. H4-S47 is also near
the nucleosome dyad. H4-S47A mimicking unmodified
S47 has no effect on HML silencing, whereas H4-S47E
mimicking phosphorylated S47 reduces silencing (Figure
S4), suggesting that H4-S47 phosphorylation is inhibitory
to silencing.

H4-K77 and -K79 are near points of DNA-histone
contacts around the circumference of nucleosome. It is
interesting that H4-K77A abolishes HML silencing,
whereas H4-K77Q and -K77R do not. Therefore, the na-
ture of K77 side chain (possibly its polarity and/or the
ability to form hydrogen bonds) is likely important for
silencing. As for H4-K79, the K/ A or Qmutation abol-
ishes HML silencing, whereas K / R has little effect on
silencing, suggesting that the unmodified state of this
lysine is required for HML silencing.

Determinants of transcriptional silencing: It is surpris-
ing that none of the aforementioned mutations on the
lateral surface of nucleosome significantly affects HML
chromatin despite that some of them abolish or signi-
ficantly reduce HML silencing (Figure 9). Moreover,
H3-A75V, H4-K20A, and -K20Q also abrogate or reduce
silencing without affecting heterochromatin. What then
determines transcriptional silencing?Weposit that a con-
ventionally defined heterochromatin structure with
highly ordered nucleosomes and high negative DNA
supercoiling is necessary but not sufficient for efficient
silencing. Other properties of heterochromatin such as
higher-order structures may also be required for silenc-
ing. The existence of a high-order, or more compact,
structure at silentHML in vivo was supported by the find-
ing that HML chromatin released from the genome
migrates faster in sucrose gradient when it is silent vs.
derepressed (Sperling and Grunstein 2009). Such
a high-order structure likely involves the folding of the
nucleosome array in heterochromatin. It will be interest-
ing to investigate whether histone mutations that nega-
tively affect silencing without affecting DNA topology
and nucleosome positioning atHML alter the high-order
structure or compactness of HML chromatin.
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FIGURE S1.—Effects of H4-V70F mutation on transcriptional silencing and heterochromatin structure. (A) Growth 

phenotypes of H4-WT and H4-V70F mutant bearing Tel VII-L-URA3 (left) or HML::URA3 (right). (B), Effects of H4-V70F on the 

topology of HML DNA. Top, modified HML loci. Middle, fractionation of HML circles from indicated strains by gel 

electrophoresis in the presence of chloroquine. Bottom, densitometer scans.  
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FIGURE S2.—Effects of H3-K56A and –K56R mutations on HML heterochromatin. HML chromatin in wild type and sir- 

strains, as well as H3-K56A and –K56R mutants was analyzed by MNase digestion and indirect end labeling as described in 

legend to Fig. 1E. 
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FIGURE S3.—Effects of H4-K8,16R and –K8,16Q mutations on transcriptional silencing and heterochromatin structure. (A) 

Growth phenotypes of H4-WT and H4-K8,16R and –K8,16Q mutants bearing Tel VII-L-URA3 (left) or HML::URA3 (right). (B),
Effects of H4-K8,16R and –K8,16Q on the topology of HML DNA. Top, modified HML loci. Middle, fractionation of HML 

circles from indicated strains by gel electrophoresis in the presence of chloroquine. Bottom, densitometer scans.  
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FIGURE S4.—Effects of H4-S47 mutations on transcriptional silencing and heterochromatin structure. (A) Growth phenotypes 

of H4-WT and H4-S47 mutants bearing Tel VII-L-URA3 (left) or HML::URA3 (right). (B) Effects of H4-S47A and –S47E on the 

topology of HML DNA. Left, fractionation of HML circles from indicated strains by gel electrophoresis in the presence of 

chloroquine. Right, densitometer scans.  
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