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The dosage of chromatin proteins affects transcriptional silencing
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Abstract Alterations in protein composition or dosage within
chromatin may trigger changes in processes such as gene expres-
sion and DNA repair. Through transposon mutagenesis and tar-
geted gene deletions in haploids and diploids of Saccharomyces
cerevisiae, we identified mutations that affect telomeric silencing
in genes encoding telomere-associated Sir4p and Yku80p and
chromatin remodeling ATPases Ies2p and Rsc1p. We found that
sir4/SIR4 heterozygous diploids efficiently silence the mating
type locus HMR but not telomeres, and diploids heterozygous
for yku80 and ies2 mutations are inefficient at DNA repair. In
contrast, strains heterozygous for most chromatin remodeling
ATPase mutations retain wild-type silencing and DNA repair
levels. Thus, in diploids, chromatin structures required for
DNA repair and telomeric silencing are sensitive to dosage
changes.
� 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

A cell frequently modifies the composition and organization

of its chromatin, and these changes may affect the accessibility

to and expression of specific chromosomal regions. Many fac-

tors are involved in chromatin maintenance, including chro-

matin remodeling complexes and DNA repair factors [1,2].

Chromatin remodeling complexes interact directly with nucle-

osomes to shift their positions along the DNA and control

gene accessibility. These complexes are typically composed of

several proteins, including a catalytic subunit that possesses

ATPase activity; particular non-catalytic subunits may be used

in multiple remodeling complexes. These complexes must be

reorganized after DNA is damaged to permit and assist the

DNA repair machinery to recognize and repair the damage.

Because types of DNA damage vary, DNA repair proceeds

via several mechanisms, but chromatin changes are an inherent

part of the repair process [3,4].

Additional variations in chromatin structure are found with-

in heterochromatic regions of the nucleus. Heterochromatic

regions, which exhibit little transcriptional activity, may cause

the transcriptional silencing of genes in adjacent euchromatin,

an effect termed position-effect variegation (PEV). The study
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of such regions in Drosophila has revealed that epigenetic

inheritance of various chromatin components affects PEV.

PEV also depends on a precise gene dosage of different chro-

matin factors; while two chromosomal copies of each chroma-

tin factor results in wild-type PEV, one fewer or one more copy

of some factors may suppress or enhance the effect [5,6]. This

dosage dependence reflects the importance of the stoichiome-

try of the chromatin factors in gene expression.

Heterochromatic regions also include telomeres, the ends of

linear chromosomes. Maintenance of telomeric chromatin

structure requires a different complement of proteins than

most genomic regions because chromosome ends must be dif-

ferentiated from broken DNA ends and protected from nuc-

leases and recombination events [7,8]. In Saccharomyces

cerevisiae, telomeric structures are maintained by interactions

among many factors, including Sir2p deacetylase, Sir3p and

Sir4p, which bind DNA and interact with histones and other

proteins near telomeres and the heterochromatic mating-type

loci HML and HMR; Cdc13p and the Ku heterodimer, which

bind the chromosome end; and Rap1p, which binds the telo-

meric DNA repeat [7–10]. The gene dosages of these proteins

dramatically affect the heterochromatic structure that results

in telomeric PEV [10,11]. For example, overexpression of

SIR4 also decreases telomeric silencing, but overexpression

of SIR2 or SIR3 increases telomeric silencing. In contrast,

deletion of SIR2, SIR3 or SIR4 reduces silencing of telo-

mere-adjacent genes, as well as HML and HMR.

Because the chromatin structures that create PEV are sensi-

tive to gene dosage, an investigation of its dosage dependence

should reveal additional mechanisms required to maintain and

modify these chromatin structures. Changing the dosages of

chromatin proteins may affect their nuclear distributions,

localizations, and availabilities of binding partners, thus alter-

ing the chromatin structure and transcriptional activity of

nearby genes. In these experiments, we further explored effects

of gene dosage on transcriptional silencing and DNA repair in

S. cerevisiae.
2. Materials and methods

2.1. Yeast strains and growth conditions
S. cerevisiae media [10] and protocols for molecular genetic manip-

ulations of yeast are described at the website, http://www.fhcrc.org/sci-
ence/labs/gottschling/index.html. All yeast strains herein are derived
from UCC3505 [12], UCC2225, YDW126 [13], and SUB593 (Table
1). Yeast strains were mutagenized by either transposon insertion
(Tn) or PCR-mediated gene knockouts [14] of the entire open reading
frame (D) with either the kanMX [14] or hph [15] gene; for detailed
strain genotypes, refer to the Supplementary Material. For silencing
blished by Elsevier B.V. All rights reserved.
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Table 1
Strain genotypes

Strain Genotype Source/parents

UCC3505 MATa ade2-101 his3-D200 leu2-D1 lys2-801 trp1-D63
ura3-52 ppr1::HIS3 adh4::URA3-TEL-VIIL ADE2-TEL-VR

Gottschling [12]

UCC2225 MATa/MATa ade2-101/ade2-101 his3D200/his3D200 leu2D1/leu2D1
lys2-801/lys2-801 trp1D63/TRP1+

UCC3505 · UCC3504 [12]

ura3-52/ura3-52 ppr1::HIS3/ppr1::LYS2
adh4::URA3-TEL-VIIL/adh4::URA3-TEL-VIIL
ADE2-TEL-VR/ADE2-TEL-VR

YDW126 MATaade2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3-1 hmrDA::TRP1 Shore [13]

SUB593 MATa/MATa ade2-101/ade2-1 his3-D200/his3-11 UCC3505 · YDW126
leu2-D1/ leu2-3,112 lys2-801/LYS2 trp1-D63/trp1-1
ura3-52/ura3-1 ppr1::HIS3/PPR1
adh4::URA3-TEL-VIIL/ADH4 ADE2-TEL-VR/VR
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assays, 10-fold serial dilutions of strains were spotted on synthetic
complete plates (YC), YC plates lacking uracil or tryptophan, or YC
plates containing 1 mg/ml 5 0-fluoroorotic acid (FOA, US Biological),
and grown at 30 �C for three days unless otherwise indicated. As a test
of DNA repair, fivefold serial dilutions of strains were plated on
YEPD and YEPD with 0.014% methyl methanesulfonate (MMS; Sig-
ma–Aldrich) or 150 mM hydroxyurea (HU; Sigma–Aldrich); colonies
grew at 30 �C on YEPD and YEPD + MMS for two days and on
YEPD + HU for three days.

2.2. Genetic screen
UCC3505 and UCC2225 were mutagenized with transposon-con-

taining genomic DNA plasmid libraries [16], a kind gift from M. Sny-
der. The libraries were mutagenized by the insertion of the mTn
transposon that encodes the lacZ, LEU2, and b-lactamase genes [17].
NotI-digested library DNA was transformed into yeast, and transpo-
son-containing transformants grew on YC lacking leucine plates.
Approximately 23000 transformants of UCC3505 and 88000 transfor-
mants of UCC2225 were screened. Colonies were replica-plated onto
YC medium lacking leucine and uracil, and white Ura+ colonies were
selected. Haploid isolates were mated and sporulated to observe segre-
gation of LEU2 and link the phenotype to the transposon, and diploid
isolates were sporulated to examine haploid phenotypes. Transposon
insertion locations were identified by directly sequencing inverse
PCR products [18]; also see Supplementary Material.
3. Results and discussion

3.1. Screen for dosage effects

In an effort to identify genes whose dosages affect telomeric

chromatin structure and organization, we performed a genetic

screen with a diploid S. cerevisiae strain. If a diploid cell dis-

plays a mutant phenotype and the mutation affects only a sin-

gle copy of the gene, the cell may be limiting for that gene

product because the remaining wild-type copy cannot rescue

the phenotype. Our screen was for mutations that resulted in

the inability to transcriptionally silence two telomere-adjacent

reporter genes. The isolation of such mutations would identify

genes whose dosages are critical for telomeric silencing and

perhaps other chromatin functions as well.

The telomere-adjacent reporter genes of ADE2 (chromo-

some V, right end) and URA3 (chromosome VII, left end)

are commonly used for telomeric silencing assays [10]. In

wild-type strains, these two telomeric loci are silenced, result-

ing in pinkish Ura� colonies. The pinkish appearance results

from the combination of red Ade� cells (from a transcription-

ally silenced ADE2 gene) with small sectors of white Ade+ cells
that result from the epigenetic loss of silencing. The colony

does not grow well on uracil-lacking medium because the telo-

meric URA3 gene is transcriptionally silenced. In contrast,

when a mutation inactivates transcriptional silencing of both

the ADE2-VR and URA3-VIIL telomeric loci and renders both

genes transcriptionally active, colonies are white and Ura+.

In our genetic screen, we mutagenized two telomere-marked

strains, the diploid UCC2225 and the haploid UCC3505 (for

comparison), with transposon-containing genomic DNA

libraries ([16], Table 1). Because the transposon insertion sites

were random, insertions often disrupted genes and created

truncation mutations. We screened for insertions that led to

white Ura+ colonies, which should contain mutations in genes

that affect telomeric silencing, and mutations in the diploid

should reveal genes that are limiting for telomeric silencing.
3.2. Dosage requirements for silencing

Some transposon insertion (Tn) mutations were isolated in

both screens because they resulted in similar phenotypes in

haploid and diploid strains. All mutations were characterized

in both haploids and diploids. Because we were interested in

dosage effects and transposon insertion can yield an allele

other than a loss of function, we also compared the phenotype

of each Tn mutation with the null in a haploid strain and the

heterozygous null in a diploid strain.

In the screens, we isolated several mutations in SIR4, SIR2,

and YKU80; representative mutations in SIR4 and YKU80 are

shown (Fig. 1). The roles of these factors in telomeric silencing

have been well described [8–11], and in haploids, the pheno-

types of the Tn and the null mutations were essentially identi-

cal (Fig. 1A). Phenotypes were evaluated by comparing the

growth of strains on media with and without uracil, and med-

ium containing 5 0-fluoroorotic acid (FOA, which is toxic to

Ura+ cells [10]). A wild-type colony that silences both its

ADE2 and URA3 genes is pink-to-red, FOA+, and Ura�

(Fig. 1A). In contrast, both null and Tn mutations in SIR4

and YKU80 in haploids resulted in a loss of telomeric silencing

at both loci, resulting in white, FOA�, Ura+ colonies. In het-

erozygous diploids (Fig. 1B), yku80 mutations were recessive:

one copy of YKU80 restored the cells to wild-type levels of

telomeric silencing. However, a single wild-type copy of

SIR4 was insufficient to restore silencing in the diploid; this

dosage-dependent phenotype also was observed for null and



Fig. 1. Effects of transposon insertion mutations and gene dosage on telomeric silencing. Haploid and heterozygous diploid strains, derived from
UCC3505 and UCC2225, respectively, were plated in 10-fold serial dilutions and grown at 30 �C (or 37 �C as shown) on indicated media. The wild-
type (wt) haploid is UCC3505, and the wt diploid is UCC2225. All diploids are heterozygous for the mutations. Mutations are either null mutations
(D) or transposon insertion mutations (Tn), and the site of transposon insertion is indicated in the mutation name (i.e. Tn342 at aa 342 of the open
reading frame). The wild-type lengths of these proteins are: Yku80p = 629aa, Sir4p = 1358aa, Ies2p = 320aa. Two independent isolates with each ies2
mutation are shown.
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Tn mutations of SIR2 (data not shown). Growth on both

FOA-containing medium and medium lacking uracil indicates
that the single copy dosage of Sir4p is sufficient to create silent

chromatin in the diploid, but the decreased Sir4p (or Sir2p)
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dosage may destabilize the structure, which increases accessi-

bility to transcriptional machinery.

Another mutation isolated in the screen was ies2-Tn128, a

mutation in the Ies2p subunit of the INO80 chromatin remod-

eling complex [2,19]. Although the Tn allele resulted in a dra-

matic decrease in telomeric silencing in the haploid, the null

allele maintained wild-type silencing (Fig. 1C), and both muta-

tions exhibited wild-type levels of silencing in diploids

(Fig. 1D), indicating that the mutations are recessive. The dif-

ference between the null and Tn alleles is intriguing and may

result from an effect of the truncation, which could titrate or

interfere with an essential component for silencing, and the di-

rect (or indirect) nature of these interactions is unknown.

The effects of these mutations on the silencing of the mating-

type loci also were examined. We tested the ability of each mu-

tant strain to silence a compromised HMR locus [13], which is

a more sensitive assay than direct mating. These strains con-

tain the locus hmrDA::TRP1, in which the E silencer of

HMR is deleted and the a1 gene is replaced by the TRP1 gene.

Strong silencing was observed in the haploids for wild-type

strains and mutations in YKU80 and IES2, while the mutation

in a SIR4 haploid eliminated silencing (Fig. 2A), consistent

with the telomere-specific silencing roles of Ku and Ies2p. In

diploids, single copies of YKU80, IES2, and SIR4 provided a

sufficient dosage to restore silencing, suggesting that less Sir4p

is required to maintain silencing of the mating-type loci than
Fig. 2. The silencing of hmrDA in haploids and diploids. Tenfold serial
dilutions of the indicated strains were grown at 30 �C on indicated
media. (A) Haploid yeast strains with the indicated mutations were
derived from YDW126 (wt haploid). (B) Diploid yeast strains were
created from the mating of the haploid strains in Fig. 1 with YDW126;
the wt diploid is SUB593.
telomeres and telomeric heterochromatin is more sensitive

than HMR to the dosage of Sir4p.
3.3. Chromatin remodeling factor roles in silencing

Because the IES2 mutation identified in our screen suggested

a link between chromatin remodeling factors and telomeric

silencing, we also investigated the dosage requirements for

other chromatin remodeling complexes on silencing. Although

telomeric DNA does not have standard nucleosomal pattern-

ing that is affected by chromatin remodeling complexes [7],

the remodeling may affect subtelomeric regions. The INO80

chromatin remodeling complex has been implicated in the re-

sponse to DNA damage [1] and the regulation of telomere

structure [20], consistent with a telomeric role for Ies2p.

Among other chromatin remodeling ATPases, Isw1p does

not affect telomeric silencing but does have a role at the rDNA

and HMR [21,22], Isw2p plays a role in epigenetic effects at the

telomere [23], Rsc1p plays a role at HMR [24], and mutations

in RSC2 result in short telomeres, temperature sensitivity, and

haploinsufficiency for sporulation [25–27].

We created null mutations of five ATP-dependent remodel-

ing ATPases: ISW1, ISW2, SWR1, RSC1, and RSC2 (Dele-

tions of the CHD1, INO80, and SNF2 genes were unstable

in our genetic background.). Null mutations in ISW1, ISW2,

SWR1, and RSC2 exhibited wild-type levels of silencing in

haploids (Fig. 1E and G) and in heterozygous diploids

(Fig. 1F and H). The instability and temperature sensitivity

of the rsc2D haploid strain also was observed (Fig. 1G),

though the effect is recessive (Fig. 1H). In contrast, we ob-

served a decrease in telomeric silencing in rsc1D haploid strains

(Fig. 1G) that is recessive (Fig. 1H). The growth on both FOA-

containing and uracil-lacking media in rsc1D strains is similar

to the phenotype in the sir4 heterozygotes. Rsc1p may nor-

mally remodel subtelomeric regions, and a reduced Rsc1p dos-

age may destabilize or improperly position nucleosomal and

silencing structures, resulting in chromatin that is more acces-

sible to transcriptional machinery.

At the HMR locus, a mutation in ISW1 reduces silencing

(Fig. 2A) as previously described [21], and Isw1p may be lim-

iting, as silencing is not completely restored in the heterozy-

gous diploid (Fig. 2B). Also, a minor decrease in silencing

was observed for mutations in ISW2 and SWR1, but these

mutations do not affect silencing of HMR in a heterozygous

diploid (Fig. 2A and B). Deletions of the RSC1 and RSC2

genes had no effect on silencing of HMR (Fig. 2A and B).
3.4. Dosage requirements for DNA repair

A phenotype common among mutant chromatin proteins is

sensitivity to DNA-damaging agents, suggesting a role for

these proteins in DNA repair. Haploid strains with mutations

in IES2, ISW1, RSC1, RSC2, SWR1, and YKU80 have been

observed to display decreased growth in the presence of either

methyl methonate sulfate (MMS), hydroxyurea (HU), or other

DNA-damaging agents [19,28–31]. The dosage dependence of

the sensitivity was tested with the same set of haploid and dip-

loid strains (Fig. 3). As expected from its key role in DNA re-

pair, both haploid and heterozygous diploid strains with

mutations in YKU80 show decreased viability in the presence

of MMS and HU (Fig. 3A and B). The haploid sir4D strain

also was sensitive to the agents, but the heterozygous diploid

grew efficiently. The sir4-Tn1116 haploid grew well and thus



Fig. 3. Effects of gene dosage on MMS and HU sensitivity. Fivefold serial dilutions of the strains used in Fig. 1 were grown at 30 �C on indicated
media.
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appeared to repair like wild-type, but the heterozygous diploid

had decreased growth; these effects may be due to a dominant

negative effect of the truncated sir4-Tn1116 protein in the dip-

loid. The haploid chromatin remodeling ATPase mutant

strains that were most sensitive were rsc1D and swr1D
(Fig. 3E), and diploid strains with these mutations grew like

wild-type (Fig. 3F), suggesting the diploids can repair DNA

efficiently and the mutations are recessive. However, all strains

with a mutation in IES2 exhibited decreased viability on both

MMS and HU, and though diploid strains were healthier than

haploids, diploids did not grow as well as wild-type (Fig. 3C
and D). Thus, although a single-copy dosage of each ATPase

was sufficient for repair in diploids, the Ies2p subunit seems

to be required for optimal DNA repair in response to damage.

Whether the Ies2p subunit or the entire INO80 complex is lim-

iting is not known, but these data provide additional evidence

for the importance of the INO80 complex in DNA damage re-

sponse [1].

We have investigated the dosage requirements for some

chromatin factors that play roles in silencing and chromatin

remodeling. The regulation of gene dosage plays an important

role in many cellular processes, from rDNA expression to
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X-chromosome inactivation [32], and in many cases, the pro-

cesses require the activities of multisubunit complexes and

structures. To maintain wild-type activity, the stoichiometry

of the subunits also must be maintained. Within the chromatin

structures of S. cerevisiae, most of these factors are not limiting

for silencing of telomeric genes nor HMR nor DNA repair in

diploids, which may indicate that cells require only a low level

of these proteins to function in chromatin, or that other pro-

teins can compensate adequately for the decrease (but not ab-

sence) of the particular protein, or that expression of the single

gene copy is upregulated. In contrast, diploids heterozygous

for mutations in YKU80, SIR4, and IES2 exhibited mutant

phenotypes, suggesting that these factors are limiting in some

silencing or DNA repair roles. These data indicate that a sen-

sitive balance among chromatin factors is required to maintain

the optimal structures involved in silent chromatin and DNA

repair. An understanding of the dosage requirements of indi-

vidual factors in chromatin will provide mechanistic insight

regarding chromatin regulation and dynamics.
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Appendix A. Supplementary material

Supplementary data associated with this article can be

found, in the online version, at doi:10.1016/j.febslet.

2008.01.011.
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