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Two classes of sequences in the yeast Saccharomyces cerevisiae are subject to transcriptional silencing: the 
silent mating-type cassettes and telomeres. In this report we demonstrate that the silencing of these regions is 
strictly associated with acetylation of the e-amino groups of lysines in the amino-terminal domains of three of 
the four core histones. Both the silent mating-type cassettes and the Y domains of telomeres are packaged in 
nucleosomes in vivo that are hypoacetylated relative to those packaging active genes. This difference in 
acetylation is eliminated by genetic inactivation of silencing: The silent cassettes from sir2, sir3, or sir4 cells 
show the same level of acetylation as other active genes. The correspondence of silencing and hypoacetylation 
of the mating-type cassettes is observed even for an allele lacking a promoter, indicating that silencing per se, 
rather than the absence of transcription, is correlated with hypoacetylation. Finally, overexpression of Sir2p, a 
protein required for transcriptional silencing in yeast, yields substantial histone deacetylation in vivo. These 
studies fortify the hypothesis that silencing in yeast results from heterochromatin formation and argue that 
the silencing proteins participate in this formation. 
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Eukaryotic cells present a number of cases in which the 
transcription state of a gene is affected by its position 
within the genome. Repositioning a normally active 
gene near a heterochromatic region results in position 
effect variegation in Drosophila, in which the reposi- 
tioned gene is inactivated in a subset of somatic cells as 
a result of variable extension of the adjacent heterochro- 
matic domain. In the process of X chromosome inacti- 
vation, most of the genes on one of two essentially iden- 
tical chromosomes are rendered transcriptionally inac- 
tive as a result of heterochromatization emanating from 
a c/s-acting X-chromosome inactivation center {Lyon 
1961, 1988; Brown et al. 19911. In chromosome imprint- 
ing, two homologs of a particular gene are differentially 
expressed solely on the basis of the parental origin of the 
chromosome on which the gene resides (Solter 1988; 
Hall 1990}. In all of these cases, identical genes are reg- 
ulated differently solely on the basis of their chromo- 
somal location. 

Transcriptional silencing in the yeast Saccharomyces 
cerevisiae provides an experimentally tractable process 
that exhibits many of the features of these cases of po- 
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sition effect regulation. Transcriptional silencing is the 
region-specific, but sequence-nonspeciiic, repression ex- 
hibited by two types of loci in yeast: the homothallic 
mating loci (HML and HMR1 and telomeres. HML and 
HMR encompass functional but transcriptionally re- 
pressed sets of mating-type genes (Klar et al. 1981; 
Nasmyth et al. 1981). These same mating-type genes, 
when resident at the expressor locus MAT, are tran- 
scribed to establish and maintain the mating-type of the 
cell {for review, see Herskowitz 1988, 1989}. At HML and 
HMR, the mating-type genes are repressed by a mecha- 
nism that is region-specific: Simply transposing the mat- 
ing-type genes away from either loci yields their activa- 
tion, whereas inserting other RNA polymerase II- or 
RNA polymerase m-transcribed genes at either locus re- 
suits in repression of the inserted gene {Hicks et al. 1979; 
Brand et al. 1985; Schnell and Rine 1986}. In a similar 
fashion, insertion of an otherwise active gene within the 
telomeric domain of several different chromosomes in 
yeast results in repression of the inserted gene 
{Gottschling et al. 19901. Finally, like chromosome im- 
printing, the repression state of the silenced domains 
exhibit epigenetic inheritance (Pillus and Rine 1989; Ma- 
honey et al. 19911. 

The genetic requirements for silencing at HML and 
HMR and at telomeres suggest that the two types of loci 
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share a common repression mechanism. First, silencing 
at the homothallic loci and at telomeres requires many 
of the same trans-acting components. Mutational inac- 
tivation of SIR2 IMAR1 }, SIR3 (MAR2), or SIR4 restores 
normal expression of genes inserted at telomeres and 
yields expression of the mating-type genes at HML and 
HMR at a level equivalent to that of the genes present at 
MAT {Haber and George 1979; Klar et al. 1979; Rine et 
al. 1979; Rine and Herskowitz 1987; Aparicio et al. 
1991). Similarly, certain mutations of HHF2, the struc- 
tural gene for histone H4, yield complete derepression of 
the silent loci and activation of genes inserted at telo- 
meres (Kayne et al. 1988; Park and Szostak 1990; Apari- 
cio et al. 1991). Full repression at HML and HMR re- 
quires a fifth gene, SIR1, which is not required for silenc- 
ing at telomeres [Rine and Herskowitz 1987; Aparicio et 
al. 1991). Inactivation of SIR1, however, results in only a 
partial, metastable derepression of the silent cassettes 
(Ivy et al. 1986; Pillus and Rine 1989). This same pattern 
of expression is normally observed for genes inserted at 
telomeres (Gottschling et al. 1990). No function of any 
SIR gene product has been defined. 

Repression at HML and HMR also requires specific 
cis-active sites, or silencers, that likely serve as loci 
through which the trans-acting components act {Abra- 
ham et al. 1984; Feldman et al. 1984). Silencers are com- 
posed of well-defined functional elements. Two of these 
elements are recognition sites for abundant, DNA-bind- 
ing proteins, Raplp and Abflp; a third element is the 
replication origin core consensus sequence, or ARS 
{Brand et al. 1985; 1987; Mahoney and Broach 1989; Mc- 
Nally and Rine 1991). Because two of these elements are 
present within telomeres, they may mediate silencing 
within telomeres as well (Conrad et al. 1990). 

Several facets of transcriptional silencing suggest that 
it results from altered chromatin structure. First, a vari- 
ety of mutations that alter the amino-terminal domain 
of histone H4 abolish silencing of HML and HMR (Kayne 
et al. 1988; Johnson et al. 1990; Mcgee et al. 1990; Park 
and Szostak 1990}. This argues for the participation of 
histones in transcriptional silencing. Second, limited 
DNase digestions of intact yeast chromatin indicate that 
genes at the silent cassettes are less accessible to nu- 
cleases than are the same genes residing at MAT 
(Nasmyth 1982). Third, histone H3 packaging the silent 
cassettes is less accessible to thiol reagents than are 
those packaging other regions of the genome (Chen et al. 
1991). Finally, several groups have shown that silenced 
DNA is relatively inaccessible to DNA methylation cat- 
alyzed by heterologous DNA methylating enzymes ex- 
pressed ectopically in yeast (Gottschling 1992; Singh and 
Klar 1992). These latter observations suggest that si- 
lenced DNA is packaged by chromatin in vivo in a man- 
ner that renders it less accessible than expressed regions 
of the genome. 

Transcriptional levels of a variety of eukaryotic genes 
are directly correlated with the level of nucleosome 
acetylation of lysine residues located within the amino- 
terminal region of the core histones {Matthews and 
Waterberg 1985; Turner 1991). For example, core his- 

tones in the transcriptionally inactive micronuclei of 
Tetrahymena are predominantly hypoacetylated, 
whereas histones in the transcriptionally active macro- 
nuclei are generally acetylated at multiple sites {Lin et 
al. 19891. Similarly, the active B-globin gene is enriched 
in fractions of hyperacetylated nucleosomes from 
chicken erythrocyte chromatin, whereas the inactive 
ovalbumin gene is not IHebbes et al. 1988). The causal 
relationship between acetylation and activated tran- 
scription is not known, although reduced acetylation 
may facilitate formation of the higher order chromatin 
structure associated with inactive heterochromatin (van 
Holde 1989; Wolffe 1991). 

In light of these observations, we sought to test the 
hypothesis that one or more of the SIR gene products 
specifically affects histone modification and/or chroma- 
tin structure. The results of this analysis are presented in 
this report and provide evidence that the products of the 
SIR genes are required for deacetylation of nucleosomes 
that package silenced domains in yeast. These results 
confirm that silencing is a consequence of altered chro- 
matin structure, provide the first indication of the func- 
tional activities of the Sir proteins, and present a very 
tractable system for probing the function of histone 
acetylation in eukaryotic cells. 

Results 

Silenced DNA is packaged in hypoacetylated 
nucleosomes 

Prompted by the effects of mutations within the histone 
H4 gene on silencing and by the correlation between 
histone acetylation and gene expression, we examined 
the relationship between histone acetylation and tran- 
scriptional silencing in yeast. If histone acetylation is 
relevant to transcriptional silencing, we would predict 
that the nucleosomes that package the silent cassettes in 
a wild-type SIR + strain would be less acetylated than 
nucleosomes packaging the identical but active genes 
present at the MAT locus. In addition, this difference in 
the acetylation pattern would be lost if the silent cas- 
settes are activated by mutational disruption of silenc- 
ing. 

To test these predictions, we made use of antibodies 
specific for acetylated histone H4. These antibodies were 
raised against a peptide corresponding to the amino-ter- 
minal 20 amino acids of Tetrahymena histone H4, of 
which all the conserved lysine residues that undergo re- 
versible acetylation had been acetylated (Lin et al. 1989}. 
The polyclonal antibodies obtained using this antigen 
cross-react with multiply acetylated histone H4 from 
Tetrahymena, but have significantly lower affinity for 
histone H4 with few acetylated lysine residues and do 
not react with unacetylated histone H4. As shown by 
indirect immunofluorescence and by immunoblotting 
analysis, these antibodies cross-react with histones in 
the active macronucleus of Tetrahymena but not with 
those in the micronucleus, confirming the specificity of 
the antibodies for active chromatin. We have also shown 
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that the antibodies cross-react wi th  mul t ip ly  acetylated 
yeast histone H4, despite the presence of three amino 
acid differences in the amino-terminal  region of yeast 
his tone H4 versus that from Tetrahymena  [data not 
shown}. 

We used these antibodies to assess the extent of acety- 
lat ion of nucleosomes that package specific portions of 
the yeast genome, as outl ined in Figure 1A. Chromat in  
was isolated from various yeast strains. Immediate ly  
before harvesting, cells were treated briefly wi th  formal- 
dehyde to cross-link chromat in  proteins to their contig- 
uous DNA sequences. The purified chromatin was frag- 
mented  into smal l  segments and then immunoprecipi-  
tated wi th  antibodies specific for mul t ip ly  acetylated 
his tone H4. The presence of specific DNA sequences 
wi th in  the immunoprec ip i ta ted  chromatin could then be 

examined by reversing the cross-linking, extracting 
DNA from the precipitated nucleosomes, immobi l i z ing  
the extracted DNA on nitrocellulose, and probing wi th  
sequences specific for the region in question. 

To distinguish between si lent  and expressed mating- 
type loci in these experiments, we used a strain in which  
the M A T  locus carried the a mating-type genes and both 
HML and HMR loci carried ~ mating-type genes. Thus, 
the fate of the silent loci sequences could be followed by 
hybridizing with an ~x-specific probe, and the fate of the 
expressed MAT locus could be followed wi th  an a-spe- 
cific probe. The relative proportion of the a-specific or 
~-specific sequences present in the precipitated chroma- 
t in versus that in total chromat in  thus reflected the ex- 
tent to which the chromatin packaging these different 
mating-type loci were acetylated in vivo. 

Figure 1. The silent mating-type cassettes are packaged in hypoacetylated chromatin in vivo in a SIR-dependent fashion. {A) Protocol 
for analyzing acetylation state of chromatin packaging different regions of the yeast genome. Total chromatin (topl is isolated from a 
yeast strain, fixed with formaldehyde, fragmented by sonication, and incubated with polyclonal anti-acetylated histone H4 antibodies. 
Samples of both the total chromatin and the antibody-precipitable chromatin are treated to reverse the fixation, and DNA is recovered 
from both fractions. These DNA samples are immobilized on nitrocellulose and then hybridized with probes from different portions 
of the genome. A strong signal in the precipitated fraction indicates that the corresponding region of the genome was packaged in 
hyperacetylated chromatin~ a weak signal indicates that the corresponding region was packaged in hypoacetylated chromatin. {B) 
Chromatin solution was prepared as outlined in A and described in Materials and methods from strains Y851 (SIR), Y1422 (sir2), and 
Y1423 {sir3), either after fixation (+ Fix) or in the absence of fixation (-Fixt. Nucleosomes were precipitated from the chromatin 
solution using antibodies against hyperacetylated histone H4 (+ Abl or in the absence of antibodies {- Ab). DNA isolated from the 
total chromatin and from the immunoprecipated material was immobilized on nitrocellulose filters using a slot-blot grid, and identical 
filters were hybridized with an a-specific probe to identify MAT sequences or with an n-specific probe to reveal HML/HMR sequences. 
The amount of total chromatin DNA in each control slot corresponded to 40% of the amount of chromatin solution represented in 
each immunoprecipitated sample. From control hybridizations not shown, the signal obtained with the total chromatin samples was 
equivalent that obtained from -0.4 ~g of total genomic yeast DNA applied to the filter. 
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The results of this analysis, presented in Figure 1B, 
unequivocally confirmed the predictions laid out above. 
As evident, immunoprecipitation of chromatin from a 
SIR + strain with the anti-hyperacetylated histone anti- 
body yielded considerably less silent loci-specific DNA 
than it did MAT-specific DNA. This is true even though 
DNA corresponding to silent cassettes is present at lev- 
els equivalent to that of the M A T  locus in the chromatin 
before precipitation. Thus, the silent mating-type loci 
are under-represented in hyperacetylated chromatin 
from a SIR + strain, relative to the expressed M A T  locus. 

Hypoacetylation of nucleosomes spanning HAIL and 
HMR was dependent on silencing. Silencing is alleviated 
in sir2, sir3, or sir4 strains: Such strains exhibit HML and 
HMR transcription at levels comparable to that of MAT. 
As shown in Figure 1B, HML and HMR sequences were 
precipitated by anti-hyperacetylated histone antibody 
from chromatin from both a sir2 and a sir3 strain to the 
same extent as were M A T  sequences. Thus, the acetyla- 
tion level of chromatin spanning HML and HMR is di- 
minished relative to that spanning M A T  when HML and 
HMR are silenced, but the acetylation levels are equiv- 
alent to that of M A T  when HML and HMR are expressed. 
Identical results to the ones presented in Figure 1 were 
obtained with a sir4 strain and with a different set of 
isogenic SIR + and sir-  strains (data not shown), indicat- 
ing that these results are reproducible. 

Acetylat ion state correlates with silencing 
rather than transcription 

The results described above demonstrate that the silent 
mating-type cassettes are packaged in hypoacetylated 
nucleosomes in a SIR + background but are packaged in 
normally acetylated nucleosomes in sir-  strains. Be- 
cause the silent cassettes are transcribed in sir-  strains, 
these results do not allow us to distinguish whether the 
difference in acetylation in SIR + versus sir-  strains is a 
direct affect of silencing or an indirect effect of the dif- 
ferent transcription rates of the mating-type cassettes in 
the two strain backgrounds. 

To address this question directly, we examined the 
acetylated state of chromatin of a silent cassette that 
could not be transcribed. We constructed isogenic sir3 
and SIR3 strains that carry only a single silent cassette, 
from which the promoter/enhancer elements had been 
removed. This was accomplished by inserting the ala2- 
C46 allele into the HMLa locus of a MATa strain, from 
which the HMR locus had been previously deleted. The 
ala2-C46 allele is a 46-bp deletion within the divergent 
a l -a2  promoter that, when resident at MAT, completely 
eliminates transcription of both the aI and a2 genes [Si- 
ciliano and Tatchell 1984). We confirmed that this allele 
eliminates expression of the HMLa locus: Strain 
YSH 126 (hmla 1 a2-C46 MA Ta hmrA sir3) exhibits full a 
mating. Thus, neither the ctl nor the a2 gene at HML is 
active in this strain, even though silencing of the locus is 
completely eliminated. 

We prepared chromatin from strain YSH126 and its 
isogenic SIR + derivative, strain YSH129, and then iso- 

lated hyperacetylated chromatin fractions as described 
in the previous section. As a control, we also prepared 
chromatin from the HMLa parents of both strains. As 
evident from the results shown in Figure 2, the hml  lo- 
cus is under-represented in the hyperacetylated fraction 
in chromatin isolated from the SIR + strain but present 
at levels equivalent to that of M A T  in chromatin isolated 
from the sir3 strain. The proportion of antibody-precip- 
itable chromatin packaging the transcription-defective 
hml  locus in this set of strains is quantitatively identical 
to that observed for the transcription-competent HML 
locus in the isogenic control strains or in the set of 
strains used for the experiment shown in Figure 1 [Table 
1). Thus, even in a situation in which the silent cassette 
is incapable of being transcribed, the acetylation state of 
the chromatin correlates with silencing. Thus, hy- 
poacetylation of chromatin packaging the silent cas- 
settes is a direct consequence of silencing, not an indi- 
rect consequence of the absence of transcription. 

Hypoacetylation is associated wi th  other silenced 
regions of the genome 

We examined our antibody-fractionated chromatin to de- 
termine the extent to which chromatin from other re- 
gions of the yeast genome is acetylated. As noted in Fig- 
ure 3, the constitutively active actin gene, ACT1, was 
found in the hyperacetylat6d fraction to an equal extent 
in SIR § and s ir -  strains. In addition, the proportion of 
ACT1 DNA precipitable by the anti-hyperacetylated an- 
tibodies was comparable to that of MAT, indicating that 
this constitutively active gene is packaged in acetylated 
chromatin (Table 11. Essentially the same pattern was 
obtained with the GALI gene, even though the strain 

Figure 2. Acetylation patterns of a transcriptionally defective 
silent locus. Total chromatin was prepared from four isogenic 
MATa hmrA strains, carrying either a wild-type HMLa locus or 
a promoter-deficient hml locus {hmlala2-A) and either a wild- 
type or inactive SIR3 locus. Chromatin was fractionated by im- 
munoprecipitation, and DNA was extracted, plepared, and 
probed as described in the legend to Fig. 1. 
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T a b l e  1. Relative fraction of chromatin immunoprecipitable 
with anti-hyperacetylated antibody 

Strain a 

Locus SIR sir2 sir3 sir4 

MAT 1.0 1.0 1.0 
HML/HMR 0.05 0.92 0.87 
Y ltelomeresl 0.18 0.70 0.32 
GALl 0.40 0.50 0.29 
ACT1 0.47 0.61 0.59 

MAT 1.0 - -  1.0 
HML 0.08 --  0.86 
hmlala2  0.10 --  1.1 

1.0 
0.67 

k 

The labeled slots on the nitrocellulose filters used to generate 
the autoradiograph in Figs. 1-3 were quantitated with a Phos- 
phorlmager. The fraction of chromatin precipitated by anti-hy- 
peracetylated antibody is indicated for each of the genes tested 
in each of the three strains, relative to the fraction of MAT- 
specific chromatin precipitated from the chromatin fraction for 
each strain. 
"Acetylation levels of the first group of loci were determined 
using isogenic strains Y851, Y1422, Y1423, and Y1462; those of 
the second group were determined using isogenic strains Y1197, 
YSH124, YSH126, and YSH129. {--) Not determined. 

from which the chromatin was extracted was grown on 
glucose and, consequently, the GALl  gene was not being 
transcribed. Nonetheless, the chromatin packaging this 
gene is relatively acetylated, indicating that reduced nu- 
cleosome acetylation is not associated with all forms of 
transcriptional repression in yeast. This observation 
highlights the distinction between SIR-mediated silenc- 
ing and other forms of transcriptional repression in yeast 
and reinforces the conclusion from the previous section 
that hypoacetylation correlates with silencing, not sim- 
ply with the absence of transcription. 

The pattern for the telomere-specific sequence, Y, is 
slightly more complex. Less Y-specific sequences are 
represented in the total chromatin fraction from SIR ~- 
than from s ir -  strains. This might reflect a Sir-depen- 
dent association of the yeast telomeres with the nuclear 
membrane or matrix. Nonetheless, the proportion of 
Y-specific sequences precipitable by anti-hyperacety- 
lated antibodes in the chromatin from the SIR+ strain 
was significantly lower than that of ACT1 or GALl ,  in- 
dicating that the Y-specific chromatin is relatively hy- 
poacetylated. A significantly greater proportion of the 
Y-specific chromatin from the sir2 strain was precipita- 
ble with the antibodies, indicating that hypoacetylation 
was dependent on SIR2. A less marked difference was 
noted with chromatin from the sir3 strain. This may 
reflect a more direct involvement of Sir2p than Sir3p in 
histone acetylation, as suggested below, although addi- 
tional experiments will be required to resolve that point. 
In sum, these results indicate that both types of silenced 
sequences in yeast-telomeres and mating-type storage 
cassettes--are packaged in hypoacetylated chromatin, 
and this hypoacetylation is Sir dependent. 

SIR2 promotes histone deacetylation 

In light of these results, we sought to test the hypothesis 
that one or more of the SIR proteins specifically affects 
the level of histone acetylation. A difficulty in testing 
this hypothesis is that SIR proteins are present in very 
low amounts {Ivy et al. 1986}, and their effects are lim- 
ited primarily to HML, HMR, and the telomeres. Thus, 
any effects of the SIR proteins would normally be re- 
stricted only to a small fraction of histones in the cell. 
To circumvent this limitation, we increased expression 
of the SIR genes by placing them under the control of an 
efficient promoter, in the expectation that high-level ex- 
pression of the SIR genes would extend their effects to 
the entire genome and thereby make their activities ex- 
perimentally accessible. 

To amplify expression of the SIR genes, we placed 
them under the control of the GALI  O promoter in the 
high copy number plasmid YEp54 [Broach et al. 1983; 
Armstrong et al. 1990) and induced expression by adding 
galactose to cells carrying these plasmids. This proce- 
dure had been shown previously to yield inducible, high- 
level production of Sir4p (Marshall et al. 1987}. As is 
evident in Figure 4, similar results were obtained with 
SIR2 and $1R3. As determined by Western analysis, the 
level of Sir2p or Sir3p could be increased > 100-fold fol- 
lowing induction by galactose. Such expression had no 
effect on cell growth or viability within the time frame 
of the experiment [data not shown}. 

Figure 3. Acetylation patterns of other active and silenced 
genes in yeast. Filters identical to those described in Fig. 1 were 
probed with either a Y-specific probe {the 600-bp KpnI fragment 
from plasmid YRp131bl, an ACTl-specific probe (the 286-bp 
BgllI-ClaI fragment from plasmid pRB154), or a GALl-specific 
probe (the 1.9-kb EcoRI-SalI fragment from plasmid pNN78). 
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Figure 4. High level production of Sir2p and Sir3p. Strains 
B12169 (pAR44] {YEp-GAL-SIR2, left} and 812169 [pAR82] (YEp- 
GAL--SIR3, rightl were grown in SC - leucine plus raffinose at 
30~ to a density of 10 z cells/ml, at which point galactose was 
added to 2% and incubation was continued. Samples (50 ml) 
were removed at the time of galactose addition [0 hr) and 4 hr 
later, and extracts were prepared from harvested cells as de- 
scribed in Materials and methods. Samples {0.01 ml) of the pro- 
tein extracts were fractionated by polyacrylamide gel electro- 
phoresis, transfered to nitrocellulose, and probed with anti- 
Sir2p serum (left) or anti-Sir3p serum (right) as described in 
Materials and methods. The positions of migration of size stan- 
dards is indicated by the molecular mass (in kD} of the proteins. 
The predicted molecular masses of Sir2p and Sir3p are 63 and 
111 kD, respectively (Shore et al. 1984}. 

these three core his tones was substant ial ly reduced in 
these cells. Consistent  wi th  this interpretation, overex- 
pression of $1R2 also caused a quali tat ive change in the 
pattern of acetylation. The amount  of histones H4 and 
H2B wi th  mul t ip le  acetyl groups was reduced, whereas 
that of the mono- and diacetylated species increased. 
Thus, both the level of histone acetylation and the dis- 
tr ibution of acetyl groups per his tone H4 and H2B were 
d iminished following SIR2 overexpression. Identical re- 
suits were obtained in four separate experiments wi th  
two separate strains {data not shownl. 

Similar results were obtained wi th  a strain engineered 
so that the only his tone H4 synthesized was deleted for 
residues 4-14, a region that includes all but one of the 
lysine residues subject to reversible acetylation (Fig. 5, 
lanes d-fl. This  observation confirms the assignment  of 
histone H4 in the gel system and documents the repro- 
ducibil i ty of the effect of SIR2 overexpression on acety- 
lation patterns of the other core histones. 

We did not test the effect of $1R4 overexpression on 
histone acetylation. As evident in lanes b and e, how- 
ever, SIR3 overexpression had no effect on his tone acety- 
lation, demonstrat ing that d iminu t ion  of acetylation is 
not a general effect of overexpressing silencer proteins. 
From these results, we conclude that Sir2p acts specifi- 
cally to reduce the total amount  of acetylated lysines in 

We examined the level and pattern of his tone acetyla- 
tion in wild-type cells and in cells overexpressing SIR2 
or SIR3. This was accomplished by labeling cells wi th  
3H-labeled acetate, extracting histones from the labeled 
cells and ffactionating the his tones on t r i ton--acet ic  
acid urea polyacrylamide gels. As documented previ- 
ously (Alfageme et al. 1974; L i n e t  al. 1989} and as evi- 
dent from our analysis of wild-type cells (Figure 5, lane 
cl, this gel system not only separated the various histone 
species but also clearly resolved the different acetylated 
forms of histone H4 and H2B and partially resolved those 
of histone H3. Because the cells were labeled for only a 
short t ime wi th  aH-labeled acetate, only acetylated 
forms of the histones were evident in the autoradio- 
graph; unacetylated his tones were not  labeled and there- 
fore not visible. In this gel system, the more highly 
acetylated histone species generally migrate more slowly 
than the less acetylated forms. 

As evident in Figure 5, overexpression of SIR2 mark- 
edly decreased the amount  of acetylation associated wi th  
several core histones, even though the amount  of labeled 
acetate incorporated into the chromat in  fraction was es- 
sentially identical for all of the strains. Incorporation of 
label into histone H2A was relatively uniform for all of 
the strains. In contrast, the amount  of label incorporated 
into histones H4, H2B, and H3 was substant ial ly  reduced 
in cells containing high levels of Sir2p {lane a), compared 
with isogenic cells wi th  normal  levels of Sir2p {lane c). 
Because equal amounts  of both protein and label were 
loaded for all samples, the reduced amount  of 3H- labeled 
acetate found in histones from the Sir2p-overexpressing 
strain indicated that the average level of acetylation of 

Figure 5. Sir2p promotes histone deacetylation. Cultures 1100 
ml) of strains Y1191 (pAR44] [YCp-HHF2 YEp-GAL: :SIR2, lane 
a), Y1191 (pAR82] (YCp-HHF2 YEp-GAL::SIR3, lane b), Y1191 
[YEp54] (YCp-HHF2 YEp-GAL, lane cl, Yl186 IpAR44] (YCp- 
hhf2A4-14 YEp-GAL::SIR2, lane dl, YI186 (pAR82] (YCp- 
hhf2A4--14 YEp-GAL::SIR3, lane e), and Yl186 [YEp54] (YCp- 
hhf2A4-14 YEp-GAL, lane e) were grown as in Fig. 4, and ceils 
were harvested and converted to spheroplasts 2 hr after the ad- 
dition of galactose. Spheroplasts were labeled for 1 hr with 3H- 
labeled acetate; histones were then extracted as described in 
Materials and methods. Equal samples {by cpm) were loaded in 
each lane of a 17-cm Triton--acetic acid urea gel and fraction- 
ated by electrophoresis for 20 hr at 200 V. The gel was prepared 
for fluorography and exposed to film for 2 weeks at - 70~ The 
assignment of bands to histone species was made by comparison 
to published fractionations (indicated at leftl. The different 
acetylated species of histone H4 are also indicated. Duplicate 
gels were stained with Coomassie blue to estimate the relative 
amounts of protein in each lane. In the experiment shown, the 
amount of protein in any lane differed from the others by <20%. 
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at least three of the four core histones as well as the 
average number of acetylated lysines within histones 
H2B and H4. 

Discussion 

Silencing and histone acetylation in yeast 

Nucleosomes in chromatin of eukaryotic cells are re- 
versibly acetylated on the t-amino groups of the multiple 
lysine residues spaced 1-8 amino acids apart near the 
amino terminus of all of the core histones. The level of 
acetylation of these lysines represents a dynamic equi- 
librium between competing reactions catalyzed by his- 
tone acetyhransferases and histone deacetylases (Allfrey 
et al. 1983; Turner 1991). As noted in the introductory 
section, the extent of acetylation of the core histones 
correlates in many cases with the activity of the gene 
packaged by the histones. 

We have provided evidence in this report that silenc- 
ing of mating-type cassettes and telomeres in yeast is 
functionally intertwined with the extent of ~-lysine 
acetylation of several of the core histones. We have 
shown that these silenced regions of the genome are 
packaged in nucleosomes that are hypoacetylated rela- 
tive to nucleosomes spanning active chromatin do- 
mains. Inactivation of sir2, or of other components of the 
silencing apparatus, eliminates this difference in acety- 
lation pattems. Consistent with this observation, we 
have shown that Sir2p, which is required for silencing, 
promotes histone deacetylation in vivo. Thus, silenced 
DNA is packaged in hypoacetylated nucleosomes, and 
Sir2p promotes this hypoacetylation. 

The result that we obtained with the anti-acetylated 
histone H4 antibody could formally be explained by pos- 
tulating that the histone H4 amino-terminal tails are 
uniformly acetylated throughout the genome but simply 
masked in silenced chromatin. This explanation, how- 
ever, is contrary to observations obtained in other organ- 
isms and not consistent with our results with Sir2p over- 
expression. That is, our observations are intemally con- 
sistent and mutually supportive: Loss of Sir2p function 
leads to increased histone acetylation of the silenced do- 
mains of the genome (as measured by antibody cross- 
reactivity), whereas overexpression of Sir2p leads to de- 
creased acetylation of histones in active regions of the 
genome (as measured by direct labeling of the acetyl 
groups}. In addition, Lin et al. {1989) demonstrated that 
nucleosomes in the condensed micronuclei of Tetrahy- 
mena were not recognized by the antibodies used in this 
report but were recognized by antibodies raised against 
the unacetylated histone H4 amino-terminal domain. 
Similarly, Turner et al. (1990) found that regions of chro- 
matin from Chironomus salivary gland that failed to 
cross-react with anti-acetylated histone antibodies were 
accessible to antibodies against hypoacetylated histones. 
Tumer et al. [19921 also showed that, although different 
regions of Drosophila salivary chromosomes were differ- 
entially acetylated, both euchromatic and heterochro- 
matic regions were accessible to one or more antibodies 

directed against histone H4 tails. Thus, in all of these 
cases, the failure of anti-acetylated histone antibodies to 
react with chromatin is attributable to differences in 
acetylation, not accessibility. Because the structure of 
yeast chromatin is unlikely to be significantly different 
from that of other eukaryotic cells, the level of cross- 
reactivity of nucleosomes with the anti-acetylated his- 
tone antibody most likely reflects the level of acetyla- 
tion of those nucleosomes, rather than their relative ac- 
cessibility to the antibodies. 

With the available data, we cannot distinguish 
whether Sir2p is a histone deacetylase or whether it in- 
hibits a histone acetyltransferase. We have not been able 
to detect a difference in histone deacetylase activity in 
vitro in extracts prepared from SIR2-overexpressing cul- 
tures versus those from control cultures ldata not 
shownt. If Sir2p acts by inhibiting an acetyltransferase, 
inhibition could be direct--through specific inactivation 
of an acetyhransferase enzyme--or indirect--by associ- 
ation of Sir2p with nucleosomes to restrict access of a 
histone acetyltransferase for its substrate. Further inves- 
tigation is necessary to define the mechanism of Sir2p 
action. Nonetheless, we feel confident that the altered 
acetylation pattem induced by Sir2p overexpression is 
not an artifact of overexpression per se: The change in 
histone acetylation attendant on Sir2p expression occurs 
before any notable alteration in cell growth or viability, 
and similar overexpression of Sir3p has no effect on the 
acetylation pattem. 

We have seen that the effects of Sir2p and Sir3p on 
nucleosome acetylation are assymmetric. Nucleosomes 
packaging the silent cassettes are hypoacetylated in 
SIR + strains and fully acetylated in both sir2 and sir3 
strains. This indicates that both gene products are re- 
quired for hypoacetylation of chromatin across the silent 
cassette. Overproduction of Sir2p, however, yields gen- 
eral hypoacetylation, whereas overproduction of Sir3p 
does not. In fact, overexpression of Sir2p and Sir3p to- 
gether causes no more hypoacetylation than does over- 
expression of Sir2p alone {data not shown). One possible 
explanation for this assymmetry is that Sir2p is directly 
responsible for hypoacetylation, whereas Sir3p serves 
primarily to localize Sir2p to the silent cassettes. This 
accounts for the above results and is also consistent with 
the hypothesis derived from genetic suppression studies 
that Sir3p may interact directly with the histone H4 
amino-terminal domain IJohnson et al. 1990). 

The acetylation effects of Sir2p are quite distinct from 
those catalyzed by the amino-terminal protein acetyl- 
transferase encoded by NAT1 and ARD1, even though 
mutation of NAT1 or ARD1 also yields derepression of 
HML {Whiteway et al. 1987~ Lee et al. 1989; Mullen et al. 
1989}. Nat lp/Ardlp acetylates the amino-terminal resi- 
due of several dozen proteins, including histone H2B. 
Unlike the reversible acetylation of lysine residues af- 
fected by Sir2p, amino-terminal acetylation like that cat- 
alyzed by the NAT1/ARD1 protein is irreversible, 
cotranslational, and specific for the a-amino group of a 
wide variety of proteins. Although the biological func- 
tion of neither type of acetylation is completely under- 
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stood, amino-terminal acetylation is thought primarily 
to increase protein stability rather than to alter gene ex- 
pression (Tsunasawa and Sakiyama 1984). 

Does the correlation between silencing and histone 
acetylation reflect a functional connection? 

Although acetylation of nucleosomes correlates with 
gene expression, the basis for this correlation is not en- 
tirely clear. Acetylation neutralizes the positive charge 
of the lysine residues, which might be expected to reduce 
the avidity of the interaction between the nucleosome 
and the DNA wrapped around it (McGhee and Felsenfeld 
1980). Physical measurements, however, have failed to 
identify a significant difference in the affinity of acety- 
lated versus nonacetylated nucleosomes for DNA (Sim- 
pson 1978; Ausio and van Holde 1986; Libertini et al. 
1988). Another possibility is that the charged amino ter- 
mini of histones in the nucleosome facilitate interaction 
with the linker DNA between nucleosomes and with 
histone H1 {or a functional equivalent), which promotes 
formation of the solenoidal 30-nm chromatin fiber 
(Norton et al. 1989; Ridsdale et al. 1990). Thus, acetyla- 
tion would tend to disrupt the condensed 30-nm fibers, 
whereas deacetylation would favor its formation. In this 
context, we would argue that Sir2p promotes deacetyla- 
tion, which in turn promotes condensation of the si- 
lenced DNA into the 30-nm fibers that comprise hetero- 
chromatin. 

Recent observations suggest that acetylation of spe- 
cific lysine residues has a more significant effect on gene 
expression than does acetylation of the nucleosomes as a 
whole. Park and Szostak (1990) showed that conversion 
of all the acetylatable lysines except Lys-16 in histone 
H4 in yeast to either arginine residues (mimicking the 
hypoacetylated state) or alanine residues (mimicking the 
acetylated state) had little effect on the level of silencing 
in the cell. In contrast, converting Lys-16 to alanine 
caused complete derepression of HML, whereas convert- 
ing it to arginine had little effect. This highlighted the 
critical role of Lys-16 of histone H4 in silencingma con- 
clusion concurrently reached and elaborated by Johnson 
et al. (1990, 1992)--and prompted the hypothesis that 
the unacetylated form of histone H4 Lys-16 facilitates 
silencing, whereas the neutral, or acetylated, form inter- 
feres with it. This potentially critical role of the acety- 
lation of histone H4 Lys-16 in gene expression was high- 
lighted further by recent observations indicating that nu- 
cleosomes containing histone H4 acetylated on Lys-16 
were specifically associated with the hyperexpressed X 
chromosome in male Drosophila (Turner et al. 1992). 
Thus, the association of acetylation of Lys-16 in Droso- 
phila with enhanced expression is consistent with a role 
for Lys-16 in its unacetylated form in promoting silenc- 
ing in yeast. In light of these observations, we might 
expect that the primary purpose of yeast histone deacety- 
lation in relation to silencing is to maintain Lys-16 in its 
charged form. This may, for instance, facilitate specific 
critical protein-protein interactions between the nucle- 
osome and other components of the silencing apparatus. 

Deacetylation, heterochromatin formation, and re- 
duced transcription are tightly correlated in eukaryotic 
cells. As noted in the introductory section, actively tran- 
scribed genes are enriched in chromatin hyperacetylated 
on histone H4. In addition, sodium butyrate, an inhibitor 
of histone deacetylase (Candido et al. 1978}, induces 
changes in chromatin structure and stimulates transcrip- 
tion (Muller et al. 1982; Reczek et al. 1982). Also, a sup- 
pressor mutation [Su-var(2)l] of position effect variega- 
tion in Drosophila, a phenomenon in which local 
changes in heterochromatin structure affect the expres- 
sion of adjacent euchromatic genes, causes significant 
hyperacetylation of histone H4 (Dorn et al. 1986). This is 
consistent with the hypothesis that the wild-type prod- 
uct of the Su-var(2) gene is a deacetylase (or promotes 
deacetylation) and that this activity is required for het- 
erochromatic silencing of otherwise active genes. 

Although the correlation between deacetylation, het- 
erochromatization, and silencing is well established, the 
causal relationships among these events are not well de- 
fined. Our results argue that Sir2p may play a role in 
yeast similar to that of the Su-var(2) gene of Drosophila: 
It promotes deacetylation and is necessary to maintain 
chromatin in a silent state. However, Sir2p activitymand 
thus deacetylation--alone is not sufficient for repres- 
sion. Both Sir3p and Sir4p are required, in addition to 
Sir2p, to maintain silencing, the former perhaps through 
direct interaction with the nucleosome (Johnson et al. 
1990). Nonetheless, the results presented in this report 
begin to define the causal relationships underlying si- 
lencing and likely provide a guide for addressing the re- 
lated phenomena of position effect variagation, X chro- 
mosome inactivation, and chromosome imprinting. 

M a t e r i a l s  and  m e t h o d s  

Plasmids 

Plasmids in which SIR2 or SIR3 expression was placed under 
the control of the GALIO promoter were constructed from the 
expression vector YEp51 [Broach et al 19831 and plasmids 
pJH20.1 and pKAN56, containing the cloned SIR2 and SIR3 
genes, respectively (Ivy et al. 1986). A SalI linker was inserted 
into the AccI site of plasmid pill20.1, which lies 45 bp upstream 
of the initial ATG codon of SIR2. The 3.5-kb SalI-HindIU frag- 
ment from the resulting plasmid was inserted into YEp51, form- 
ing pAR14. The 3.7-kb HpaI fragment from pKAN63 was ligated 
into the SmaI site of pUC12. This plasmid (pAR3) was lmear- 
ized with SacI, treated with exonuclease BAL 31, and reclosed in 
the presence of SalI linkers. The 3.5-kb SalI-BamHI fragment 
from one of the recovered plasmids, in which the SalI site is 7 bp 
upstream of the initial ATG codon of the SIR3 open reading 
frame, was inserted into YEp51 to create pAR16. 

Plasmid pAR36, used to produce a chimeric TrpE--Sir2p pro- 
tein to elicit anti-Sir2p antibodies, consists of the 2.7-kb BglII- 
HindIII fragment, spanning from codon 276 of SIR2 to the end of 
the gene, inserted into plasmid pATH3 (Dieckman and Tza- 
goloff 1985). 

Chromosomal disruptions of SIR2 and SIR4 were created by 
use of plasmids C369 and pMM10.7, respectively, and disrup- 
tions of SIR3 were created by use of either plasmid C649 or 
pAR78. Plasmid C369 consists of YIp5 carrying a HindIII frag- 
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ment spanning SIR2, into the BgllI site of which the 852-bp 
EcoRI-BglII fragment containing TRP1 is inserted. Plasmid 
C649 consists of pBR322 carrying a BamHI-SalI fragment span- 
ning SIR3, into the BgllI site of which a 4-kb BgtlI fragment 
from YEpl3 containing the LEU2 gene is inserted. Plasmid 
pMM10.7 carries the sir4::HIS3-2 allele and has been described 
previously (Marshall et al. 1987). Plasmid pAR78 consists of 
pUC 12 carrying a 2.6-kB BamHI-PstI fragment spanning LE U2, 
bracketed on one side by a 1.7-kb PstI fragment encompassing 
the first 750 bp of the SIR3-coding region and its 5'-flanking 
sequence, and on the other side by a 400-bp HpaI-BamHI frag- 
ment encompassing the 3'-flanking sequences of SIR3. Plasmid 
pSH100 consists of the BamHI-SacI fragment encompassing 
SIR3 cloned into the corresponding sites of the TRPl-based YIp 
vector pRS404 [Sikorski and Hieter 1989). 

Plasmid pAR63, used for truncation of chromosome III cen- 
tromere-proximal to HMR, was derived from the chlomosome 
truncation vector YCF3 (kindly provided by P. Hieter, Johns 
Hopkins University, Baltimore, MD), by inserting into its 
unique EcoRI site the 0.6-kb EcoRI fragment located immedi- 
ately centromere-proximal to HMR. Plasmid pART0 consists of 
pBR322 carrying in its PvuII site a 4.8-kb fragment spanning 
LYS2. Introduction of the ala2-C46 allele into HML was ac- 
complished using plasmid pSH101, which consists of YIp5 car- 
vying at its HindlII site the 4.3-kb HindIII fragment spanning the 
matala2-C46 gene (Siciliano and Tatchell 1984}. 

Plasmids pDM44 and pDM71, used as sources of MATa- and 
MATs-specific probes, have been described previously (Ma- 
honey and Broach 19891. Plasmids YRpl31b (Chan and Tye 
1983}, pNN72 (St. John and Davis 19811, and pRBI54 (Sore et al. 
1988] were used to generate Y-specific, GALl-specific, and 
ACTl-specific probes, respectively. 

Media and strains 

Synthetic medium (SC} consisted of 6.7 grams/liter of yeast 
nitrogen base [Difco), supplemented with amino acids, adenine, 

and uracil as described (Sherman et al. 1979). Carbon sources 
were added to a concentration of 2%. FOA plates are SC plates 
containing 1.0 mg/ml of 5-fluoroorotic acid. YEPD consisted of 
1% yeast extract, 2% bactopeptone, and 2% glucose. 

Yeast strains used in this study are listed in Table 2.  Strains 
Y 1422 and Y 1423 were obtained by transforming strain Y851 to 
Trp + with HindIII-digested C369 DNA and to Leu + with 
BamHI plus SalI-digested C649 DNA, respectively. Strain 
Y1462 was obtained by transforming a his3 derivative of Y851 
to His + with ClaI- plus ScaI-digested pMM10.7 plasmid DNA. 
The his3 derivative of strain Y851 was created by a two-step 
disruption of the HIS3 gene, using a YRp-URA-his3A200 plas- 
mid, p510, provided by P. Hieter. 

Strain Y1197 was obtained by first deleting HMR from strain 
YPH49, by transforming it to Ura + with the chromosome frag- 
mentation plasmid pAR63 DNA, and then converting the 
URA3 SUPll markers at the site of trunction to LYS2 by a 
one-step transplacement, using pAR70 DNA. Strain YSH124 
was obtained by transforming strain Yl197 to Leu § with 
BamHI plus HindlII-digested pAR78 DNA. Strain YSH126 was 
obtained from strain YSH124 by a two-step disruption proce- 
dure. Ura § transformants of strain YSH124, obtained with 
HpaI-digested pSH101 DNA, were screened by Southern analy- 
sis to identify those in which the plasmid DNA had integrated 
at HML. Ura- revertants of one such transformant were ob- 
tained by plating on FOA plates and were screened for concom- 
itant acquisition of a-mating capacity. That such revertants 
now carried the ala2-C46 allele at HML was confirmed by 
Southern analysis, and one was retained as strain YSH126. In- 
troduction of the SIR3 gene into strain YSH126 was accom- 
plished by transforming it to Trp + with XbaI-digested pSH 100, 
to yield strain YSH129. The presence of a functional SIR3 gene 
in YSH 129 was confirmed by Southern analysis and by crossing 
it to strain Y1423 {HMLa matal HMRa sir3) to observe that the 
diploid had the expected a mating-type. 

Strain Y1191 was a segregant from a cross between strains 
PKY499 (Kayne et al. 1988) and AB8-16C. Isogenic derivatives of 

T a b l e  2. Strains used in this study 

Strain Genotype Source 

BJ2169 
Y851 
Y1422 
Y1423 
Y1462 
YPH49 

YI197 

YSH124 

YSH126 

YSH129 

AB8-16C 

Yl191 

Yl186 

MA Ta leu2-3,112 trpl ura3-52 prbl -I 122,407 pep4-3 
matal HMLa HMRs leu2-3,112 ura3-52 ade8 trpl A901 
isogenic to Y851, sir2::TRP1 
isogenic to Y851, sir3::LEU2 
isogenic to Y851, his3h200 sir4::HIS3 
MATa HMLa HMRa teu2-3,112 ura3 52 ade2-101 trpl-At 

lys2-801 
MATa HMLa A(hmr-ter)::LYS2 teu2-3,112 ura3-52 

ade2-101 trpl-Al lys2-801 
MATa HMLa A(hmr-ter)::LYS2 leu2-3,112 ura3-52 

ade2-101 trpl-A1 lys2-801 sir3::LEU2 
MATa hmls la2-C46 A(hmr-ter)::LYS2 leu2-3,112 

ura3-52 ade2-t0t trpl-Ai tys2-801 sir3::LEU2 
MA Ta hm l ~xl (~2-C46 A(hmr-ter) : : L Y S2 leu2-3,112 

ura3-52 ade2-101 trpl-hl lys2-801 
sir3: :LE U2: : SIR3-TRP1 

MATs his3Al ade2 leu2-3,I12 ura3-52 trpl-289 
LYS2::GALI-lacZ 

MATs ade2 his3Al leu2-3,112 trpl A901 ura3-52 
hhfI::HIS3 hhf2::LEU2 LYS2::GALI-IacZ 
[YCp--URA3--HHF2] 

isogenic to Y1191, [YCp--URA3--hhf2A(4--14)] 

E. Jones (Carnegie Mellon University, Pittsburgh, PA} 
lab stock 
this study 
this study 
this study 
P. Hieter (Johns Hopkins University, Baltimore, MD) 

this study 

this study 

this study 

this study 

lab stock 

this study 

this study 

600 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on May 18, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Histone acetylation and silencing in yeast 

Y1191 that differed only in the plasmid-borne hhf2 allele were 
derived from strain Y l l g l  by a plasmid shuffle procedure as 
follows. Strain Y l l g l  was transformed to Trp + with plasmid 
pMH310 {YCpTRP-HHF21, and a Ura- segregant of one such 
transformant was recovered. This segregant was transformed to 
Ura + with plasmid pPK617, and Trp- segregants of selected 
transformants were recovered to yield strain Y1186. SIR2- and 
SIR3-overexpressing versions of these strains were obtained by 
transforming each of them to Trp + with plasmid pAR44 or 
pAR82, respectively. 

Immunological procedures 

Preparation of antibodies Anti-Sir2p antibodies were raised in 
New Zealand rabbits to a TrpE-Sir2 fusion protein that was 
isolated as described (Dieckmann and Tzagoloff 1985) from E. 
coli strain RR1 containing plasmid pAR36. Antibodies against 
Sir3p were also raised in rabbits using a synthetic peptide cor - 
responding to the predicted carboxy-terminal 22 amino acids of 
Sir3p coupled to keyhole limpet hemocyanin by the N-maleim- 
idobenzoyl-N-hydroxy succinimide ester method (Liu et al. 
1979; Green et al. 1982]. In both cases, rabbits were injected 
subcutaneously in Freund's adjuvant with 250 ~g of antigen 
initially and 40--50 ~g in subse~tuent boosts. Preparation and 
characterization of antibodies against multiply acetylated his- 
tone H4 protein have been described previously (Lin et al. 1989). 

Western blots Western blots were performed essentially as 
described by Blake et al. (1984). Yeast cells were grown in SC 
media with the indicated carbon source to a density of 2 x 107 
to 4 x 10 z cells/ml. Cells were harvested, resuspended in l/so 
volume buffer (10 mM Tris-HC1 at pH 7.4, 50 mM EDTA, 0.1% 
Triton X-100, 2 ~g/ml of aprotinin, 0.1 ~M pepstatin A), and 
disrupted by vortexing five times with glass beads for 1 min 
each time. Samples of the extract were fractionated by poly- 
acrylamide gel electrophoresis, and the fractionated protein was 
transferred to nitrocellulose or GeneScreen Plus using a semi- 
dry blotter (American Bionetics) according to the manufactur- 
er's instructions. Anti-Sir2p and anti-Sir3p antisera were used at 
1 : 300 dilution, and blots were developed with goat anti-rabbit 
IgG conjugated to alkaline phosphatase (Sigma, 1 : 1000 dilu- 
tion}. 

Determination of in vivo histone acetylation patterns 

Cultures of the indicated yeast strains were grown in SC plus 
raffinose medium at 30~ to a density of 5 x 1 0  6 cells/ml, at 
which point galactose was added to a concentration of 2% and 
incubation was continued for an additional 3 hr. Cells were 
harvested and converted to spheroplasts as follows. Cells were 
resuspended in 0.1 mM Tris-HC1 (pH 9.4), 10 mM dithiothreitol 
{1 gram of cells/2 ml of buffer), incubated for 15 min at 30~ 
washed once in Sorbitol/HEPES (1.2 M Sorbitol, 20 mM HEPES 
at pH 7.4), and resuspended in 5 ml of Sorbitol/HEPES plus 2 mg 
of Zymolyase 100T per gram of cells. Mter 30 rain at 30~ 10 
ml of 1.2 M Sorbitol, 20 mM PIPES (pH 6.8), and 1 mM MgCt2 per 
gram of cells was added and the spheroplasts were harvested by 
centrifiagation. 

Histones were labeled and extracted by a modification of the 
method of Alonso and Nelson (1986}. Spheroplasts from 1 gram 
of cells were resuspended in 5 ml of labeling buffer (2 mM 
MgC12, 2% galactose, 0.3% casamino acids, 20% Sorbitol, 20 
m~ KHzPO 4 at pH 6.21 and incubated for 15 min at 30~ 3H- 
labeled acetate (5 mCi, 3.3-3.6 Ci/mmole) was added, and the 
incubation was continued for i hr. Spheroplasts were harvested, 
resuspended in 10 ml of ice cold NIB [0.25 M sucrose, 60 mM 
KC1, 15 mM NaC1, 5 mM MgCI2, 1 mM CaCI2, 15 mM MES, 0.8% 

Triton X-100, 0.1 mM phenylmethylsulfonyl fluoride (PMSF}], 
incubated at 0~ for 15 min, washed twice with ice-cold NIB, 
resuspended in 2 ml of 0.4 M H2SO4, and incubated at 0~ for 1 
hr. After removing cellular debris by centrifugation, the super- 
natant was dialyzed against 95% ethanol at 4~ for at least 24 hr 
with three changes of ethanol. The resulting precipitate was 
collected by centrifugation, air-dried, and resuspended in 0.1 ml 
of loading buffer {20% sucrose, 1% [~-mercaptoethanol, 5% ace- 
tic acid, 0.02% pyronin Y). 

Samples were boiled for 5 rain, and equal amounts of labeled 
material (as determined by cpm) were loaded in each lane of a 
17-cm Triton-acetic acid-urea gel [15% Iwt/vol) acrylamide, 
0.1% (wt/vol)bisacrylamide, 8 M urea, 5% {vol/vol) acetic acid, 
0.3% Triton X-100, 0.5% {vol/vol)TEMED, 0.06% (wt/vol)am- 
monium sulfate], which had been prerun overnight at 200 V in 
5% acetic acid running buffer. Into each lane, 0.03 ml of Scav- 
enge (8 M urea, 5% acetic acid, 0.6 M mercaptoethylamine) was 
loaded for the last hour of the prerun. Electrophoresis was for 20 
hr at 200 V, and gels were fixed for 30 min in 40% (vol/vol) 
methanol, 10% acetic acid, before preparation for fluorography 
as described (Bonner and Laskey 1974). Duplicate gels were 
stained with Coomassie blue to estimate the relative amount of 
protein in each lane. Preflashed film was exposed to dried gels 
for 2-20 weeks at -70~ 

Immunoprecipitation of nucleosomes 

Immunoprecipitation of chromatin with anti-acetylated his- 
tone H4 antibodies was performed by a modification of the pro- 
cedure described by Dedon et al. (1991). Cells were grown to a 
density of 107 cells/ml, at which point they were fixed by the 
addition of formaldehyde to a concentration of 1% and incuba- 
tion at 23~ for 10 min. Fixed cells (50 ml) were harvested by 
centrifugation for 5 min at 2000g and converted to spheroplasts 
as described in the preceding section. Spheroplasts were washed 
sequentially in 2.5 ml of ice-cold PBS (10 mM NaH~PO4, 150 mM 
NaC1 at pH 7.4), 2.5 ml of buffer I (0.25% Triton X-100, 10 mM 
EDTA, 0.5 mM EGTA, 10 mM HEPES at pH 6.5), and 2.5 ml of 
buffer II (200 mN NaCt, 1 mM EDTA, 0.5 mM EGTA, 10 mM 
HEPES, pH 6.5) and then resuspended in 0.5 ml of lysis buffer 
(1% SDS, 10 mM EDTA, 50 mM Tris-HC1 at pH 8.1, 0.8 ~g/ml 
of pepstatin A, 0.6 l~g/ml of leupeptin, 1 mM PMSF). The sus- 
pension was then sonicated 10 times for 10 sec each and clari- 
fied by centrifugation for 10 min in a microcentrifuge. The su- 
pernatant was diluted 10-fold with dilution buffer (1% Triton 
X-100, 2 mM EDTA, 150 m~a NaC1, 20 mM Tris-HC1 at pH 8.1) 
to yield the solubilized chromatin solution. 

For immunoprecipitation, 1 ml of solubilized chromatin so- 
lution was mixed with 7.5 ~1 of undiluted anti-acetylated his- 
tone H4 serum and incubated overnight at 4~ Sonicated phage 
h DNA (2 ~g) and protein A-Sepharose 4B beads (45 ~1 of a 50% 
suspension in 10 mM Tris-HC1 at pH 8, 1 mM EDTA; Zymed 
Laboratories, Inc.) were added, and the incubation continued for 
1 hr. Beads were then harvested by centrifugation and incubated 
sequentially for 10 min each in TSE (0.1% SDS, 1% Triton 
X-100, 2 mM EDTA, 20 mM Tris-HC1 at pH 8.1) plus 150 mM 
NaC1, TSE plus 500 mM NaC1, and buffer III (0.25 M LiC1, 1% 
Nonidet P-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HC1 
at pH 8.1 ). The beads were then washed three times with TE and 
then extracted three times with 1% SDS, 0.1 M NaHCO3. The 
pooled eluates were heated to 65~ for 4 hr to reverse the form- 
aldehyde cross-links, and the released DNA was precipitated 
with ethanol. Precipitates were resuspended in 20 ~1 of TE, 
digested with proteinase K (Maniatis et al. 1982), extracted with 
phenol/chloroform {1 : 1), and then ethanol precipitated. The 
precipitates were resuspended in 40 ~1 of TE and, after boiling 
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for 5 min, 10-~1 aliquots were applied to nitrocellulose filters, 
using a slot-blot apparatus. The filters were hybridized with the 
indicated DNA probes, 32p-labeled by random primer incorpo- 
ration (Maniatis et al. 1982). 

Control samples from total chromatin were prepared by the 
incubation of 400 ~1 of chromatin solution at 65~ for 4 hr and 
then precipitation with ethanol. The precipitated samples were 
resuspended, treated with proteinase K, extracted with chloro- 
form, ethanol precipitated, and resuspended in 40 ~1 of TE. A1- 
iquots { 10 ~1) were applied to nitrocellulose filters and treated as 
described above. 
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