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SUMMARY

Heterochromatin assembly in budding yeast re-
quires the SIR complex, which contains the NAD-
dependent deacetylase Sir2 and the Sir3 and Sir4
proteins. Sir3 binds to nucleosomes containing
deacetylated histone H4 lysine 16 (H4K16) and, with
Sir4, promotes spreading of Sir2 and deacetylation
along the chromatin fiber. Combined action of
histone modifying and binding activities is a
conserved hallmark of heterochromatin, but the rela-
tive contribution of each activity to silencing has re-
mained unclear. Here, we reconstitute SIR-chromatin
complexes using purified components and show that
the SIR complex efficiently deacetylates chromatin
templates and promotes the assembly of altered
structures that silence Gal4-VP16-activated tran-
scription. Silencing requires all three Sir proteins,
even with fully deacetylated chromatin, and involves
the specific association of Sir3 with deacetylated
H4K16. These results define a minimal set of compo-
nents that mediate heterochromatic gene silencing
and demonstrate distinct contributions for histone
deacetylation and nucleosome binding in the silenc-
ing mechanism.

INTRODUCTION

Assembly of DNA into silent chromatin domains is utilized by all
eukaryotic organisms to restrict activity in certain chromosomal
loci (Grewal and Moazed, 2003; Richards and Elgin, 2002). This
restriction mechanism can stabilize structural regions of the
chromosome or prevent gene expression. Silencing is achieved
by a set of proteins that spread across the target locus, changing
the structure of the chromatin fiber in a manner that can be
faithfully inherited through many cell divisions. In most eukary-
otes, these silenced regions are termed heterochromatin,
because they have a noticeably different condensed appear-
ance throughout the cell cycle compared to actively transcribed

parts of the genome, called euchromatin. Silent chromatin is also
characterized by a distinct pattern of histone hypoacetylation
and often methylation on particular lysine residues (Jenuwein
and Allis, 2001; Moazed, 2001; Shahbazian and Grunstein,
2007). Silencing is associated with cell differentiation, even in
unicellular organisms, where it determines cell type and controls
sexual reproduction. In multicellular organisms, heterochro-
matin-like regions are implicated in maintenance of cell identity
during development (Ringrose and Paro, 2004).

S. cerevisiae has served as a major model for dissecting steps
in assembly of silent chromatin domains. Silent chromatin
occurs at three main regions of the S. cerevisiae genome: the
mating-type loci, telomeres, and rDNA (reviewed in Rusche
et al., 2003; Moazed, 2001). Silencing at the mating-type regions
and telomeres share many mechanistic features, while rDNA
silencing is achieved by a distinct mechanism. Silencing at the
two silent mating-type loci (HMR and HML) has been extensively
studied. The ~3 kb regions are flanked by DNA sequences,
called silencers, which contain binding sites for factors that, in
combination, can recruit the silent information regulator (Sir)
proteins. Sir2-4 are important for mating identity, telomeric
gene silencing, and telomere clustering in yeast, while the Sir1
protein is only required at the mating-type loci. Sir2, Sir3, and
Sir4 form a complex, the SIR complex, which is associated
continuously across silent regions, and Sir2 and Sir4 (Sir2/4)
have been purified as a heterodimer (Hecht et al., 1996; Hoppe
et al., 2002; Moazed et al., 1997; Moretti et al., 1994; Strahl-
Bolsinger et al., 1997).

Silent chromatin at the yeast mating-type loci and telomeres is
established in three steps: initiation, nucleation, and spreading
(Hoppe et al., 2002; Luo et al., 2002; Rusche et al., 2002). Initia-
tion is characterized by recruitment of the Sir2/4 complex by
sequence-specific DNA-binding proteins that have bound their
target sequence, the silencer element (Figure 1A). Sir3 also
becomes associated with the silencer region, primarily through
interaction with Sir4. Sir2 is an NAD-dependent histone deacety-
lase with specificity for H4K16 (Imai et al., 2000; Landry et al.,
2000; Smith et al., 2000), while Sir3 and Sir4 bind to deacetylated
histone H3 and H4 N termini (Hecht et al., 1995). When Sir2 is
recruited to a silencer element, it is thought to deacetylate adja-
cent N-terminal histone tails and create a deacetylated nucleo-
some platform that Sir3 and Sir4 bind. Spreading involves
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Figure 1. Reconstitution of Acetylated Yeast Chromatin

(A) A basic model for SIR complex assembly into silent chromatin. DNA-binding proteins act as recruitment factors (RF) to direct the SIR complex to target chro-
mosomal regions. An iterative cycle of NAD-dependent histone deacetylation and direct chromatin association by the SIR complex leads to spreading of the SIR
complex and produces a SIR-coated chromatin fiber that silences transcription. Deacetylation produces the small-molecule O-acetyl-ADP ribose (OAADPR or
AAR), which may be incorporated into the SIR complex during assembly on chromatin.

(B) Scheme for chromatin assembly using E. coli-expressed yeast histones, purified assembly factors, and a linear biotinylated HMR DNA fragment. Limited
micrococcal nuclease (MNase) digestion of the assembled chromatin yields a ladder pattern, indicating regularly spaced nucleosomes. Positions of mono-,
di-, and trinucleosomal DNA are indicated.

(C) The biotinylated chromatin was immobilized on streptavidin-coated magnetic beads, and the assembly factors were washed away. Histones remained stably
associated in the proper stoichiometry after conjugation and washing. Input histones were stoichiometric by Coomassie, but each histone stains to a different
extent by silver, shown in the panel.

(D) The bead-conjugated chromatin is acetylated with the Piccolo HAT complex, which is subsequently washed away. Piccolo treatment produces a strong signal

for acetylation of H4K16, which is abolished upon H4K16A mutation.

iterative cycles of deacetylation, which are coupled to associa-
tion of many copies of the SIR complex with nucleosomes across
multiple kilobases away from the silencer element in a DNA
sequence-independent manner (Figure 1A). In addition to deace-
tylation, spreading requires self-self interactions within the SIR
complex and is dependent on the ability of Sir3 to form a complex
with Sir2/4 (Hoppe et al., 2002; Liou et al., 2005; Rudner et al.,
2005). Finally, NAD-dependent deacetylation by Sir2 generates
O-acetyl-ADP-ribose (OAADPR or AAR), which in vitro studies
suggest acts together with the histone H4 N terminus to promote
the association of multiple copies of Sir3 with Sir2/4 (Liou et al.,
2005). AAR may contribute to SIR complex spreading in vivo,
although a recent study suggests that its synthesis is not
required for silencing (Chou et al., 2008).

Investigation of the assembly of the Sir proteins into silent
chromatin has suggested that a specialized structure is created
during establishment of silencing. Early studies demonstrated

that silent chromatin is inaccessible to DNA methyliransferase
and restriction endonuclease action (Gottschling, 1992; Loo
and Rine, 1994). More recently, it has been shown that certain
histone mutations produce a situation in vivo where the Sir
proteins are associated across a region normally targeted for
silencing, yet the region is not silenced, indicating that the asso-
ciation of the SIR complex with chromatin may not be sufficient
for gene silencing (Xu et al., 2007; Yang et al., 2008; Yang and
Kirchmaier, 2006). In addition, electron micrographs of reactions
containing the Sir proteins and affinity-purified chromatin
revealed fiber structures that required the presence of all three
Sir proteins and were not observed in the absence of NAD or
when chromatin with an H4K16 mutation replaced WT chromatin
(Onishi et al., 2007).

Although genetic studies have identified a requirement for
a core set of proteins in gene silencing in budding yeast, the
minimal set of proteins that can establish heterochromatin has
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not yet been defined. Furthermore, while the importance of all
three Sir proteins in silencing is appreciated, it is unclear whether
the Sir3 and Sir4 proteins perform functions beyond the
spreading of Sir2-mediated deacetylation. In this study, we use
in vitro-assembled chromatin templates to investigate the inter-
actions and silencing activities of the SIR complex. We find that
Sir8 interaction with chromatin can be disrupted by histone
acetylation or by removal of H4K16. However, Sir2/4 binds to
chromatin independently of these changes and can recruit Sir3
to an acetylated chromatin template. Importantly, we demon-
strate that the silencing activities of the SIR complex, which
are accompanied by a structural alteration in the chromatin
template, require NAD-dependent deacetylation, even though
deacetylation is not required for binding of the full SIR complex
to chromatin. Furthermore, mutation of H4K16 disrupts the
silencing activities of the SIR complex without affecting its
Sir2/4-mediated association with chromatin, demonstrating that
specific Sir3-nucleosome interactions are required to achieve
silencing.

RESULTS

Reconstitution of Acetylated Yeast Chromatin

In order to analyze the mechanism of silent chromatin assembly
using purified components in vitro, a specific chromatin
assembly scheme was developed. S. cerevisiae histones were
purified from E. coli to avoid posttranslational modification
(confirmed by mass spectrometry) (Figure S1C), as described
previously for histone preparations (Figure S1) (Luger et al.,
1999). Histone chaperone Nap1 and the nucleosome spacing
complex Isw1a were purified and used to assemble a regularly
spaced nucleosome array on a biotinylated PCR fragment
bearing the sequence of the HMR locus (Figure 1B). The
in vitro-assembled chromatin was subsequently conjugated to
streptavidin-coated magnetic beads, and the assembly factors
washed away (Figures 1C and S1E).

The bead-bound chromatin was found to be permissive to
acetylation by the catalytic Piccolo subcomplex of the NuA4
histone acetyltransferase (HAT) complex (a kind gift from
B. Hnatkovich and S. Tan). Approximately thirteen lysines per
histone octamer were acetylated by Piccolo (determined by
3H-acetyl incorporation [data not shown]). A robust signal was
observed for the acetylated chromatin using an antibody that
recognizes acetyl-H4K16, and this signal was lost upon mutation
of lysine 16 to alanine (Figure 1D). H4K16 is particularly important
for silencing and for the interaction of Sir3 with histone H4
N-terminal peptides and the nucleosome (Liou et al., 2005;
Onishi et al., 2007; Rusche et al., 2003; Shahbazian and Grun-
stein, 2007).

Acetylation or Mutation of H4K16 Disrupts Sir3
Interaction with Chromatin

The bead-bound chromatin templates were used in binding
assays with the Sir proteins to test the effects of chromatin
modification on the interaction. The Sir proteins were overex-
pressed in yeast and affinity-purified as described (Buchberger
et al., 2008; Liou et al., 2005; Onishi et al., 2007) (Figure S2).
Sir8 was purified alone, and Sir2 and Sir4 were coexpressed

and purified as a complex in order to maintain Sir4 integrity
during purification.

Sir3 alone was incubated with the bead-conjugated, WT,
unmodified nucleosome array, and the two were found to stably
interact through washing of the beads (Figure 2A). Sir3 bound to
the chromatin template at approximately a 1:2 (Sir3:nucleosome)
ratio, though the reaction contained a 2-fold molar excess of
Sir3. Acetylation of the chromatin caused a dramatic inhibition
of the Sir3-chromatin interaction. Consistent with previous
studies (Liou et al., 2005; Onishi et al., 2007), we found that the
substitution of H4K16 with alanine disrupted the Sir3-chromatin
interaction (Figure 2A), indicating a direct role for H4K16 and its
acetylation in controlling the association of Sir3 with the chro-
matin template.

The above experiment, together with the demonstrated
specific affinity of Sir3 for H4 peptides that contain a deacety-
lated lysine 16 (Liou et al., 2005), eliminates the possibility that
H4K16 affects Sir3 binding indirectly through effects on other
histone modifications. Nonetheless, it remains possible that
altering H4K16 also changes the conformation of the chromatin
such that Sir3 cannot bind, because acetylation and mutation of
H4K16 is known to affect chromatin structure (Dorigo et al.,
2003; Shogren-Knaak et al., 2006). To address this possibility,
we tested the interaction between Sir3 and a mononucleosome,
avoiding the effects of higher-order chromatin structure. Mono-
nucleosomes were reconstituted by salt dialysis onto a DNA
fragment bearing the 601 nucleosome positioning sequence
(Li and Widom, 2004). A gel shift assay was used to compare
the ability of Sir3 to complex with WT and mutant nucleosomes.
When a mononucleosome reconstituted with H4K16A was used
in the assay, Sir3 associated with the nucleosome with 4.5-fold
less affinity, indicating a direct role for H4K16 in Sir3 binding to
the nucleosome (Figures 2B and 2C).

Sir2/4 Bridges Sir3 to Chromatin

Next, we tested the ability of the Sir2/4 complex to interact stably
with chromatin. Sir2/4 bound efficiently to the WT chromatin
(Figure 3A). Surprisingly, modification by acetylation or H4K16
mutation had no observable effect on the interaction of Sir2/4
with the nucleosome array, suggesting that factors other than
H4K16 acetylation regulate Sir2/4 chromatin interactions. More-
over, when Sir3 and Sir2/4 were preassembled into the SIR
complex (Sir2/3/4), all three proteins stably associated with
chromatin, irrespective of acetylation or H4K16A mutation
(Figure 3B). Sir2/4 promoted approximately twice as much Sir3
association with WT chromatin as Sir3 alone, leading to a ratio
of ~2:1:2 (Sir3:Sir2/4:nucleosome). We presumed that the asso-
ciation of Sir3 with modified chromatin was mediated through
the interaction between Sir3 and Sir4, which involves a coiled-
coil region on Sir4 and the extreme C terminus of Sir3 (Chang
et al., 2003; Moazed et al., 1997; Rudner et al., 2005). To test
this, Sir2/4 complex containing an 11311N mutation in Sir4 was
purified. This mutation was previously shown to disrupt Sir3-
Sird coimmunoprecipitation and Sir3 recruitment to silent loci
(Rudner et al., 2005). The mutant Sir2/4 complex was not able
to recruit Sir3 to the H4K16A chromatin template (Figure 3C),
confirming that Sir4 serves to bridge Sir3 to modified chromatin.
This is likely to reflect different modes of binding to acetylated
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Figure 2. Sir3 Binding to Chromatin Requires Unmodified
H4K16

(A) Sir3 was incubated with bead-conjugated chromatin, the beads
were washed, and chromatin association was determined by western
blot analysis of the bead-bound fraction. Sir3 alone was incubated
with WT chromatin (WT) + histone acetyltransferase treatment (HAT)
or chromatin containing a H4K16-to-alanine mutant (H4K16:Ala).

(B) Sir3 association with a *2P-labeled mononucleosome was tested
by gel shift assay. Nucleosomes with either WT (left) or H4K16A (right)
histones were preincubated with Sir3 (ratio of Sir8 monomer: nucleo-
some shown) and subsequently run on a native polyacrylamide gel.
The gel was dried and visualized by storage phosphor screen.

(C) Quantification of bound versus free nucleosome from two experi-
ments was used to determine an average apparent Kp value for
a mononucleosome and a dimer of Sir3. Error bars are deviations
from the mean.

complete loss of acetylation on H4K16 (Figure 3D).
Although Sir2 has been shown previously to have some
specificity for H4K16 on peptide substrates, we observed
deacetylation of many lysine residues when using nucleo-
some arrays (data not shown). Monitoring overall deace-
tylation of ®H-acetyl-chromatin, Sir2 removed virtually all
acetyl groups from the chromatin substrate, indepen-
dently of Sir3 (Figures 3E and S3). Thus, consistent with
the general state of deacetylation of silent chromatin
in vivo (Suka et al., 2001), these results demonstrate
that Sir2 can efficiently deacetylate nucleosomes in the
absence of other cofactors.

Isw1a/Nap1 Disrupts the Association of Sir2/4
with Chromatin
The above results demonstrate that Sir2/4 association
with chromatin is not sensitive to H4K16 mutation or
acetylation. What, then, modulates Sir2/4 interaction
with chromatin to prevent nonspecific silent chromatin
assembly? In the course of this study, we observed that
the components of the chromatin assembly reaction,
which have also been shown to have chromatin remodel-
ing activity (Vary et al., 2003), could disrupt Sir2/4 associ-
ation with chromatin when present during the chromatin-
binding reaction (Figure 3F). This effect was mainly
through Nap1, though the presence of the Isw1a complex
and ATP was necessary for maximal disruption of Sir2/4
chromatin association (data not shown). This observation
suggests that the association of Sir2/4 with chromatin is
readily reversible in the presence of nucleosome-binding
or -remodeling complexes. In contrast, binding of Sir3 to the
chromatin template prevented the disruption of the Sir2/4-chro-
matin interaction by the assembly factors (Figure 3F), suggesting
that Sir3 can stably bind to unmodified chromatin in the presence
of competing assembly components and stabilizes the associa-
tion of Sir2/4 with chromatin.

Antisilencing Chromatin Prevents Sir3 Association

Certain chromatin marks are thought to prevent silencing
proteins from binding to regions of the genome that should
not be silenced. This “antisilencing” has the added effect of
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Figure 3. Sir2/4 Activities on Chromatin

(A and B) Sir2/4 (A) and the SIR complex (B) were used in chromatin association assays similar to those in Figure 2A, in the absence of NAD.

(C) Titration of either WT or Sir4l1311N Sir2/4 subcomplex into a chromatin pull-down reaction containing a constant amount of Sir3 and H4K16A chromatin.
(D) Sir2/4 was titrated into a reaction containing HAT-treated chromatin, Sir3, and NAD. The presence of Sir3 and Sir4 was determined by silver stain.

(E) Bead-bound chromatin was acetylated in the presence of 3H-acetyI-CoA and subsequently treated with the SIR complex in the presence of NAD. Beads were

washed and counted for 3H by liquid scintillation.

(F) Sir2/4 binding to chromatin was assayed in the presence of the chromatin assembly components Isw1a and Nap1. The effect of addition of Sir3 was further

tested.

directing the Sir proteins to the appropriate place in the genome,
avoiding dilution of the limited pool of Sir proteins, which can
disrupt silencing. The most important of the antisilencing marks
are the methylation of histone H3 lysine 79 (H3K79) (Ng et al.,
2002, 2003; van Leeuwen et al., 2002) and the replacement of
histone H2A with the histone variant Htz1 in the nucleosome
(Meneghini et al., 2003; Zhang et al., 2004). We tested whether
these antisilencing chromatin modifications play a direct role in
regulating the interactions of Sir proteins with chromatin.

We observed a disruption of Sir3 association with chromatin
containing H3K79 mutated to alanine, similar to the disruption
observed with chromatin containing the H4K16A mutation
(Figure 4A). We found that Htz1-containing chromatin was
also impaired for association with Sir3 (Figure 4A). Surprisingly,
little difference was observed in the affinity of Sir3 for WT and
H3K79A mononucleosomes (Figure 4B). The tight interaction

between H4K16 may be a dominant influence by gel shift,
compared to using a nucleosome array.

Sir2/4 alone was able to bind to H3K79A and Htz1 chromatin
arrays with an affinity similar to WT chromatin (Figure 4C). More-
over, similarly to the H4K16A chromatin, the presence of Sir2/4 in
the chromatin pull-down assay promoted Sir3 association with
these modified chromatin templates (Figure 4D). Thus, antisi-
lencing chromatin modifications function by directly disrupting
the association of Sir3, but not Sir2/4, with chromatin.

In Vitro-Assembled Silent Chromatin Prevents
Restriction Enzyme Access

We next wished to test whether the SIR-chromatin complexes
display characteristics of in vivo silent chromatin. A previous
report demonstrated that the HMR region of silent chromatin
is inaccessible to digestion by several restriction enzymes in
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Figure 4. Antisilencing Chromatin Is Refractory
to Sir3 Binding

1 (A-D) Magnetic bead pull-down experiments were
performed similarly to those in Figure 2. Sir3 alone
(A), Sir2/4 (C), or the SIR complex (D) were incubated
with WT chromatin or chromatin containing either
H4K16A, H3K79A, or the histone variant Htz1 replac-
ing histone H2A. Quantification of a mononucleosome
gel shift assay with either a WT or a H3K79A nucleo-
some and Sir3 is shown in (B).
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isolated nuclei (Loo and Rine, 1994). We tested whether the
chromatinized HMR template used in this study (Figure 5A)
was similarly affected by association of the SIR complex. Deace-
tylation-coupled SIR-chromatin assembly was treated with the
Bglll restriction enzyme (scheme in Figure 5B, left). A clear inhi-
bition of Bglll activity was observed in the presence of the SIR
complex (Figure 5C, left panel). Using H4K16A chromatin, we
observed ~8-fold reduction in the ability of the SIR complex to
inhibit Bglll access (Figures 5C and 5D). The SIR complex
produced similar effects in a kinetic analysis of Bglll cleavage
(Table S1). These results demonstrate that the in vitro-assem-
bled SIR-chromatin complex displays accessibility properties
that are similar to those described for silent chromatin domains
in vivo and suggest that there is a difference in the structure of
the SIR-chromatin assembly when Sir3 is unable to bind directly
to chromatin.

A Distinct Structural Transition Is Induced upon
Deacetylation-Coupled Association of the SIR Complex
To further investigate the structural changes of chromatin upon
SIR complex association, images of single chromatin particles
were analyzed using electron microscopy (EM). Chromatin was
assembled using a DNA template that was modified on one 5’
end with desthiobiotin, a modified form of biotin that can be
eluted from streptavidin with free biotin (Hirsch et al., 2002).
Bead-bound chromatin was acetylated and eluted from the resin
with free biotin (see scheme in Figure S4A). Eluted chromatin
samples were incubated with or without the SIR complex in
the absence or presence of NAD and subsequently prepared
for analysis by EM. Samples of chromatin alone displayed the
expected “beads-on-a-string” appearance, corresponding to
a spaced nucleosome array (Figure 5E). Upon addition of the
SIR complex in the presence of NAD, a significant structural
change was observed. Chromatin particles in these samples
no longer displayed individual nucleosomes; instead, regions

(Sir3)
0-Sir2

compact particles and those that were
more elongated. Some particles contained
both compact clusters as well as a region
with discernable free nucleosomes. In sam-
ples containing the SIR complex, we also
observed certain chromatin particles with
considerable nucleosome-free regions, perhaps suggesting
nucleosome movement (Figure S4B). In contrast to the samples
with SIR complex and NAD, images of samples containing the
SIR complex, but lacking NAD, contained a higher proportion
of more open chromatin with more discontinuous regions of
high density (Figure 5E, upper right panel).

Quantification of nucleosome array diameter (see Francis
et al., 2004) demonstrated a highly significant shift to a smaller
average diameter for samples containing SIR complex and
NAD, compared to omitting either (Figure 5F). These results
demonstrate that the SIR complex can alter the structure of
chromatin and suggest that NAD-dependent deacetylation,
which allows direct Sir3 association with chromatin, contributes
to this transition.

In Vitro-Assembled Silent Chromatin Represses RNA
Polymerase Ill Transcription

The above results indicated that the SIR-chromatin complexes
assembled in this system share basic properties of yeast hetero-
chromatin; therefore, we wished to test whether this minimal
assembly could repress transcription. A whole-cell yeast extract
was prepared as previously described (Schultz, 1999) that was
shown to have transcription activity. When the HMR fragment
used in this study was incubated with the extract and radiola-
beled NTPs, a band was observed at ~85 nt in addition to a
smaller product that was enriched upon longer incubations
(Figure 6A). The length of this product was consistent with that
of the tRNA™ gene included in this HMR fragment, and the
change in size is likely due to processing to the 72 nt mature
form. Indeed, if a similar DNA that lacked the tRNA gene was
used as a template in the reaction, no product of this size was
observed (Figure 6A). Previous reports have indicated that
RNA polymerase Ill (Pol Ill) genes can be silenced by neighboring
SIR-dependent silent chromatin (Huang et al., 1997; Schnell and
Rine, 1986), similar to RNA polymerase Il (Pol Il) genes.
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suggesting that specific SIR-chromatin contacts were
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ing a reasonable measurement. Transcription from
WT chromatin was repressed ~65% by association
with the SIR complex. In contrast, transcriptional
repression with H4K16A chromatin was only ~4%
(Figure 6C). These results suggest that the SIR
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In vitro-assembled chromatin was also a suitable template
for the transcription reaction from the extract (Figure 6A). Recon-
stituted chromatin was incubated with the SIR complex, fol-
lowed by the addition of NTPs, an ATP regeneration system,
and transcription extract. A clear repression of the transcription
activity was observed upon preincubation of the SIR complex
with the chromatin template (Figure 6B). This repression did
not occur when either Sir2/4 or Sir3 alone were used in the assay
(Figure S5A), but a synergistic effect was observed as Sir2/4 was
titrated into a reaction containing a constant amount of Sir3
(Figure S5B). Thus, the Sir2/4 complex contributes to transcrip-
tional gene silencing beyond histone deacetylation. The SIR
complex did not inhibit transcription from a naked DNA template,

258 + 61]_
227+70(1_ 4
181 & a7l 95%10

of a critical contact such as H4K16 prevents the action
of the SIR complex.

1.8x108

NAD-Dependent Silencing of Activator-

Dependent RNA Pol Il Transcription

The a7 and a2 genes included on the HMR-containing

chromatin template that we used in this study were not

transcribed in our in vitro reactions (Figure 6). We

therefore used a well-studied template with a CYC1
promoter and activator sites upstream of a G-less cassette
(Figure 7A) that yields three RNase T4-resistant transcripts (for
details, see Sawadogo and Roeder, 1985; Woontner et al.,
1991). Gal4-VP16 activator-dependent transcription from this
template is known to be dependent primarily upon the RNA Pol
Il machinery (Keogh et al., 2002).

When the chromatinized Gal4-VP16-bound template was
preincubated with the SIR complex (scheme in Figure 7B),
approximately 5-fold repression of transcription was observed
(Figures 7C and 7D). The template assembled into chromatin
with the H4K16A mutation yielded significantly more transcript
compared to WT chromatin; however, addition of the SIR
complex produced only a 1.25-fold decrease in transcription.
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A Figure 6. The SIR Complex Inhibits RNA Pol Ill Transcrip-
Naked tion on Chromatin
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Neither the Sir2/4 subcomplex nor Sir3 alone could repress tran-
scription comparable to the full SIR complex (1.16- and 1.35-fold
repression, respectively) (Figure 7E). Finally, we tested the ability
of the SIR complex to silence Pol Il transcription of an acetylated
chromatin template. We found that only in the presence of NAD
could the SIR complex repress transcription (Figure 7F). The
effect was nearly equal to that observed on unmodified chro-
matin, even in the presence of HAT activity. These results
demonstrate that the specific association of the SIR complex
with deacetylated chromatin represses transcription and define
a minimal system containing chromatin templates assembled
with the four core histones and the purified Sir2, Sir3, and Sir4
proteins for heterochromatin-mediated gene silencing.

DISCUSSION

Our study set out to address whether the SIR complex itself is
sufficient to assemble a repressive state of chromatin that reca-
pitulates the salient properties of silent chromatin, as established
by extensive previous studies using in vivo approaches. Taken
together, our results define a minimal system that displays key
features of silent chromatin. In this in vitro system, the ability of
the Sir3 protein to associate with a chromatin template is regu-
lated by the acetylation state of H4K16 and is inhibited by well-
established antisilencing regulators. We further demonstrate
that the Sir2/4 subcomplex recruits Sir3 to a chromatin template,
even when Sir3 cannot bind to the template directly. Additionally,
the Sir2/4 subcomplex can efficiently deacetylate nucleosomal

K16A

1%  25.4%

histones in an NAD-dependent manner in the absence
of any added cofactors. This activity promotes a struc-
tural transition of the chromatin, leading to a dense
particle with a continuous cluster of nucleosomes.
Finally, we demonstrate that the SIR-chromatin
assembly reduces accessibility to restriction enzyme
digestion and silences transcription. The silencing
activities of the SIR complex require a specific mode
of association between the full SIR complex and its target chro-
matin that is regulated by H4K16. Furthermore, the requirement
for all three Sir proteins establishes a clear role for nucleosome
binding as well as histone deacetylation in silencing.

Sir3 Interactions with Chromatin Dictate Specificity

of Silencing

Our experiments suggest that Sir3 dictates the specificity of
direct and functional interactions between the SIR complex
and chromatin. We observed that Sir3 association with chro-
matin was disrupted by acetylation or mutation of critical histone
residues that have previously been implicated in assembly of
silent chromatin (Figures 2 and 4). The requirement for H4K16
to remain unacetylated for Sir3 to associate with nucleosomes
was clear from the nucleosome array template experiments
and was further supported by loss of Sir3 binding to the nucleo-
some array and mononucleosome when H4K16 was substituted
with alanine, mimicking the acetylated state. In principle,
multiple factors may contribute to the effect of H4K16 mutation
on Sir3 interaction with the nucleosome array, but the mononu-
cleosome-binding results presented here and previous binding
experiments with histone peptides demonstrate a direct role
for H4K16 in the association of Sir3 with the nucleosome (Liou
et al., 2005) (Figures 2B and 2C).

Previous studies have demonstrated that H4K16 is also
important for higher-order chromatin folding and must remain
accessible for optimal chromatin dynamics, such as compaction
of a nucleosome array (Dorigo et al., 2003; Shogren-Knaak
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Figure 7. The SIR Complex Represses Activator-Dependent RNA Pol Il Transcription

(A) Diagram of a plasmid template bearing an array of Gal4 binding sites upstream of a CYC1 promoter-driven G-less cassette with two expected transcripts, 250
and 277 nt in length (left). The plasmid was assembled into chromatin and analyzed as in Figure 1B for chromatinization of the DNA by limited micrococcal
nuclease digestion.

(B) Scheme of the activator-dependent transcription experiment.

(C) Chromatinized G-less cassette plasmid, assembled with either WT or H4K16A histone octamer, was incubated with or without the SIR complex before initi-
ation of transcription. RNase T1-treated products from duplicate reactions were resolved by denaturing PAGE. Migration positions of 300 and 200 nt RNA markers
are shown. * marks the larger of the two expected transcripts. The topmost doublet band was most likely a read-through transcription product from the G-less
region.

(D) Quantification of transcription inhibition by the SIR complex on either WT or H4K16A templates by storage phosphor screen analysis. Shown are the averages
of three experiments with SD.

(E) Individual components of the SIR complex were tested for Pol Il repression as in (C).

(F) Chromatinized G-less cassette plasmid was acetylated prior to SIR complex incubation performed in the absence or presence of NAD (scheme at left). Tran-
scription assays were performed and products analyzed as above (right).

(G) Model for transcriptional silencing by Sir3 lockdown onto chromatin, mediated by Sir4 and deacetylated H4K16. Acetylated chromatin allows Sir2/4 binding,
but prevents direct association of Sir3 with nucleosomes (i). This loosely associated SIR complex is permissive to transcription. NAD-dependent deacetylation
generates a high-affinity substrate for Sir3 lockdown onto chromatin and promotes an altered SIR-chromatin complex that is repressive to transcription (ii).
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et al., 2006). The effect of acetylation or mutation of this residue
on these higher-order dynamics may also contribute to disrup-
tion of a stable association between Sir3 and the nucleosome
array, perhaps preventing Sir3-mediated nucleosome packing.
The exact nature of Sir3-nucleosome interaction will require
future structural studies. Nonetheless, our results provide
unequivocal support for the idea that posttranslational modifica-
tions, involving the acetylation of a single lysine side chain, can
dramatically reduce the association of an effector protein with
chromatin templates.

We also demonstrate in this study the effect of antisilencing
marks on Sir3 interaction with chromatin (Figure 4A). Both
H3K79 methylation and Htz1 incorporation into chromatin are
thought to be involved in preventing Sir3 from binding to regions
of the genome that are not targeted for silencing. Surprisingly,
the H3K79A mutation did not have a strong effect on Sir3 binding
to a mononucleosome, compared to the nucleosome array (Fig-
ure 4B). This may be due to the mechanistic differences of Sir3
binding to a single nucleosome versus an array of nucleosomes
and may be related to previous observations of nonspecific
associations between the SIR complex and DNA or chromatin
(Georgel et al., 2001; Martino et al., 2009). Our study also
provides direct evidence that incorporation of Htz1 by replace-
ment of histone H2A generates an altered nucleosome that is
no longer conducive to Sir3 association (Figure 4A). Structural
studies have demonstrated that the H2A.Z variant, for which
Htz1 is the S. cerevisiae member, alters the nucleosome surface
charge in a way that would likely promote the tighter association
of the H4 tail of one nucleosome with its neighbor (Fan et al.,
2002; Suto et al., 2000). Perhaps the Htz1-containing chromatin
does not present the H4 tail for Sir3 binding, thus preventing
a strong association.

Deacetylation of Chromatin by Sir2

Previous studies on Sir2 and other members of the Sirtuin family
suggested that these proteins were unable to deacetylate
histones in a nucleosomal substrate (Parsons et al., 2003; Tanny
et al., 2004). It was unclear whether the native histones used in
such experiments were inhibitory to Sir2 activity or whether
another factor, such as a chromatin remodeling complex, was
necessary for deacetylation. We provide evidence for the ability
of Sir2, within the Sir2/4 complex, to efficiently and directly
deacetylate nucleosomal arrays, in the presence or absence of
Sir3 (Figures 3D, 3E, and S3). In contrast to previous studies,
which used chromatin prepared using acid-extracted Drosophila
or mammalian histones, the chromatin arrays in our experiments
were prepared with yeast histones produced in E. coli that lack
posttranslational modifications, which we believe may explain
why they can be readily deacetylated. Future studies will be
necessary to determine which modification or modifications
interfere with Sir2 activity.

Sir2/4 Can Bridge Sir3 to Chromatin—A Glimpse

at Silent Chromatin Initiation

Models for silent chromatin initiation include steps that precede
SIR complex association with chromatin where the silencer-
binding proteins recruit the SIR complex to a target locus.
Although our study does not use any sequence-specific DNA-
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binding proteins, we observed that Sir2/4 can bypass the
requirement for these factors and bind to acetylated chromatin
in the absence of NAD and facilitate Sir3 association with
chromatin. In this case, Sir3 associates with the chromatin indi-
rectly, through interaction with the coiled-coil domain of Sir4
(Figure 3C). This mode of interaction of the SIR complex with
chromatin was observed in in vivo studies using a Sir2 activity
mutant that was unable to create a deacetylated histone tail
platform for Sir3 to bind (Hoppe et al., 2002; Rudner et al.,
2005; Rusche et al., 2002). The fact that Sir3 is only recruited
to acetylated chromatin via Sir4 and that Sir2 can deacetylate
the template, facilitating direct binding of Sir3 to chromatin,
implies that our system recapitulates the iterative mechanism
of SIR complex assembly along the chromatin fiber.

What regulates the interaction between Sir2/4 and chromatin?
Certainly DNA-binding proteins such as Rap1, Abf1, and the
ORC complex will recruit Sir2/4 to target loci, leading to enrich-
ment at these regions. The dosage of Sir4 is critical for the proper
establishment of silencing (Sussel et al., 1993), as overexpres-
sion of Sir4 leads to a loss of silencing at telomeres and the
mating-type loci. Our observation that the Sir2/4 complex could
associate with chromatin nonspecifically may provide an expla-
nation for the dominant-negative effect of Sir4 overexpression,
as this may lead to random recruitment of limiting amounts of
Sir8 away from target loci. In addition, we observed that the
chromatin assembly components could disrupt Sir2/4 interac-
tion with chromatin, and Sir3 prevented this disruption, allowing
the SIR complex to bind chromatin (Figure 3F). Such displace-
ment may provide another layer of control that would prevent
nonspecific nucleation of silent chromatin.

Structural Changes upon SIR Complex Association

with Chromatin

The EM analysis of SIR-chromatin complexes described in this
work highlights the general features of the effect of the SIR
complex on chromatin. It is clear that the SIR complex targets
nucleosomes while intervening DNA is looped out of the core.
This feature is consistent with analysis of heterochromatin in
purified yeast nuclei, demonstrating that linker DNA within silent
chromatin is accessible to micrococcal nuclease and DNase |
(Nasmyth, 1982; Ravindra et al., 1999; Weiss and Simpson,
1998). We observed a subset of particles in the samples contain-
ing SIR and NAD that were rod-like in appearance, seeming to
project density along an axis. It is possible that these structures
are of particular significance as a reflection of directional
spreading of the SIR complex along the chromatin fiber.
Previous EM studies using purified Sir proteins and native chro-
matin fragments reported similar fiber-like SIR-nucleosome
structures (Onishi et al., 2007). Under conditions of higher
SIR:nucleosome ratios using the templates described in this
report, highly uniform fiber-like structures were also observed
(A.dJ., C.L.W., and D.M., unpublished data), though the degree
of specificity of these structures is not yet evident, requiring
future investigations.

Requirements for the Transition to Silent Chromatin
Our results show that chromatin-mediated repression of tran-
scription requires the full SIR complex. Although it is clear that
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binding of the Sir3 protein to chromatin can inhibit histone meth-
ylation by Dot1 (Altaf et al., 2007; Fingerman et al., 2007) and
formation of recombination intermediates by Rad51 (Sinha
et al., 2009), transcriptional silencing in vitro evidently requires
the association of all three Sir proteins with chromatin in
conjunction. We observed that the association of the full SIR
complex with an acetylated chromatin template or the associa-
tion of Sir3 with deacetylated chromatin in the absence of
Sir2/4 could not efficiently repress transcription, indicating that
the direct or indirect association of Sir3 with chromatin is not
sufficient to repress transcription without proper coordination
by Sir4 and direct binding of Sir3 to deacetylated H4K16
(Figure 7G). Together with previous chromatin immunoprecipita-
tion experiments that uncouple SIR complex binding from
silencing in vivo (Xu et al., 2007; Yang et al., 2008), our results
suggest that transcriptional gene silencing requires the forma-
tion of structures in which the silencing complex is locked
down on its chromatin template via interactions with specific
histone residues.

EXPERIMENTAL PROCEDURES

Proteins and DNA Templates
See Supplemental Data for details.

Chromatin Assembly

Chromatin assembly reactions were performed as described previously (Vary
et al.,, 2004) with modifications. Histone octamer, Nap1, Iswla, and DNA
were incubated at 30°C for 5 hr. Chromatin was subsequently conjugated to
magnetic beads for 1 hr at RT. To generate an acetylated nucleosome template,
bead-conjugated chromatin was incubated with an equal amount of Piccolo
HAT complex v7 (a gift from B. Hnatkovich and S. Tan) for 1 hr at 30°C.

Chromatin Association Assays
Sir protein association with magnetic bead-conjugated chromatin was
assayed by coprecipitation by magnetic concentration. Sir3 (1.05 pmol) and
the Sir2/4 subcomplex (340 fmol) were preincubated on ice in experiments
where the SIR complex was used. Sir proteins were mixed with bead-conju-
gated chromatin (60 ng DNA, ~480 fmol nucleosomes, assuming 18 nucleo-
somes per ~3.4 kb DNA fragment) in 20 ul. Reactions were incubated at RT
with rotation for 10 min followed by magnetic concentration and one wash in
200 ul reaction buffer. Proteins were stripped from beads in SDS, separated
by SDS-PAGE, and subjected to standard western analysis as described
previously (Onishi et al., 2007).

Deacetylation reactions were performed as above with acetylated chro-
matin in the presence of 0.2 mM NAD. Reactions were incubated for 1 hr at
30°C with rotation then at 4°C for 1 hr.

Mononucleosome Binding Assays

Mononucleosome binding assays were performed by incubating reconstituted
mononucleosome (36 nM) with increasing amounts of Sir3 protein. The binding
reaction was incubated at 30°C for 1 hr and resolved by native acrylamide gel.
The amount of Sir3-nucleosome complex was determined by the difference in
free nucleosome for each sample. The data were fit to determine an apparent
Kp using a simple model (A + B — AB, where A refers to the mononucleosome
and B refers to a Sir3 dimer) analyzed by the KaleidaGraph software (Synergy
Software; Reading, PA).

Restriction Enzyme Protection

Chromatin was assembled with the biotinylated HMR PCR product produced
in a PCR reaction with a->2P-labeled dCTP. The chromatin was conjugated to
magnetic beads and acetylated as above. Bead-conjugated acetylated WT or
H4K16A mutant chromatin (100 ng DNA, ~800 fmol nucleosomes) was incu-

bated with an increasing amount of the SIR complex (Sir3 and Sir2/4 preincu-
bated at a ratio of 3.3:1 and titrated as 170, 340, and 510 fmol Sir2/4) in 50 pl at
RT for 45 min with rotation. Subsequently, reactions were initiated with 250 U
Bglll restriction enzyme (New England Biolabs; Ipswich, MA) and incubated at
31°C with rotation for 20 hr. A 25 pl aliquot was removed and quenched with
3 ul 0.5 M EDTA,; the beads were separated; the sample was split and either
counted by liquid scintillation or deproteinated and separated by agarose
gel and visualized by storage phosphor screen.

EM

Desthiobiotin-labeled, bead-bound chromatin was assembled, acetylated,
and eluted. Chromatin samples were incubated for 1 hr with or without SIR
complex and NAD and subsequently fixed in glutaraldehyde. Preparation of
samples for EM was essentially as described (Nikitina et al., 2007). See
Supplemental Data for details.

RNA Pol lll Transcription Assays

A whole-cell yeast extract was prepared as described previously (Schultz,
1999) using the protease-deficient strain SF10 (Hoppe et al., 2002). Transcrip-
tion assays were performed in a final volume of 25 pl. Either 90 ng of naked bio-
tinylated-HMR PCR product or a 90 ng (DNA) aliquot of a chromatin assembly
reaction (~720 fmol nucleosomes), as described above, was used as template
and preincubated with the SIR complex (950 fmol Sir2/4 and 3.5 pmol Sir3),
when present, for 1 hr at RT. The NTPs were added on ice, and the reaction
was initiated with 2 pl (80 ng) of whole-cell extract. Reactions were quenched
after 10 min for reactions in Figures 5B and 5C or 1 hr for Figure 5A. Quenched
reactions were purified and separated on urea-polyacrylamide gel, dried, and
analyzed by storage phosphor screen as above.

RNA Pol Il Transcription Assays

A nuclear extract was prepared essentially as described previously (Ponticelli
and Struhl, 1990; Ranish et al., 1999) (see Supplemental Data). Chromatin
assembly reactions were performed with plasmid pUC18-G5cyc1®~, and
the template was incubated with HAT complex or Gal4-VP16, as indicated.
SIR complex (950 fmol Sir2/4 and 3.5 pmol Sir3) was preincubated with the
chromatin template (100 ng DNA, 800 fmol nucleosomes) for 1 hr at RT and
then placed on ice. A 10x mixture of magnesium acetate, RNase inhibitor,
phosphocreatine, and creatine kinase was added. This mixture was preincu-
bated at RT with 320 pg nuclear extract, NTPs were added, and the reaction
was quenched after 20 min (30 pl final volume). Reactions were processed
and analyzed as described in the Supplemental Data.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures, Supple-
mental References, seven figures, and one table and can be found online at
http://www.cell.com/molecular-cell/supplemental/S1097-2765(09)00586-3.
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