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SUMMARY

The yeast Sir2/3/4 complex forms a heterochroma-
tin-like structure that represses transcription. The
proteins nucleate at silencers and spread distally,
utilizing the Sir2 NAD*-dependent histone deacety-
lase activity and the affinity of Sir3/4 for deacetylated
histone tails. A by-product of the Sir2 reaction,
O-acetyl-ADP-ribose (OAADPY), is thought to aid
spreading by binding one of the Sir proteins. We de-
veloped a protein chimera approach to reexamine
the contributions of Sir2. We show that a Sir3 chi-
mera-bearing Hos3, an unrelated NAD*-independent
histone deacetylase, substitutes for Sir2 in silencing.
Sir3-Hos3 operates within the Sir pathway, spread-
ing while deacetylating histones. Moreover, the chi-
mera represses HM loci in strains lacking all five
OAADPr-producing deacetylases, indicating that
OAADPT is not necessary for silencing. Repression
by a Hos3 hybrid bearing the targeting motifs of
Sir2 shows that targeting doesn’t require the Sir2
reaction. Together, these data demonstrate that pro-
tein deacetylation is the only essential function of
Sir2 in creating silenced chromatin.

INTRODUCTION

Transcriptional silencing is a form of transcriptional control that
regulates large chromosomal domains rather than individual
genes. It involves specialized chromatin structures that propa-
gate over kilobases in budding yeast and tens of megabases in
humans. The extent of propagation can vary from one cell to
the next, yielding variegated patterns of gene expression that
are inherited epigenetically.

Transcriptional silencing is typified by silent chromatin in yeast
Saccharomyces cerevisiae. The heterochromatin-like structure,
built from a complex of Sir2, Sir3, and Sir4, controls the expression
of genes in subtelomeric regions and the auxiliary mating-type loci,
HML and HMR (Rusché et al., 2003). Assembly of silent chromatin
at these locations is directed by cis-acting regulatory sequences
known as silencers that bind the multifunctional factors Rap1,
Abf1, and ORC directly and Sir1 via ORC. Sir3 and Sir4 possess
an affinity for these factors, as well as the deacetylated N-terminal

tails of histones H3 and H4 (Moretti and Shore, 2001; Carmenetal.,
2001; Liou et al., 2005). Sir2 belongs to a large evolutionarily con-
served family of nicotinamide adenine dinucleotide NAD*-depen-
dent protein deacetylases known as the sirtuins (Sauve et al.,
2006). The enzyme acts preferentially on the acetylated lysine 16
(K16) of histone H4 in vitro (Imai et al., 2000). Deacetylation of
this site by Sir2 is necessary for silencing in vivo (Johnson et al.,
1990; Suka et al., 2002; Kimura et al., 2002).

A prevailing view holds that silent chromatin assembles in two
operationally defined steps: nucleation and spreading. The Sir
complex first nucleates at silencers by associating with
silencer-bound proteins. Spreading of the complex from silen-
cers requires Sir2 enzymatic activity, which creates additional
binding sites for Sir3 and Sir4 by removing acetyl groups from
histone tails of adjacent nucleosomes (Luo et al., 2002; Hoppe
etal., 2002; Rusché et al., 2002; Figure 1A). Through iterative cy-
cles of Sir2 deacetylation followed by Sir3/Sir4 binding, silent
chromatin assembles processively to exert transcriptional
repression on promoters located kilobases away from silencers.

In each reaction cycle, Sir2 converts NAD* to nicotinamide
and 2’-O-acetyl-ADP-ribose (OAADPY) while deacetylating a sin-
gle lysine residue (Tanner et al., 2000; Tanny and Moazed, 2001).
Recent work by Moazed and colleagues has shown that OAADPr
promotes association of Sir3 with preformed Sir2/Sir4 pairs (Liou
et al., 2005). The binding event yields Sir complexes with super-
stoichiometric amounts of Sir3, which produce fibers 15-20 nm
in diameter when combined with yeast oligonucleosomes
(Onishi et al., 2007). On this basis, it was hypothesized that
OAADPr acts as a small molecule mediator of silent chromatin
assembly. Understanding the precise physiological role for
OAADPr, however, remains an open question.

Two large families of evolutionarily conserved NAD*-indepen-
dent histone deacetylases yield free acetate instead of OAADPr
during deacetylation. Yeast Hda1 is the founding member of one
that includes yeast Hos1 and Hos2. Yeast Rpd3 is the founding
member of another that includes yeast Hos3 gene. Enzymes of
both classes reside within large macromolecular complexes
that, in general, must be intact for deacetylase activity (Carmen
et al., 1999). Whereas some deacetylases are targeted to pro-
moters, others seem to act by a diffusible nonspecific mecha-
nism (Millar and Grunstein, 2006). None are currently thought
to reside within extended chromatin structures like Sir2 within
silent chromatin.

In this study, we sought to clarify the roles of Sir2 and OAADPr
in Sir-mediated transcriptional repression. We reasoned that, if
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(A) Nucleation and spreading of silencing proteins (adapted from Rusché et al., 2002 with permission). Nucleation (top panel) occurs when the Sir2/3/4 complex
associates with silencer-bound proteins. Lines between the Sir proteins (humbered) and silencer-bound factors (R = Rap1, A = Abf1) depict the network of pro-
tein-protein interactions (see references in Rusché et al., 2003). Removal of acetyl groups (Ac) from histone tails by Sir2 facilitates binding of additional Sir2/3/4
complexes. Interactions between individual Sir2/3/4 complexes may also facilitate spreading.

(B) Nucleation and spreading of silencing proteins by tethering Sir3 to a heterologous deacetylase (labeled X).

(C) The domain structure of Sir2 and the locations of truncation endpoints used in this study. Histidine H364 is required for enzymatic activity (Imai et al., 2000). The
truncation point at position 243 corresponds to the N terminus of Sir2-Af1, a Sir2 family member whose structure has been solved (Min et al., 2001).

histone deacetylation is the only critical Sir2 function in creating
extended silent domains, then other histone deacetylases
should substitute for Sir2 if targeted appropriately. Traditional
targeting assays in which a protein of interest is tethered to
DNA via a heterologous DNA-binding domain would not likely
be sufficient. This scenario provides localized deacetylation
activity, but not an activity that would spread from a nucleation
point. To overcome this limitation, we fused histone deacety-
lases to a silencing factor that both binds at and spreads from
silencers (Figure 1B). We show here that chimeras containing
Sir3 and either truncated forms of Sir2 or the NAD*-independent
deacetylase Hos3 can silence genes at a distance. The data
indicate that Sir2 and the OAADPY it generates can be bypassed
in forming silenced chromosomal domains.

RESULTS

Restoration of Silencing by Fusing a Nonfunctional Sir2
Mutant to Sir3

The deacetylase activity of Sir2 lies within a conserved core
domain at the center of the polypeptide (Imai et al., 2000;
Figure 1C). Flanking amino and carboxyl terminal domains,
which are required for silencing in vivo, target the enzyme to sites
of action (Sherman et al., 1999; Cuperus et al., 2000; Cockell

et al., 2000; Mead et al., 2007; Hickman et al., 2007). We sought
a sir2 allele with a nucleation and spreading defect and began
with a truncation that removed the first 242 amino acids, yielding
Sir2243-82 Here, telomeric silencing was measured with a URA3
reporter gene embedded at TelVII-L. Expression of the gene kills
cells exposed to the toxic metabolite 5-fluoroorotic acid (5-FOA).
Silencing of HMR and HML was measured with a traditional
patch-mating assay. Derepression of the HMR a7 gene in
MATa. cells creates a pseudodiploid state that blocks mating
and subsequent growth of mated cells on SD indicator plates.
Similarly, derepression of the « genes at HML blocks mating of
MATa strains. Figures 2A and 2B show that full-length Sir2 re-
stored telomeric and mating-type silencing in sir2 null mutants.
Sir2243-%82 on the other hand, did not. In further studies, we teth-
ered the Sir2 fragment to a silencer and found that it still did not
yield silencing (Figure S1 available online). These results indicate
that Sir223-°%2 does not support the spread of silent chromatin,
even when linked directly to DNA. A likely explanation is that
Sir2243-%82 cannot form stable ternary complexes with Sir3 and
Sir4.

We fused the Sir2243-562 t0 Sir3 in an attempt to restore silencing.
We anticipated that a Sir3-Sir2 chimera would associate with si-
lencers and combine the activities necessary for spreading into
a single polypeptide: (1) deacetylation of histone tails by the Sir2
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(A) Sir2243-562 does not support telomeric silencing. Repression of a URA3 reporter at Tel-VIIL was measured by growth on 5-FOA in strain CCC1 (MAT« 4sir2
Aadh4::URA3) transformed with empty vector (pRS414), a full-length Sir2 expression vector (pCC7), or a vector expressing Sir2?43-%2 (oCC8). SC-trp plates

provided loading and growth controls.

(B) Sir2243-562 qoes not support mating-type silencing. HVR silencing in strain CCC1 and HML silencing in strain GCY16 (MATa 4sir2) were measured by growth
on SD plates after patch mating to tester strains K125 (MATa) and K126 (MAT«), respectively. The same plasmids as in (A) were used.
(C) Silencing of a telomeric URA3 reporter gene by Sir3-Sir2243-%62_ Strain CCC1 was transformed with plasmids that express Sir3® (pSIR3-HAT?F") or Sir3-

Sir2243-562 (,CC4).

(D) Silencing of the mating-type loci by Sir3-Sir2243-%62_ Strains CCC1 and GCY16 were transformed with plasmids described in (A) and patch mated to K125 and

K126, respectively.

fragment and (2) binding of the deacetylated tails by Sir3. Figures
2C and 2D show that Sir3-Sir2243-5%2 sjlenced the URA3 marked
telomere and both HM loci in sir2 null reporter strains. This result
indicates that the silencing defect of Sir2243-562 is not loss of enzy-
matic function. Rather, it suggests Sir22*>%%2 does not associate
with other proteins necessary for silencing. The experiment serves
as proof of principle that Sir3 can deliver a deacetylase for silenc-

ing at sites distant from a silencer.

Restoration of Silencing by Fusing Sir3

to a Heterologous Histone Deacetylase

If the only role for Sir2 in silent chromatin is to deacetylate
histones, then fusion of Sir3 to other histone deacetylases might
also restore silencing. To explore this notion, we linked Sir3 to
yeast Hos3, an NAD*-independent deacetylase that is distinct
because it requires no other yeast proteins for activity (Carmen
et al., 1999). The chimera contained most of Hos3 (residues
2-549) but omitted the C-terminal 148 amino acids. Remarkably,
Sir3-Hos3%%*° silenced both HMR and HML, as well as the
telomeric reporter gene (Figures 3A and 3B). We conclude that
a heterologous deacetylase can substitute for Sir2 in silencing
if it is bound to a protein that brings it to appropriate sites of
action. A corollary to this finding is that the by-product of the
Sir2 reaction, OAADPr, need not be generated locally for silenc-
ing by Sir3-deacetylase hybrids.

To confirm that silencing by Sir3-Hos32%4° requires the

deacetylase activity of Hos3, we mutated a pair of conserved
histidines (H235 and H236) within the putative active site to ala-
nines. The deacetylase activity of the homologous Rpd3 enzyme
is abolished when corresponding residues are mutated (Kadosh
and Struhl, 1998). Although both mutant and wild-type chimeras
were expressed equally (data not shown), the mutant chimera
Sir3-Hos32%49* did not silence the telomeric reporter gene or
the mating-type loci (Figures 3A and 3B). We conclude that the
deacetylase activity of Hos3 is required for the function of the
Sir3-deacetylase hybrid.

Linkage to Sir3 was crucial for Hos3 function in silencing.
When the Sir3 portion of the chimera was omitted, repression
of the mating-type loci could not be detected (Figure 3B). This
experiment shows that the silencing attributes of the chimera
are not due solely to Hos32%4,

The mating-type genes at HMR are flanked by a principal si-
lencer element on the left (HMR-E) and an auxiliary silencer on
the right (HMR-/) that does not function in the absence of
HMR-E (Brand et al., 1985; Rusché et al., 2002). To assess the
role of silencers in repression by Sir3-Hos32°%%°, we turned to
an hmr mutant that contained LexA operators in place of critical
HMR-E sequences (designated the Aeb-4lex°"° silencer).
Figure 3C shows that Sir3-Hos327°*° failed to silence a URAS re-
porter gene at the locus. By contrast, a positive control chimera
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Figure 3. Silencing by Sir3-Hos3254°
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(A) Silencing of a telomeric URA3 gene by Sir3-Hos3%"%%°, Strain CCC1 (MATa 4sir2 dadh4::URA3) was transformed with plasmids expressing either Sir3®

(PSIR3-HATRPY), Sir3-Hos32°%4° (pCC10), or Sir3-Hos32 549" (bCC11).
(
(
(

B) Silencing of HMR by Sir3-Hos3?%4°, Strains CCC1 and GCY16 (MATa 4sir2) expressing Sir3>"4 (pSIR3-HATR""), Sir3-Hos32-%4° (pCC10), Sir3-Hos32 549"
pCC11), or Hos3'%4° (pCC21) were patch mated to K125 (MATa) and K126 (MATw), respectively.
C) HMR silencing by Sir3-Hos32-%4° requires the HMR-E silencer. Strain CCC44 (Aeb-4lex°PS::kIURA3::HMR-I 4sir2) with a mutant HMR-E silencer (designated

Aeb-4lex°PS) was transformed with plasmids expressing Sir3-Hos3254° (0CC10) or LexA-Sir278%2 (pGLC117) and then spotted on media containing 5-FOA.
(D) Telomeric silencing by Sir3-Hos32-%4° requires Sir4. Strains CCC12 (MATa. 4sir2 4sir3 dadh4::URA3) and CCC21 (MATw. Asir2 Asir3 Asird Aadh4::URA3) were

transformed with a plasmid expressing Sir3-Hos32%4° (pCC10).

(E) Silencing of HMR by Sir3-Hos32-**° requires Sir4. Strains CCC1, CCC11 (MATx 4sir3), CCC12, and CCC21 expressing Sir3-Hos3%*° were patch mated with K125.

that bypasses the silencer, LexA-Sir2”8%%2, yielded robust re-

pression. The results indicate that HMR-E nucleates silencing
by the Sir3-Hos327%*? just as it does for the native Sir proteins.

Sir Dependence of Silencing by the Sir3-Hos3 Chimera
The dependence of Sir3-Hos32%° on other silencing factors was
determined using a series of sir mutant strains. Figure 3D shows
that the chimera silenced a telomeric reporter gene in the ab-
sence of the SIR2 and SIR3 genes. This indicates that the chi-
mera supports the necessary roles of both Sir2 and Sir3 in silenc-
ing. By contrast, silencing was abolished when SIR4 was deleted
from the sir2 sir3 double mutant. Similarly, patch-mating assays
in Figure 3E show that silencing of HMR by Sir3-Hos3%%*° did not
require SIR2 or SIR3. Silencing of the mating-type locus was lost,
however, when SIR4 was also deleted.

Sir3-Hos3 Silences Efficiently

Quantitative mating assays were used to evaluate the relative ef-
ficiency of Sir3-Hos32°° in HMR and HML silencing. sir mutants
expressing the chimera were compared to strains bearing a

wild-type complement of Sir proteins. Silencing of HML by Sir3-
Hos32%4° in a sir2 sir3 double mutant approached 75% of the
wild-type value (Figure 4A, left panel). Silencing of HMR was sim-
ilarly exceptional at 62% (right panel). The Sir3 chimera silenced
better in strains lacking the SIR2 and S/IR3 genes than in strains
lacking just SIR2 (data not shown). In strains lacking SIR2, SIR3,
and SIR4, however, HML silencing dropped to 5%, and HMR
silencing was negligible. The experiments show that silencing
by Sir3-Hos32%%9 is strikingly robust. Moreover, the dependence
on SIR4 shows that the chimera acts within the Sir-defined
pathway.

We used the TelVII-L URAS3 reporter construct to compare
telomeric silencing by Sir3-Hos325%° to silencing by native Sir
proteins. Figure 4B shows that the chimera in a sir2 sir3 double
mutant is only one order of magnitude less effective than a strain
bearing the wild-type complement of silencing proteins (each
successive spot in a row represents a 10-fold dilution). Given
that URAS3 expression is exquisitely sensitive to silencing and
that the spotting assay can measure differences spanning five
orders of magnitude (van Leeuwen and Gottschling, 2002), the
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Figure 4. Quantitative Measurements of
Silencing by Sir3-Hos32%49

(A) Quantitative mating assays. Strains GCY16
(MATa 4sir2) and CCC1 (MAT« 4sir2 dadh4::
URA3) bearing plasmid-borne SIR2 (pCC7)
served as wild-type standards to compare the mat-
ing of the following strains expressing Sir3-
Hos32%% (pCC10): CCC8 (MATa 4sir2 Asir3),
CCC20 (MATa 4sir2 4sir3 4sir4), CCC12 (MAT«
4sir2  4sir3 Adadh4::URA3), and CCC21 (MAT«
A4sir2 A4sir8 4sird dadh4::URA3). Strains K125
(MATa) and K126 (MAT«) were used as mating tes-
ters. Reported values represent the mean and stan-
dard deviation of three independent trials. Mating
of strain CCC21 with Sir3-Hos3?°%° was <0.1%.
(B) Silencing of telomeric URA3. Strain CCC1
(MAT«  4sir2 dadh4::URA3) expressing SIR2
(pCC7) and strain CCC12 (MAT« d4sir2 Asir3
Aadh4::URA3) expressing Sir3®>"*  (pSIR3-
HATRPY) served as respective wild-type and
4sir2 controls to compare telomeric URAS silenc-
ing in strain CCC12 expressing Sir3-Hos32-%4°
(PCC10) or Sir3-Hos32 34" (bCC11).

(C) Silencing of a native telomeric gene. Multiplex
RT-PCR was performed on RNA extracts from the
strains described in (B). Primer sets to YFRO57W,
which resides within 1.1 kb of the right end of
chromosome VI, and KCC4, which serves as an
internal silencing-independent control, are listed
in Table S3. The YFR0O57W/KCC4 ratios for each
strain were normalized to the wild-type control.
Reported values represent the mean and standard
deviation of three independent trials.

Sir3-Hos3*3%

YFROS7W/KCC4
23 456 7 8

addition to the ectopic URAS3 reporter

£~ WY

32—549

10-fold difference between Sir3-Hos
teins is not considerable.

We also examined the influence of Sir3-Hos on expres-
sion of a native telomeric gene, YFR0O57W, which resides near
the right end of chromosome VI. In this case, steady-state
RNA levels were measured relative to a silencing-independent
internal control (KCC4 mRNA) by multiplex RT-PCR. YFRO57W
transcript levels were found to be roughly 7-fold higher in a strain
lacking SIR2 than in a strain bearing the full complement of Sir
proteins (Figure 4C). Expression of Sir3-Hos3?°*° in a sir2 sir3
double mutant largely suppressed the increase in YFRO57W
mRNA. Expression of Sir3-Hos32249* on the other hand, re-
duced YFRO57W transcript levels only marginally. These results
show that Sir3-Hos32%%° silences native telomeric genes in

and native Sir pro-

32—549

construct described above. Moreover,
the results demonstrate that silencing by
the chimera occurs at the level of mMRNA,
as expected for a transcriptional repres-
sor, rather than by some other indirect
mechanism.

Sir3-Hos3 Binds HMR and
Deacetylates Histones
Chromatin immunoprecipitation (ChlIP)
was used to probe the distribution of the
Sir3 chimeras at HMR in a sir2 sir3 null strain. Pull-downs were
performed with polyclonal Sir3 antibodies, and PCR was used
to detect coimmunoprecipitation of HMR-E, HMR-I, and a site
within the a7l gene that lies between HMR-E and HMR-I
(Figure 5A). An additional primer set corresponding to the Sir3-
free ACT1 gene provided an internal negative control. Figures
5A and 5B show that Sir3-Hos3?%° associated well with the
three HMR landmarks tested, but not ACT7. Sir3-Hos32 3494
by contrast, associated poorly with HMR (data not shown).
Only residual binding was detected at HMR-E, as predicted for
a protein that nucleates but does not spread. Our data indicate
that Sir3-Hos32°%° assembles silent chromosomal domains.
The ChIP experiments were repeated with antibodies specific
for multiacetylated tails of either histone H4 (residues K5, K8,
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K12, K16) or H3 (residues K9 and K14). Figures 5C, 5D, and 5F
show that Sir3-Hos32549* glevated acetylation of both histone
tails 6- to 10-fold relative to Sir3-Hos32°%° at all sites tested.
The experiments were also performed with an antibody specific
for the acetylated form of H4K16. Here too, acetylation levels in-
creased 4- to 9-fold (Figures 5E and 5F). Taken together, the data
show that transcriptional repression by Sir3-Hos32%4° is accom-
panied by loss of H3 and H4 acetylation across the locus, includ-
ing K16 of H4, a residue known to be critical for the Sir-mediated
silencing pathway.

Nicotinamide Does Not Inhibit Silencing by Sir3-Hos3

Nicotinamide, a by-product of the Sir2 reaction, binds and in-
hibits the enzyme noncompetitively (Landry et al., 2000; Bitter-
man et al., 2002). Yeast cells exposed to high concentrations
of nicotinamide phenocopy a sir2 null mutant. If the only inhib-

because the drug inhibits all sirtuins to
some extent (Sauve et al., 2006). The abil-
ity of Sir3-Hos3%%%° to silence genes under these conditions
suggests that the other yeast sirtuins, Hst1-4, do not compen-
sate for the loss of Sir2 by producing OAADPY in trans. To exam-
ine this issue more closely, we tested the ability of Sir3-Hos3%54°
to silence HMR in hst null mutants. Patch-mating assays in
Figure 6B show that HMR remains silent in 4sir2 A4sir3 strains
lacking HST1, HST2, or both HST genes together. More strik-
ingly, the chimera silenced the mating-type locus in a strain lack-
ing all five yeast sirtuins (Figure 6C). As sirtuins are the only
known source of OAADPT in vivo, our results indicate that tran-
scriptional silencing can occur without the metabolite.

Silencing by Sir2-Hos3 Chimeras

Previous work showed that the domains flanking the Sir2 enzy-
matic core interact with other members of the Sir complex to
determine the specificity of the deacetylase for mating-type and
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Figure 6. Silencing by Sir3-Hos3%"%* Is Nicotinamide Resistant and Does Not Require Any Sirtuins
(A) Sir3-Hos32°*° produces nicotinamide-resistant silencing. Strain CCC12 (MATa 4sir3 Asir2 adh4::URA3) bearing plasmids expressing Sir3®** (pSIR3-
HATRPY) | Sir3-Hos3%%4° (pCC10), and Sir3-Sir2243-562 (5CC4) was spotted on SC-trp plates containing 5-FOA and 5 mM nicotinamide (NAM), SC-trp plates

containing 5-FOA alone, and YPDA plates as a loading control.

(B) Silencing by Sir3-Hos3254° without Hst1 and/or Hst2. Strains CCC46 (MATa. 4sir2 Asir3 Ahst1), CCC37 (MATa. 4sir2 Asir3 Ahst2), and CCC50 (MATa. Asir2
Asir3 Ahst1 Ahst2) expressing Sir3®HA (pSIR3-HATRPT), Sir3-Hos32%4° (pCC10), or Sir3-Hos3234" (pCC11) were patch mated to K125 (MATa).
(C) Silencing by Sir3-Hos32%4% in a strain lacking all sirtuins. Strain YCB496 (MATo. 4sir2 Ahst1 Ahst2 Ahst3 Ahstd) expressing Sir2 (pCC32), Sir3-Hos32-54°

(pCC31), or empty vector (pRS412) was patch mated to K125 (MATa).

telomeric loci. Hybrid proteins bearing one or both of these do-
mains linked to either yeast Hst1 or human SirT2 substitute for
Sir2 in mating-type and telomeric silencing (Mead et al., 2007;
Hickman and Rusche, 2007; Sherman et al., 1999). We reasoned
that the flanking domains of Sir2 might be similarly manipulated
to target Hos3. To this end, we replaced a domain containing the
core of Sir2”8%%2 (amino acids 253-521) with the Hos3%%° frag-
ment described above (Figure 7A). The construct was also linked
to LexA, but subsequent studies revealed that LexA was not es-
sential (data not shown). Patch-mating assays in Figure 7B show
that the Sir278-252_Hos32-549-Gjr2522-562 |ike the Sir2”8-5%2 positive
control, silenced HMR and HML in sir2 null strains. Silencing by
both constructs was abolished in strains that lack both SIR2 and
SIR3, as expected for a Sir2 chimera operating within the Sir path-
way. Silencing was also lost when the Hos3 active site of Sir2782%2-
Hos32549M_gjr522-562 \y 55 mutated, indicating that deacetylation
by Hos3 was required. These results indicate that the Sir2 Nand C
termini are sufficient to target a heterologous deacetylase for func-
tion within silent chromatin. Importantly, the experiment also
shows that targeting of Sir2”82%2-Hos3?549-Sir2%22%%2 does not
require that OAADPr be produced in cis.

DISCUSSION

In this study, we examined the roles of Sir2 in transcriptional si-
lencing using a protein chimera approach. We fused Sir3 to a het-

erologous NAD*-independent deacetylase, Hos3, and found
that the hybrid efficiently substituted for both Sir2 and Sir3 in
Sird-dependent silencing. More importantly, the hybrid func-
tioned efficiently in a strain lacking all of the NAD*-dependent
deacetylases and, thus, one completely devoid of OAADPr.
Taken together, our data demonstrate that protein deacetylation
is the only necessary function of Sir2 in creation of silenced chro-
mosomal domains.

Deacetylation and Silencing
Hos3 deacetylates histone H2B preferentially at position K11 as
part of the apoptotic response to oxidative stress (Ahn et al.,
2006). The enzyme displays site preferences toward acetylated
lysines on each of the histone tails in vitro, but no overt activity
for H4K16 (Carmen et al., 1999). How then does the hete-
rologous enzyme yield deacetylated H4K16 for silencing
(Figure 5D)? We speculate that, in this instance, targeting drives
Hos3 substrate choice. Tethering the enzyme to chromatin via
Sir3 maintains a high localized concentration in the vicinity of his-
tones at HMR. Under these conditions, Hos3 may deacetylate
suboptimal substrates, as well as preferred ones. We note by
analogy that, despite the preference of Sir2 for acetylated
H4K16 in vitro, all of the histone tails are deacetylated within
silent chromatin, where it is tethered in vivo (Suka et al., 2001).
A growing body of evidence indicates that deacetylation of
H4K16 is not the only role for Sir2 in silencing. The Grunstein
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pended to the N terminus of all Sir2 chimeras used here,
but the bacterial protein was subsequently removed and
found not to be relevant (data not shown).
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and Horokoshi labs identified the predominant H4K16 acetyl-
transferase, Sas2, and showed that silencing required Sir2
even in its absence (Kimura et al., 2002; Suka et al., 2002). The
results implied that H4K16 deacetylation was not sufficient for
silencing but could not discern whether the additional critical
functions for Sir2 were enzymatic or structural. Subsequently,
Yang and Kirchmaier showed that Sir proteins spread in an enzy-
matically inactive Sir2 mutant if selected histone residues were
replaced with arginine, a deacetylated lysine mimetic (Yang
and Kirchmaier, 2006). Little silencing was observed under these
conditions, however, suggesting that the enzymatic activity of
Sir2 was required for the deacetylation of additional lysines.
One substrate might be acetylated K56 of histone H3 on the
surface of the histone octamer core. Sir2 deacetylates H3K56
in vitro, the residue is deacetylated within silent chromatin
in vivo, and silencing defects occur when the residue is mutated
to arginine (Xu et al., 2007). An advantage to the protein chimera
approach used here is that the deacetylase delivered by Sir3
might act on a spectrum of acetylated lysines, including those
residues directly responsible for silencing. While it is certain
that histones are critical Sir2 substrates, we cannot rule out the
possibility that other nonhistone substrates are involved.

Possible Roles for OAADPr In Vivo

Human Sir2 homologs act on histones, histone modifiers, and tran-
scriptional regulators, as well as nonchromatin targets to regulate
diverse processes ranging from aging to apoptosis (see Vaquero
etal., 2007, and references in Michan and Sinclair, 2007). The con-
served requirement for NAD* in deacetylation reactions, as well as
the inhibition of deacetylation by nicotinamide, positions these
enzymes as metabolic sensors capable of responding to changes
in the energy state of the cell. The discovery of OAADPr as a by-
product of histone deacetylation raised speculation that the novel
metabolite could also serve a physiological role, perhaps by acting
locally to facilitate heterochromatin assembly, as suggested by
biochemical studies (Liou et al., 2005; Onishi et al., 2007), or by
acting distally to signal that sirtuins have acted. OAADPr binding

Asir2

(B) Patch-mating assays with Sir2782%2-Hos32-54%-
Sir2522-562  gtrains CCC1 (MATa 4sir2), CCC12 (MATa
4sir2 4sir3), GCY16 (MATa 4sir2), and CCC8 (MATa
Asir2 4sir3) expressing LexA (pBTM116), LexA-Sir278-562
(PGLC117), LexA-Sir278-252_Hos32-549_gjr2522-562 (h, G C29),
or LexA-Sir278252_Hos32 549 gjr2522-562 (h,CC30) were
patch mated to either K125 (MATa) or K126 (MATw).

targets have been identified in human cells
(Kustatscher et al., 2005; Grubisha et al., 2006),
and, when microinjected into oocytes, OAADPr
causes disturbances in maturation and subse-
quent cell-cycle progression (Borra et al., 2002).
An enzyme that cleaves the O-acetyl linkage of
OAADPr efficiently has also been identified, suggesting that
a mechanism to turn over the metabolite exists (Ono et al.,
2006). Our work suggests that, if OAADPr is a signal transducer
in yeast, it is not one required to achieve silencing.

One caveat remains: OAADPr could influence silencing via Sir2.
Ina Sir2 bypass experiment, according to this line of reasoning, the
metabolite would no longer appear to be relevant. For example,
bound OAADPr could stabilize a protein-protein interaction or con-
formational change necessary for the enzyme to participate in
silent chromatin assembly (posited in Liou et al., 2005). That
Sir2782%2_Hos3%%49.gjr2522-562 generates silencing (Figure 7B),
however, indicates that the Sir2 N- and C-terminal targeting do-
mains remain functional even in the absence of the OAADPr.

§
Asir2
Asir3

Broader Applications of the Protein Chimera Approach
The protein chimera approach has allowed us to identify protein
fragments that are essential for silencing and domains that can
be substituted or bypassed. One can envision extending this
approach to create specialized synthetic chimeras for techno-
logical applications. Protein modules containing histone modifi-
cation activities and cognate histone-binding activities could be
combined (like Sir3/Hos3 here) with modules for targeting,
such as DNA-binding domains or domains that associate with
DNA-bound factors. In this way, it might be possible to shut
down the expression of specific genes or families of genes
by robust chromatin-based mechanisms in yeast or higher
eukaryotes.

EXPERIMENTAL PROCEDURES

Strain Construction

Complete ORF deletions were made by PCR-mediated gene replacement, un-
less specified otherwise, using plasmids or yeast DNA extracts as PCR tem-
plates. The TRP1 coding sequence at HMR in strain GA2050 was replaced
with the URA3 coding sequence (klURA3) from K. lactis. 4sir3::HIS3 deletions
were generated with pSIR3::HIS3 (Moretti and Shore, 2001). A cross between
strains CCC45 and CCC46 produced segregant CCC48. All strain modifica-
tions were confirmed by PCR and/or functional tests.
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Plasmid Construction and Confirmation

Tables S1-S3 provide detailed information on plasmid constructions, includ-
ing parent vectors, PCR templates, and oligonucleotide primers. The SIR3 pro-
moter and terminator flanked all chimeras produced in this study, except
where noted otherwise. Gene fusions were created by PCR-mediated plasmid
gap repair (P-MPGR) in yeast. Deletions within gene fusion constructs were
generated by oligonucleotide-mediated plasmid gap repair (O-MPGR).
Sequences of the constructs are available upon request.

A fortuitous PCR error during the construction of a functional Sir3-Hos32-54°
introduced a stop codon at position 550, eliminating the terminal 148 amino
acids of Hos3. A construct lacking the mutation did not produce silencing
and was not pursued further.

Phenotypic Silencing Assays

Telomeric ura3 Repression

Plasmid-bearing strains were grown overnight to saturation in selective media
and spotted in 10-fold serial dilutions on SC-trp containing 0.1% 5-FOA to
measure URA3 expression and on SC-trp as a control for loading and cell
growth, unless noted otherwise.

Patch Mating

Plasmid-bearing strains were pregrown on selective medium and then
patched together with mating tester strains on YPDA plates. After at least
5 hr, the cells were replica plated to SD agar.

Quantitative Mating

Overnight cultures of plasmid-bearing strains were diluted and grown to mid-
log phase in SC-trp media (all plasmids possess a TRP1 marker). They were
mixed with a 5-fold excess of cells of mating tester strains K125 or K126, con-
centrated onto sterile nitrocellulose membranes, and placed on YPDA plates
for 5 hr at 30°C. Membranes were vortexed in sterile water to create a cell sus-
pension that was spread on SD and SC plates to determine the fractional
degree of mating. The use of SC rather than SC-trp plates may lead to an
underestimate of mating efficiency because not all cells bear plasmids. How-
ever, colony formation by SIR4 cells bearing the Sir3-Hos3 chimera is mildly
hindered on SC-trp plates, which leads to an overestimate of mating efficiency
(data not shown).

Nicotinamide Treatment

Cultures were grown overnight in selective media to saturation and spotted on
indicator plates that were overlayed with nicotinamide (Cf = 5 mM).

Multiplex RT-PCR Assays

QIAGEN OneStep RT-PCR kits were used to analyze RNA isolated from mid-
log cells by the hot acid phenol extraction procedure. Primer pairs for both
YFRO57W and KCC4 were used simultaneously with 200 ng of RNA and
Q-solution according to the manufacturer’s protocol. Both PCR products
were within the linear range after 29 amplification cycles. Gels were stained
with ethidium bromide and then destained in water before digital photography
and quantitation by lane densitometry (Alpha Innotech, San Leandro, CA).

ChIP Assays

ChlIP was performed with polyclonal antibodies to Sir3 (a gift from the Kama-
kaka lab) and acetylated histone antibodies (Upstate/Millipore #06-599, #06-
866, and #07-329) according to Li et al., 2001. PCR reactions were performed
with individual pairs of primers to produce products within the linear range.
Gels were imaged as described above. The intensity of each HMR ChIP
band was recorded relative to the intensity of the ACT7 ChIP band and then
normalized to the same ratio of input material.

SUPPLEMENTAL DATA

The Supplemental Data include two figures and three tables and can be found
with this article online at http://www.molecule.org/cgi/content/full/31/5/650/
DC1/.
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