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Abstract
In the cell, many small endogenous metabolic molecules are involved in distinct cellular functions
such as modulation of chromatin structure and regulation of gene expression. O-acetyl-ADP-
ribose (AAR) is a small metabolic molecule that is generated during NAD-dependent
deacetylation by Sir2. Sir2 regulates gene expression, DNA repair, and genome stability. Here, we
developed a novel chromatin affinity-precipitation (ChAP) method to detect the chromatin
fragments at which small molecules interact with binding partners. We used this method to
demonstrate that AAR associated with heterochromatin. Moreover, we applied the ChAP method
to whole genome tiling array chips to compare the association of AAR and Sir2. We found that
AAR and Sir2 displayed similar genomic binding patterns. Furthermore, we identified 312
potential association cluster regions of AAR. The ChAP assay may therefore be a generally useful
strategy to study the small molecule association with chromosomal regions. Our results further
suggest that the small metabolic molecule AAR associates with silent chromatin regions in a Sir2-
dependent manner and provide additional support for the role of AAR in assembly of silent
chromatin.
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Introduction
In addition to proteins, many noncoding RNA molecules and small metabolites, such as
NAD, GTP, ADPR, NAM, and cAMP, may play important regulatory roles in the cell.
Similar to the widely studied small noncoding RNA molecules, which are involved in the
regulation of gene expression, small cellular metabolites and biosynthetic molecules, such as
cAMP, tRNATyr, FMN, and NAD, play important roles in modulation of gene expression in
the cell [16, 25, 53]. These small regulatory molecules are involved in either changing the
activity of transcription factors/cofactors [16, 55], the feedback loop of transcriptional RNA
level [12, 32], or changes in chromatin structure [25, 30, 39]. Therefore, small metabolic
molecules might be also involved in epigenetic processes. However, although some
metabolites have been well studied and have well-known biological functions and
mechanisms, many remain poorly characterized and the details of their molecular
mechanisms, even their fundamental biological functions, still remain to be determined.

O-acetyl-ADP-ribose (OAADPR or AAR for simplicity) is a small metabolic molecule. The
cellular AAR concentration has been reported to be around 560 nM [27]. AAR is generated
during NAD-dependent deacetylation by silent information regulator 2 (Sir2) family
proteins [4, 5, 30, 38, 44, 48]. Sir2 is involved in many distinct cellular functions, including
the regulation of gene expression, genome stability, metabolism, and aging [4, 8, 13, 21, 26,
33, 37, 42, 44, 46, 49, 52, 53]. There are several other AAR-producing enzymes, such as
Hst1, in the cell. Although AAR is produced by Sir2-like proteins from bacteria, yeast, and
humans and is shown to block/delay oocyte maturation [5], bind to chromatin-related
proteins [24], activate ion channels [15], and affect cellular reduction-oxidation status [51],
its precise biological functions and molecular mechanisms are not fully known.

In eukaryotic cells, nuclear DNA is packaged into chromatin. Post-translational
modifications of histones and association with histone-binding proteins organize the genome
into distinct states that are referred to as heterochromatin and euchromatin [22, 33, 40]. The
known heterochromatic DNA domains of Saccharomyces cerevisiae are the silent mating
type loci (HML and HMR) and the telomeric DNA regions [33, 43]. In addition, silencing
factors are involved in stabilization of the ribosomal DNA (rDNA) tandem repeats [6, 45].
The Sir proteins, Sir2, Sir3, and Sir4, are required for establishing and maintaining silent
chromatin domains at telomeres and the mating type loci [1, 14, 23, 41]. These Sir proteins
form a nucleosome binding complex called the SIR complex [34–36, 47]. AAR has been
shown to promote a change in stoichiometry and structure of the SIR complex in vitro [30].
In addition, NAD-dependent deacetylation of nucleosome arrays purified from yeast,
coupled to AAR synthesis, results in the formation of SIR-nucleosome filaments that require
all three Sir proteins [39]. Because binding of the SIR complex to nucleosome arrays in
these experiments is not sufficient for filament formation, we proposed that AAR induces a
structural change that mediates filament formation. These results suggest that AAR binds to
at least one of the Sir proteins and indicate that both deacetylation and AAR synthesis
contribute to SIR complex assembly in vitro and that both events may be required for the
formation of silent chromatin in vivo. In addition, AAR increases the affinity of the Sir3
protein for nucleosomes in in vitro binding assays [31]. However, it has been reported that
the requirement for Sir2 and AAR can be partially bypassed in some transcriptional
silencing assays [9, 54].
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In this study, we developed a novel chromatin affinity-precipitation (ChAP) method, which
allowed us to study the ability of immobilized small molecules to precipitate specific
chromatin fragments. Using AAR as an example, the results demonstrated that AAR
associated with silent heterochromatic regions in a Sir2-dependent manner. Moreover, we
used the ChAP method to compare the association of AAR and Sir2 via high resolution
whole genome tiling array chips. We found that AAR displayed a similar genomic binding
pattern to that of Sir2. We also identified 312 additional association cluster regions for
AAR. These results indicate that AAR can associate with specific target(s) in silent
chromatin and establish ChAP as a general method for probing the chromosomal targets of
metabolites.

Materials and methods
Yeast strains

The yeast strains used for this study were SF10 (BJ459, MATa ura3-52 trp1 lys2-801
leu2Δ1 pep4Δ::HIS3 prb1Δ1.6R can1) and W303-1a (MATa ade2-1 can1-100 his3-11,15
leu2-3,112 trp1-1 ura3-1). Strain sir2Δ::HIS3 (JRY3433) was previously described [34, 42].

Purification of proteins and 32P-O-acetyl-ADP-ribose (AAR), gel electrophoresis, Western
blotting, quantification, and HDAC fluorescent activity assay

Proteins were purified as previously described [30, 35]. 32P-AAR was prepared by
deacetylation of an acetylated histone H4 peptide using Hst2 and 32P-NAD. Protein samples
were separated on SDS-PAGE and stained by Coomassie brilliant blue R520 or silver nitrate
to visualize protein bands. Western blotting was performed using either the ECL Western
blot detection system (Amersham Biosciences) or the Western Lightning
Chemiluminescence Reagent (PerkinElmer Life Sciences). AlphaEaseFc (Alpha Innotech)
was used to quantify the density of protein or DNA bands on the gel and of small molecule
spots on the TLC plate. HDAC fluorescent activity assay was performed following the
manufacturer’s instructions (Merck/Biovision kit) except a reaction buffer containing 1 mM
NAD was used. Briefly, 85 μl of enzyme was mixed with 10 μl of HDAC assay reaction
buffer and added to 5 μl of fluorescent substrate. After 30 min incubation at 37°C, the
reaction was stopped by adding 10 μl of lysine developer and incubation at 37°C for 30 min.
The signals were recorded by reading samples in a fluorescence plate reader (Ex/Em: 350–
380/440–460 nm).

Deacetylation reactions, TLC, HPLC, and MALDI-TOF mass spectrometry
Approximately 2.5 mg GST-Sir2 was immobilized on glutathione-Sepharose 4B (Amersham
Biosciences). The immobilized GST-Sir2 was incubated with 1 mM β-NAD+ and 1.5 mM
synthetic penta-acetylated histone H4 peptide
(SGRGKAcGGKAcGLGKAcGGAKAcRHRKAc, Yao-Hong Biotechnology) in 1.75 ml of 50
mM HEPES-KOH (pH 7.0), 300 mM KCl, 1 mM Mg(OAc)2 for 2 h at 30°C and then
overnight at 4°C. Protein bound to the solid beads was packaged into a column, and the
enzymatic reaction products were eluted and either directly tested by TLC or further
analyzed by HPLC and MALDI-TOF mass spectrometry using standard procedures as
previously described [30].

Dot blotting
Serial dilutions of protein samples were spotted on a PVDF membrane (50–200 μmol) and
were incubated with 32P-AAR at 4°C overnight. The membranes were then washed twice
with 20 mM Hepes-KOH pH 8.0, 300 mM KCl, 1 mM MgCl2, and 0.05% NP40, followed
by two washes with 20 mM Hepes-KOH pH 8.0, 100 mM KCl, 1 mM MgCl2, and 0.025%
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NP40 at room temperature. The membranes were then subjected to autoradiography and
quantification by phosphorimaging using QuantityOne software (BioRad).

BIAcore surface plasmon resonance analysis
Real time protein-small molecule interactions were examined using a BIAcore 3000 or
BIAcore 2000 instrument (BIAcore). Sir2 or BSA was individually immobilized on different
flow cell of a CM5 sensor chip using an amine-coupling kit (BIAcore). The experimental
procedures for interaction assays and data analysis were previously described [29, 30].

Affinity pull-down and chromatin affinity-precipitation (ChAP)
Activated Affigel 10 resin (BioRad) was washed with ice cold H2O three times and
equilibrated in cold buffer A (50 mM Hepes-KOH pH 8.0, 300 mM KCl, 1 mM MgCl2,
0.05% NP40, 0.5% BSA, 0.5% casamino acids) three times. To immobilize a small
molecule on the beads, 10 mM individual NAD, ADPR, NAM, AAR, ATP, ADP, or AMP
was coupled to the beads at 4°C for 4–6 h, followed by washes with cold buffer B (50 mM
Tris-HCl pH 7.0, 150 mM KCl, 1 mM MgCl2, 0.05% NP40, 0.1% BSA, 0.5% casamino
acid) three times. To block the remaining coupling sites, cold 1 M ethanol-amine-HCl pH
8.5 was incubated with beads for 1–2 h. The beads were then washed with cold buffer B
three times.

For affinity pull-down assays, purified protein or whole cell lysate extract, containing 0.1%
BSA and 0.1% casamino acid, was added to each immobilized resin and incubated at 4°C
overnight. Before elution with buffer C (4× SDS-PAGE Laemmli loading dye without
Bromo-phenol blue), beads were washed five times with cold buffer B.

For ChAP, the treatment of cell lysate extract was as previously described for ChIP assays
[39]. Each immobilized resin was incubated with cell lysate at 4°C overnight. Beads were
then washed once with cell lysis buffer (50 mM Hepes-KOH pH 7.5, 300 mM NaCl, 1 mM
EDTA, 0.5% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, and protease inhibitors);
twice with 50 mM Hepes-KOH pH 7.5, 250 mM NaCl, 1 mM EDTA, 0.25% Triton X-100,
0.1% sodium deoxycholate, 0.05% SDS, and protease inhibitors; twice with 10 mM Tris-
HCl pH 8.0, 0.25 M LiCl, 0.5% NP40, 0.5% sodium deoxycholate, and 1 mM EDTA; twice
with 10 mM Tris-HCl pH 8.0, 0.25 M LiCl, and 1 mM EDTA; and once with TE (10 mM
Tris-HCl pH 8.0 and 1 mM EDTA pH 8.0) at room temperature. Beads were eluted by
incubating with 100 μl of 50 mM Tris-HCl pH 8.0, 10 mM EDTA, and 1% SDS at 65°C for
15 min. Eluates were transferred to a fresh tube and pooled with a final bead wash of 150 μl
TE with 0.67% SDS. For input DNA, 200 μl TE with 1% SDS was added to 50 μl cell
lysate extract. To reverse the cross-links, all samples were incubated at 65°C overnight,
followed by the addition of 250 μl TE, 5 μg glycogen, and 100 mg proteinase K, and
incubation at 37°C for 2 h. After adding 55 μl of 4 M LiCl, the samples were extracted once
with phenol/chloroform and once with chloroform. DNA was then precipitated by two
volumes of ethanol, washed with 75% ethanol, air dried, and resuspended in 50 μl TE with
RNase A (20 μg/ml for input DNA and 2 μg/ml for affinity-precipitated DNA) and
incubated at 37°C for 1 h. Gel conditions, quantification of PCR amplified specific bands,
and primer pairs—except for PCR1 of YBR079C: 5′TGAGCACGCTTCTGTCTTTC3′,
5′GAAGGCTGAATTGGAAGCTG3′ and PCR2 of YBR079C:
5′ACAGCGATTTTTCGATGTCC3′, 5′GGTTTTTGTTGCTGCCTCTC3′—were as
previously described [20, 42].

Chromatin affinity-precipitation on chip (ChAP on chip)
The precipitated chromatin DNA fragments were obtained as described above. Then,
following the NimblGen standard protocol instructions, samples were processed from the
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steps of post IP, ligation-mediated PCR (LM-PCR), labelling with either cy5 or cy3,
hybridization with S. cerevisiae whole genome tiling array chip (NimbleGen), to the step of
scanning chip and analysis of data using the NimbleScan program and SignalMap software.

Results
Association of AAR with Sir2

Based on the ability of Sir2 to generate AAR, a Sir2-AAR interaction is postulated.
However, intriguing as this proposed interaction is, a definitive proof is lacking. Therefore,
we were interested to investigate the physical interaction between AAR and Sir2.

In order to obtain sufficient quantities of AAR, we optimized the condition of purification of
AAR. We were able to produce AAR by enzymatic synthesis using either Sir2 or its
homolog proteins, Hst2 and CobB (Fig. 1a). As shown in Fig. 1b, Sir2 was slightly more
efficient in deacetylation of the substrate than Hst2 and CobB. Therefore, we chose Sir2 for
the further large scale reactions. We also used thin layer chromatography (TLC) to monitor
the results of the enzyme reaction over time. Under our conditions, after 2 and 12 h, around
54 and 85% of NAD was metabolized to AAR and NAM by Sir2, respectively. After 20 h
reaction, there was still about 5% unconsumed NAD (Fig. 1c). As previously described [30],
we purified the reaction products on a C18 HPLC column. Two peaks of interest, one
containing AAR and the other containing AAR and NAD, were individually collected (Fig.
1d). The pure AAR peak collections were then combined, checked, and re-purified by HPLC
again (Fig. 1e) and also confirmed by matrix assisted laser desorption/ionization-time of
flight (MALDI-TOF) mass spectrometry (Fig. 1f).

We used a dot blotting assay to rapidly determine the physical binding of AAR to Sir2 that
was immobilized on a PVDF membrane. We blotted increasing amounts of each protein
(50–200 μmol) onto membranes, which were then incubated with 32P-labeled AAR. As
shown in Fig. 2a, consistent with the Hst2-AAR crystal structure [57], we detected binding
of AAR to Hst2, even for the lowest Hst2 concentration (50 μmol) on the membrane. In the
control, we observed no binding to BSA and C-terminal fragment of Sir3 at the same
concentration range (data not shown). AAR also associated with Sir2 with an apparently
higher efficiency than with Hst2 (Fig. 2a).

For studying the specificity of small molecule interaction with protein, we used an affinity
pull-down approach. Several small molecules such as NAD, ADP-ribose (ADPR),
nicotinamide (NAM), ATP, ADP, AMP, and AAR were immobilized on solid resins, which
were then used to examine the specificity of affinity pull-down. Sir2 and Hst2 associated
with AAR, as well as NAD, but bound little or no ATP, ADP, or AMP (Fig. 2b, c and data
not shown). Furthermore, not only yeast Sir2 and Hst2 but human SirT1 were also able to
undergo affinity pull-down by AAR but not by AMP from whole cell lysate extract (Fig.
S1). Nevertheless, Sir2 associated with ADPR with a similar efficiency to that observed for
AAR. Sir2 associated with NAM with lower efficiency. Both association of Hst2 with
ADPR and with NAM showed a lower efficiency than Hst2-AAR association.

To measure the real time binding of small molecule interaction with Sir2, we performed
BIAcore surface plasmon resonance (SPR) assays. Sir2 and control BSA were individually
immobilized to a CM5 sensor chip, and small molecules were then used as the analyzers.
Binding was observed between Sir2 and AAR but not between Sir2 and ADP or Sir2 and
AMP (Fig. 2d and data not shown). The on and off rates for the association of AAR, ADPR,
NAD, ADP, and AMP with Sir2 are summarized in Table 1. Affinity calculation yielded KD
values of ~300 nM for the Sir2-AAR interactions. The KD value for the association of NAD
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with Sir2 was ~580 nM. However, ADPR bound to Sir2 with lower affinity (KD of ~3 μM)
(Table 1).

Affinity precipitation of heterochromatin fragments by AAR
Chromatin immunoprecipitation (ChIP) (19) has allowed significant progress in the study of
in vivo protein-DNA interactions. We modified the typical ChIP protocol to assess the
ability of small molecules such as AAR, NAD, and ATP to associate with sheared chromatin
fragments. Briefly, this method, referred to as chromatin affinity-precipitation (ChAP)
involves the immobilization of small molecules to an Affigel resin via primary amine cross-
linking. This resin is then used for affinity-precipitation and analysis of chromatin fragments
as is the case with the standard ChIP assay.

Under our experimental conditions, as shown in Fig. 3a and b, using actin as a control, we
observed enrichment signals of silent chromatin fragments, HMR-E, HML-E, HMR-a,
HML-α, NTS1/5S, and NTS2/18S, using the AAR resins compared to resins that contained
either ATP or other small molecules (about 1.5- to 2- vs. 1-fold enrichment over input).
Interestingly, for NAD, the enrichment signals were detected on HMR-E, NTS1/5S, and
NTS2/18S but not on HML-E, HMR-a, and HML-α. In contrast, for ADPR, the enrichment
signals were detected on HMR-E, HML-E, HML-α, NTS1/5S, and NTS2/18S but not on
HMR-a. AAR-dependent DNA precipitation required chromatin, as no enrichment was
observed using naked DNA fragments (Fig. 3c). These results indicated that we were able to
specifically precipitate silent heterochromatin fragments using the distinct immobilized
small molecules such as AAR.

Previous studies have shown that deletion of any of the sir genes results in a disruption of
heterochromatin [1, 18, 41]. To determine whether the association of AAR with chromatin
required heterochromatin formation, we performed ChAP assays in wild type cells and cells
that carried a deletion of the sir2 gene. As our results suggest that Sir2 is an AAR binding
partner, AAR should not be able to affinity-precipitate silent chromatin fragments in sir2
deletion cells. As shown in Fig. 4, we observed an enrichment of four different silent
chromatin fragments, the HMR-E and HML-E silencers, the HMR-a, and HML-α regions in
ChAP from two different sir2+ strains, but these enrichments were not detected in sir2
deletion cells. No significant difference in the signal enrichment of the above fragments was
observed between sir2+ and sir2 deletion cells in ChAP assays with AMP beads (Fig. 4).
Although the enrichment of silent chromatin fragments in AAR pull-downs appeared to be
weak (about 1.5-fold enrichment over input), the dependence on Sir2 suggested specificity
in this assay. The association of AAR with silent chromatin fragments was consistent with
our binding results presented in Fig. 2.

Genome-wide localization of AAR and Sir2
We next used the ChAP and ChIP assays in combination with whole genome tiling array
chips to determine the genome-wide localization of AAR and Sir2. Genome-wide
localization of Sir2 has been previously reported [28], but not using high resolution tiling
arrays (“microarray of ~13 k unique spots at a resolution of 2 kb” vs. “tiling array of 385 kb
probes with 50-mer probes at 32 bp median spacing”).

In general, AAR co-localized with Sir2 not only at all telomeric regions but also at almost
all other chromosomal regions (Figs. 5 and S2). Interestingly, at several chromosome ends,
including 1L, 1R, 2R, 3L, 3R, 4L, 6R, 9R, 10R, 11L, 11R, 13R, 14R, and 15L, both Sir2 and
AAR display a narrower localization pattern (around only 1 kb from the terminus) compared
to their distributions on other chromosomal ends (Fig. 5b). However, the localizations of
Sir2 and AAR on each chromosome end ranged from ~1 to ~14 kb and, moreover, the
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broader distribution regions displayed a closely connected bi- or tri-peak distribution pattern
(Figs. 5a, b and S2).

We performed further data analysis by calculating and filtering out peaks with false
discovery rate (FDR) by using NimbleScan software. Other than the known silent chromatin
regions, this analysis identified 312 potential AAR association clusters that spanned 481
genes, about 6.7% of yeast genes, and 40 intergenic regions (Table S1). We also used the
PCR method to confirm some of these newly identified AAR association gene regions (Fig.
S1), and the results were consistent with our ChAP on chip results. However, these newly
identified cluster regions were mostly co-associated with Sir2 (Figs. 5 and S2). Interestingly,
at some regions, we observed AAR association in the apparent absence of Sir2, particularly
near the end parts of cluster distribution (e.g., Chromosome 2, ~397 k, Fig. 5c), suggesting
that the association may be mediated by other AAR receptor proteins in these regions. This
feature was consistent with the PCR results shown in Fig. 5d. We also confirmed this co-
association feature by using sir2 deletion cells and almost all enrichment signals of AAR
and Sir2 disappeared, except a few weak enrichment signals on some regions, such as
YIR019C (Figs. S2 and S3). However, compared to the telomeric DNA regions, in which
the highest enrichment was over 30-fold in Sir2 immunoprecipitations, these newly
identified regions were usually enriched less than 8-fold (the cut-off of enrichment fold was
artificially set at 21.5 for the threshold value of AAR affinity-precipitation) (Figs. 5 and S2).
As shown in supplemental Table S2, these AAR-associated regions were diverse and
contained genes involved in many biological functions such as transferase activity,
transcription regulation, protein binding, DNA binding, and signal transduction. At the same
time, other ontological analyses of, for example, biological processes and cellular
components also showed a similar diversity. However, it remains to be determined whether
the Sir2 protein and AAR play any role in the regulation of these loci.

Our results showed that all chromosome ends were associated with Sir2 (Figs. 5a and S2),
whereas previously little or no Sir2 enrichment was observed for telomeric regions of
chromosomes 3R, 4L, 9R, and 16R [28]. However, most of the previously identified
nonheterochromatic targets of Sir2 [28] were also enriched in our tiling array experiments
(Fig. 5, Table S2).

Discussion
Our results show that the ChAP method provided a general useful assay for studying the
association of small molecules with chromosomal DNA fragments. Using ChAP assay, we
have provided direct physical evidence for the interaction of a small metabolic molecule,
AAR, with the Sir2.

Both AAR-Sir2 and AAR-Hst2 interactions are consistent with the known ability of these
enzymes to use NAD as a cofactor during deacetylation and with the observation that NAM
is an inhibitor of Sir2 [3]. Presumably, the binding of AAR to Sir2 and Hst2 reflects its
affinity for the known NAD binding pocket in the active site of these enzymes [2, 56, 57].
However, our results do not rule out the possibility that AAR association with chromatin
fragments involves a Sir2-mediated heterochromatin formation.

Although AAR is produced by Sir2-like proteins from bacteria, yeast, and humans, its
biological target(s) are not fully known. One of the nuclear sirtuins, Hst2, a Sir2 homolog in
yeast, has been shown to co-crystallize with both AAR and a histone peptide [57]. A histone
variant macroH2A1.1, mH2A1, has been identified as a target of ADP-ribose and/or AAR
binding [24].
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The phylogenetic conservation of Sir2-like enzymes and their reaction mechanism suggests
that AAR may play similar regulatory roles in other systems. Sir2-like proteins have been
implicated in several different regulatory pathways, and in mammalian systems, the SirT1
protein deacetylates p53, tubulin, and PCAF [4, 7, 10, 11]. AAR had been reported to
directly bind to the cytoplasmic domain of TRPM2 and to activate the TRPM2 channel [15].
Furthermore, a recent report showed that AAR binds to three glycolytic enzymes, GAPDH,
PGK, and ADH, suggesting that AAR may be involved in the cytosolic regulation of
glycolysis [51]. AAR, whose production is coupled to deacetylation of these and as yet to be
identified substrates, may act as a signaling or second messenger molecule to regulate
downstream events. In this regard, AAR may be similar to cyclic ADP-ribose (cADPR),
which is a second messenger that regulates calcium signaling in mammalian cells [17].

On the whole genome tiling array chip, at several chromosome ends, such as 4L, 9R, and
11R (Fig. 5b), an absence of Sir2 and AAR broader spreading along the chromosomal end
was shown. This might imply that Sir2 was just involved in a short distance (~1 kb) of
spreading but not further longer spreading at these telomeres. Under our experimental
conditions, although Sir2 and AAR displayed similar genomic distribution patterns, some
regions only associated with either Sir2 or AAR (Figs. 5c and S1), suggesting that AAR
might not associate with all Sir2 interaction regions. Perhaps, other chromosome-bound
Sir2-like proteins, such as Hst1, mediate the association of AAR with these chromosome
regions.

It has been reported that the requirement for Sir2 and AAR in silencing can be bypassed
when Sir3 is fused with Hos3 as a chimera protein [9] or when Sir3 is overexpressed in cells
containing histone H4 lysine to arginine mutations that mimic deacetylated H4 [54]. Our
studies provide a starting point for further dissection of the AAR binding site, which is
required in order to assess the importance of AAR-Sir binding in silent chromatin assembly
in vivo. Nevertheless, in addition to AAR interaction with Sir2, we have also found that
AAR binds to Sir3 (unpublished data), suggesting that multiple interaction sites of the SIR
complex may contribute to AAR binding.

The genome-wide ChAP approach described here is useful not only for identification of
chromosome-associated AAR targets but also for the identification of non-chromosomal
targets of AAR. In the nucleus, the results of genome-wide screening show that AAR
primarily co-precipitates with genomic fragments that are associated with Sir2 (Figs. 5 and
S2). However, some AAR-associated regions did not contain Sir2 (Fig. 5c) and may be
bound by other AAR target protein(s), such as other Sir2-like proteins or Sir3. To fully
investigate the possible biological function(s) of AAR, the identification of its other targets,
including both nuclear and cytoplasmic targets, is required. Affinity precipitation using a
small molecule coupled to a solid resin was used successfully to identify the first histone
deacetylase [50]. AAR coupled to a solid resin, combined with mass spectrometry
identification of the bound proteins, should be useful in identification of additional AAR
targets.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Purification of ARR. a Coomassie-stained SDS polyacrylamide gel showing purified Sir2,
Hst2, and CobB. b HDAC fluorescent activity assays showing the deacetylation activities of
Sir2, Hst2, and CobB, respectively. c TLC separation of NAD-dependent deacetylation
reaction products. The reaction times, reactant (NAD), and products (AAR and NAM) are
indicated on the bottom and left, respectively. d Purification of NAD-dependent
deacetylation reaction products on a C18 HPLC column. The peaks were collected and the
positions of AAR and NAD as determined by MALDI-TOF mass spectrometry are
indicated. e Several collected AAR peaks shown in d were combined to be re-purified by
HPLC. f Mass spectrum showing the molecular mass of AAR from the peak shown in e
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Fig. 2.
Association of small molecules with Hst2 and Sir2. a Dot blotting assays showing the
binding of 32P-AAR to the indicated amounts of Hst2 and Sir2 immobilized on a PVDF
membrane. b and c Affinity pull-down assays showing the binding of Hst2 and Sir2 to the
indicated small molecules, which were immobilized on beads. d BIAcore surface plasmon
resonance (SPR) experiments showing the association of AAR with immobilized Sir2. The
concentrations of AAR are indicated on the sensorgram (right). M Protein standard marker,
WCE whole cell extract, – bead only control
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Fig. 3.
Chromatin affinity-precipitation (ChAP) assays. a Examples of the ChAP data used to
determine the association of small molecules with silent heterochromatin fragments. Actin
primer was used as internal control and for normalization of signal. b Quantifi-cation of
ChAP experiments showing the relative fold enrichments of small molecules at each silent
chromatin fragment. Averages and standard errors are shown for the results of three to five
experiments. c Control experiment showing that AAR was unable to directly interact with
naked DNA fragments. The total purified naked chromatin DNA fragments of input and the
pull-down of AAR were separated on an agarose gel (left panel). The detected signals of
input and pull-down of AAR at silent chromatin fragments and actin control are shown
(right panel). The small molecules and silent chromatin fragments are indicated. M and AP
represent the protein standard marker and affinity pull-down, respectively
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Fig. 4.
Sir2-dependent AAR association with silent chromatin. a ChAP assays showing the
association of AAR with silent chromatin fragments in sir2 deleted cells as compared with
sir2+ wild type cells. AMP was used as small molecule control, and actin primer was used as
internal control and for normalization of signal. b Quantification of ChAP experiments
showing the relative fold enrichments of AAR at silent chromatin fragments in sir2+ and sir2
deleted cells. Averages and standard errors are shown for the results of three to four
experiments. Tot, Wt(W303), Wt(SF10), and Δsir2 represent total cell lysate, two sir2+

(wild type), and sir2 deleted strains, respectively
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Fig. 5.
Genome-wide distribution of Sir2 and AAR. a Chromosomal display of association patterns
of Sir2 and AAR on the whole chromosome 1. b Chromosomal display of association
patterns on the telomere regions. For each chromosome, Sir2, AAR, and AMP data,
respectively, are presented for the 10 kb region from the left (L) and right (R) chromosome
end. c The different distributions of enrichment signals of Sir2 and AAR around position
397 k of chromosome 2. Chromosome number and the relative ratio of enrichment signal
(log2) are indicated. d The different enrichment signals of Sir2 and AAR on the same region
shown in c. The detected positions of PCR1 and PCR2 are also indicated in c. Actin primer
was used as internal control and for normalization of signal. Tot represents total cell lysate
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Table 1

Association of AAR, ADPR, NAD, ADP, and AMP with immobilized Sir2

Interaction ka (1/Ms) kd (1/s) KD (M)

Sir2-AAR (1.23 ± 0.02) × 103 (3.74 ± 0.35) × 10−4 (3.04 ± 0.26) × 10−7

Sir2-ADPR (8.17 ± 0.06) × 102 (2.41 ± 0.12) × 10−3 (2.95 ± 0.16) × 10−6

Sir2-NAD (1.70 ± 0.45) × 104 (9.18 ± 0.91) × 10−3 (5.75 ± 1.33) × 10−7

Sir2-ADP NM NM NM

Sir2-AMP NM NM NM

NM Not measurable
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