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The yeast transcriptional repressor Sir2p silences
gene expression from the telomeric, rDNA, and silent
mating-type loci and may play a role in higher order
processes such as aging. Sir2p is the founding member
of a large family of NAD-dependent deacetylase en-
zymes, named the sirtuins. These proteins are conserved
from prokaryotes to eukaryotes, but most remain un-
characterized, including all seven human sirtuins. A re-
verse chemical genetic approach would be useful in
identifying the biological function of sirtuins in a wide
variety of experimental systems, but no cell-permeable
small molecule inhibitors of sirtuins have been reported
previously. Herein we describe a high throughput, phe-
notypic screen in cells that led to the discovery of a class
of sirtuin inhibitors. All three compounds inhibited
yeast Sir2p transcriptional silencing activity in vivo,
and yeast Sir2p and human SIRT2 deacetylase activity
in vitro. Such specific results demonstrate the utility
and robustness of this screening methodology. Struc-
ture-activity relationship analysis of the compounds
identified a key hydroxy-napthaldehyde moiety that is
necessary and sufficient for inhibitory activity. Prelim-
inary studies using one of these compounds suggest that
inhibition of sirtuins interferes with body axis forma-
tion in Arabidopsis.

In yeast, the Sir2 family of proteins functions in transcrip-
tional regulation, cell cycle progression, DNA-damage repair,
and aging (1, 2). Sir2p deacetylates histones in an NAD-de-
pendent manner (reviewed in Ref. 3), which is thought to ac-
count for both its transcriptional silencing activity at the telo-
meric, rDNA, and silent mating-type loci (reviewed in Ref. 1),
as well as its ability to regulate lifespan in response to meta-
bolic rates (reviewed in Ref. 2). Deacetylation of histones is a
known mechanism for causing chromatin condensation and
transcriptional silencing; indeed, the loci regulated by Sir2p
are hypoacetylated (4), and deletion of Sir2 results in a dra-
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matic increase in the acetylation of the histones at these sites
(5). Furthermore, it is believed that Sir2p regulates aging in
yeast by forming condensed chromatin structures at the rDNA
locus. This decreases recombination rates, thereby decreasing
the formation of toxic extrachromasomal rDNA circles, which
shorten lifespan (reviewed in 2). Therefore, according to this
hypothesis, increasing Sir2p activity or overexpressing Sir2p
leads to an increased lifespan in yeast. Interestingly, lifespan
can also be extended by glucose deprivation, and this is postu-
lated to be mediated by the NAD-dependence of Sir2p. Decreas-
ing glucose intake drops metabolic rates, resulting in the oxi-
dation of NADH to NAD. Increasing the amount of available
NAD increases Sir2p activity, thereby preventing the forma-
tion of toxic extrachromasomal rDNA circles. The critical role
of NAD levels in this process is evident by the fact that muta-
tions in an NAD biosynthetic pathway in yeast leads to a
decrease in lifespan that is not rescued by mutation in the
glucose-sensing pathways or overexpression of Sir2p (6). Thus,
the metabolic and oxidative state of the cell may be linked
directly to transcriptional regulation of certain genes via Sir2p,
which in turn may regulate lifespan.

Sir2p represents the founding member of a large family of
NAD-dependent deacetylases, termed the sirtuins (7, 8). These
enzymes are highly conserved from prokaryotes to eukaryotes,
with five sirtuins in yeast and seven in humans. The sirtuins
contain a conserved catalytic domain of ~275 amino acids, and
mutation of the highly conserved residues in this domain ab-
rogates enzymatic activity (7, 9). Although Sir2p and yeast
HST1p appear to be involved directly in transcriptional silenc-
ing, the biological functions of the other sirtuins remain un-
known, though recently a Sir2p homolog in Caenorhabditis
elegans was shown to regulate lifespan in this organism, as
well, albeit via a different mechanism (10). Several yeast and
human sirtuins are not localized to the nucleus (11-13), sug-
gesting that these proteins may have diverse roles in the cell
aside from transcriptional regulation. Indeed, one Salmonella
sirtuin was found to be competent to function in the cobalamine
biosynthetic pathway (14), and thus some of these enzymes
may have small molecules, rather than proteins, as substrates.

One approach to dissecting the biological function of sirtuins
in a variety of biological systems is reverse chemical genetics.
Rather than deleting or mutating the sirtuin genes in a partic-
ular system, a cell-permeable small molecule inhibitor of sir-
tuins can be used to block sirtuin activity. Such an inhibitor
would permit fine temporal regulation of sirtuin inhibition, and
thus the function of sirtuins in essential or developmental
processes could be studied. Furthermore, these inhibitors
should be easily transferable to model organisms or systems in
which it is extremely difficult to specifically delete genes. In-
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deed, inhibitors of the family of histone deacetylases, HDACs,!
have greatly accelerated the characterization of the cellular
function of these proteins. For example, inhibition of HDAC
activity by the nanomolar inhibitor trichostatin A (TSA) pro-
duces a dramatic morphological change in tumor cell lines,
which subsequently was shown to be caused by an HDAC-de-
pendent transcriptional regulation of gelsolin, an actin-binding
protein (15). Thus, a general sirtuin inhibitor could be used to
refine our understanding of yeast sirtuins and initiate investi-
gations into the function of insect, vertebrate, and human
sirtuins. Thus far, however, no cell-permeable sirtuin inhibi-
tors have been reported. A non-hydrolyzable NAD analog (car-
banicotamide adenine dinucleotide) does inhibit sirtuin activ-
ity in vitro (16), but such molecules are not cell-permeable and
undoubtedly inhibit other NAD-dependent enzymes, as well.
Thus, these NAD analogs would not be suitable for in vivo
studies.

Herein we describe the identification of a class of cell-perme-
able small molecule inhibitors of sirtuin NAD-dependent
deacetylase activity from a high throughput cell-based screen
of 1600 unbiased compounds. The primary screen was for in-
hibitors of Sir2p-mediated silencing of a URAS3 reporter gene
integrated into a telomeric locus. This yeast strain can grow in
the presence of 5-fluoroorotic acid (5-FOA), but the addition of
an inhibitor of Sir2p will result in expression of the URAS3 gene
and death in the presence of FUra. Three compounds of 1600
scored positively in this screen, and two of these possessed
substructures derived from 2-hydroxy-l-napthaldehyde. All
three compounds inhibit Sir2p transcriptional silencing in vivo,
in the context of different Sir2p complexes and at different
chromosomal domains. These compounds inhibit yeast Sir2p,
as well as human SIRT2 activity in vitro, demonstrating that
they inhibit enzymatic activity directly and function as general
inhibitors of sirtuins. Interestingly, 2-hydroxy-1-napthaldehye
and other compounds containing this moiety also inhibit Sir2p
activity in vivo and in vitro, suggesting that these small mole-
cules represent a new class of inhibitors of sirtuins. Prelimi-
nary studies with one these inhibitors (sirtinol; Sir two inhib-
itor napthol) suggest that sirtuins do not regulate global
histone acetylation levels in mammalian cells and that they
may be involved in body-axis formation during plant
development.

EXPERIMENTAL PROCEDURES
Yeast Strains

The genotype for the TEL::URA3 strain (UCC1001) is as follows:
MATa ura3-52 lys2-801 ade2-101 trpA63 his3A200 leu2-A1 TEL
adh4::URA3. The genotype for the HML::URAS3 strain (UCC3515) is as
follows MATa ura3-52 lys2-801 ade2-101 trpA63 his3A200 leu2-Al
HMLo::URA3. The genotype for non-TEL::URA3 strain (UCC1003),
where the URA3 reporter is inserted in an internal chromosomal do-
main, is as follows: MATa ura3-52 lys2-801 ade2-101 trpA63 his3A200
leu2-A1 adh4::URAS3. These strains were obtained from D. Gottshling
(Fred Hutchinson Cancer Research Center, Seattle, WA). The genotype
for the rDNA::URAS strain is as follows: MATa his3 A 200 leu2-A
ura3-167 rDNA:TyI-URA3. The control strain for this is
non-rDNA::URA3, where the URA3 gene is inserted into an unknown
site outside of the rDNA locus, has the following genotype:: MAT« his3
A 200 leu2-A ura3-167 ?222::Ty1-URA3. These strains were obtained
from J. D. Boeke (Johns Hopkins University).

Small Molecules

The compounds that were screened were derived from two libraries.
The first was purchased from ChemBridge Corporation (San Diego,
CA), and the second, an Institute of Chemistry and Cell Biology diver-

! The abbreviations used are: HDAC, histone deacetylase; TSA, tri-
chostatin A; GST, glutathione S-transferase; 5-FOA, 5-fluoroorotic acid;
ICCB, Harvard Institute of Chemistry and Cell Biology; HM, homo-
thallic mating-type locus; JLB, Jurkat lysis buffer.
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sity set, consisted of compounds synthesized at the Harvard Institute of
Chemistry and Cell Biology (ICCB; Harvard University) using diver-
sity-oriented synthesis (17). Compound A3 (8,9-dihydroxy-6H-
(1)benzofuro[3,2-clchromen-6-one) was synthesized by Hua Miao (ICC-
B). Compounds M15 (1-[(4-methoxy-2-nitro-phenylimino)-methyl]-
naphthalene-2-0l) and Sirtinol (2-[(2-hydroxy-naphthalen-1-
ylmethylene)-amino]-N-(1-phenyl-ethyl)-benzamide) were purchased
directly from ChemBridge. 2-Hydroxy-1-naphthaldehyde, 2-hydroxy-1-
naphthoic acid, 4-methoxy-2-nitroaniline, and trichostatin A were pur-
chased from Sigma, whereas 2-amino-N-(1-phenyl-ethyl)-benzamide
was synthesized by Travis Dunn (Harvard University).

In Vivo Yeast Screen

General Procedures—Several freshly streaked colonies of the desired
yeast strain were resuspended in 1 ml of YPDA medium (YPD/0.003%
adenine hemisulfate) by vortexing, diluted in 50 ml of YPDA, and
vortexed again. A stock solution of 15% 5-FOA in Me,SO was used to
produce 0.4—0.8% 5-FOA solution for the TEL::URA3, rDNA::URA3,
and HML::URAS strains. An equivalent percentage of Me,SO was used
for the untreated samples to account for cytotoxicity. A multidropper
apparatus (Labsystems) was used to add yeast to clear bottom 96-well
or 394-well plates in volumes of 40-100 wl. Although this density of
yeast in the well was not visible initially, a wild-type strain typically
saturated the bottom of the well after 24—48 h of growth at room
temperature. To test the dose response on the three strains, 100 ul of
the various yeast strain suspensions were transferred to a 96-well
plate, and 0.5 ul of the compounds or Me,SO were added. Growth was
monitored by visual inspection or by the Agy, of the cultures using a
Wallac spectrometer.

ICCB Diversity Set Compound Library

A collection of 400 compounds, called an ICCB diversity set of com-
pounds, was screened for activity. These compounds were contributed
by members of the Harvard Institute of Chemistry and Chemical Biol-
ogy (ICCB; Harvard University), and were aliquoted into 96-well plates
at dilutions between 10 and 20 mwm. For this screen, 100 ul of the
TEL::URAS yeast suspensions = 5-FOA were transferred to 96-well
plates. 100 nl of 10—20 mM compound stocks were manually pin-trans-
ferred to these plates, and thus the compounds were tested at concen-
trations of 10—20 uM. Growth was monitored by visual inspection and
scored after 1, 2, and 3 days.

ChemBridge Library

The screens tested 1200 compounds of plates from the ICCB Chem-
Bridge Library (plates 1-3). An automated robot pin-transferred 40 nl
of compound to each well of the plates. For this screen, 40 ul of the yeast
suspensions, * 5-FOA, were transferred to 384-well plates. 40 nl of 5
mg/ml stocks of compounds were pin-transferred to the plates, and thus
these were tested at a concentration of ~10 uM. Growth was monitored
by visual inspection and scored after 1, 2, and 3 days.

DNA Constructs and Mutagenesis

The bacterial expression construct for GST-SIRT2 (amino acids 18—
340) in the pGex4T3 vector (Amersham Pharmacia Biotech) was gen-
erously provided by M. Finnin and N. Pavletich (Memorial Sloan-Ket-
tering Cancer Research Center, New York).

Protein Expression and Purification

BL21-(DE3)LysS cells were transformed with the GST-SIRT2 (amino
acids 18-340)/pGex4T3 construct. Cells were grown to an Agy, of 0.3 in
NCZYM medium (Life Technologies, Inc.) and induced for 5 h with 0.5
mM isopropyl-1-thio-B-D-galactopyranoside (Sigma) at room tempera-
ture. Cells were lysed in 50 mwm Tris-HCI, pH 8, 200 mm NaCl, 5 mm
dithiothreitol, and 1 mg/ml lysozyme (Sigma) with a freeze-thaw cycle.
40 units of DNase I (Promega) were added to the solution and incubated
for 20 min on ice. The lysate was clarified by centrifugation at 14,000
rpm for 15 min, and the incubated was clarified with 1.5 ml of gluta-
thione-agarose beads (Amersham Pharmacia Biotech) at 4 °C for 1 h.
The beads were washed twice with phosphate-buffered saline, and the
protein was eluted by incubation with 10 mm glutathione (Sigma) in
JLB (50 mMm Tris-HCI, pH 8, 150 mm NaCl, 10% glycerol, 0.5% Triton
X-100) for 1 h at 4 °C and twice with 10 mm glutathione, JLB for 30 min.
This solution was then dialyzed overnight against JLB and stored at
—70 °C. Expression and purification of recombinant yeast Sir2 protein
has been described previously (18).
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Immunoprecipitation of HDAC1 from HeLa Cells

HelLa cells were lysed in JLB containing a complete protease inhib-
itor mixture (Roche Molecular Biochemicals). Lysis proceeded for 15
min at 4 °C, after which the cellular debris was pelleted by centrifuga-
tion at 14,000 rpm for 5 min. Endogenous HDAC1 was purified from the
supernatant by incubation with anti-HDAC1 antibody (Sigma) for 30
min and then precipitation with protein G beads (Life Technologies,
Inc.) for 45 min at 4 °C. The beads were washed three times with JLB
at 4 °C and resuspended in HD buffer (50 mm Tris, pH 8.0, 150 mm
NaCl, 10% glycerol) for the histone deacetylase assays.

In Vitro Histone Deacetylation Assays

1.5 pg of recombinant human GST-SIRT2 (amino acids 18-340) or
0.5 pg of recombinant yeast Sir2p were incubated for 2 h at 30 °C in 50
wl of assay buffer (50 mm Tris-HCl, pH 8.8, 4 mm MgCl,, 0.2 mMm
dithiothreitol) (9), with or without 50 um NAD and acetylated HeLa
histones (1000 cpm), purified by acid extraction. HDAC activity was
determined by scintillation counting of the ethyl acetate-soluble
[*Hlacetic acid (19).

Antibodies and Western blot analysis

Antibodies to tetra-acetylated histones H3 and H4 were purchased
from Upstate Biotechnology (Lake Placid, NY), and antibodies to acety-
lated a-tubulin were purchased from Sigma. 1.2 X 10° primary foreskin
fibroblast cells were plated in 6 ml of DMEM/10% FBS media, and
treated with 0.5% Me,SO, 10 uM sirtinol, 50 uM sirtinol, or 1 um TSA for
24 h. Cells were trypsinized, harvested, and lysed in 75 ul of JLB. The
protein concentrations of the lysates were determined by a Bradford
assay, and a normalized amount of protein for each sample was sepa-
rated by SDS-polyacrylamide gel electrophoresis and analyzed by West-
ern blot.

Analysis of Cell Morphology

100 X 10° HeLa cells were plated onto gelatin-coated coverslips and
treated with 1% Me,SO, 10 uM sirtinol, 25 puM sirtinol, or 1 um TSA for
24 h. Cells were fixed in 4% formaldehyde and viewed with a light
microscope.

Analysis of Effect of E8 on Arabidopsis Development

Seeds (Arabidopsis thaliana ecotype Lansberg erecta (Ler)) were
surface-sterilized by treatment with 70% ethanol for 1 min and then
50% Clorox/0.1% Tween 20 for 8 min and washed 6 times with sterile
water. The seeds were air-dried on sterile filter paper in a laminar flow
hood for 3 h. Murashige and Skoog (MS) medium (pH 5.7; Sigma) (20)
containing 0.8% PhytoAgar (Life Technologies, Inc.) was pipetted into
96-well, flat bottom microtiter plates. Me,SO (99.9%; EM Science) or
sirtinol solutions in Me,SO were pipetted into the warm, liquid agar
and thoroughly mixed. The agar was allowed to set for 30 min prior to
manually arraying the seeds into each well with a moistened, sterile
pipette tip (4—6 seeds per well). Plates were sealed and incubated for 3
days in the dark at 5 °C to break dormancy (stratification). Plates were
incubated thereafter at 25 °C under continuous white fluorescent light,
and seedling development was measured in terms of days of growth
after transfer to 25 °C.

For unstained whole-mount preparations, plants were placed in Flu-
orSave reagent (CalBiochem) on glass slides and sealed with a cover-
slip. For staining of the vasculature, plants were fixed in acetic acid:
95% ethanol (3:1) for 1 h, incubated in 25% formaldehyde for 2 h,
dehydrated for 1 h in 95% ethanol, stained for 1 min in 1% safranin-O
(Sigma) in 95% ethanol, hydrated through an ethanol series to water,
and mounted on slides with FluorSave (21).

RESULTS

Screening for Compounds That Derepress Telomeric Genes—A
high throughput, cell-based URA3 reporter-based screen was
used to identify candidate compounds that interrupt the Sir2p
silencing pathway at the telomeres (1). To assess telomeric si-
lencing, the yeast strain (TEL::URAS3) containing a URAS3 re-
porter gene inserted near the telomeres was used. Addition of a
small molecule inhibitor of Sir2p should derepress the URA3
gene, resulting in death in the presence of 5-FOA. A parallel
screen was conducted in the absence of 5-FOA to identify small
molecules that were simply cytotoxic (Fig. 1). As a control, a
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A3 Sirtinol M15

non-rDNA:: -
URA3

rDNA::URA3 -

Fic. 2. Sirtinol, A3, and M15 inhibit Sir2p transcriptional si-
lencing at three loci in yeast. The three positives from the primary
screen were tested for their ability to inhibit Sir2p-mediated transcrip-
tional silencing at the telomeric locus (TEL::URAS3), silent mating-type
locus (HML::URA3), and rDNA locus (rDNA::URA3). Cultures were
visually inspected for growth, and growth was quantitated by taking
the Ag, of the wells (data not shown). A3 and M15 inhibited growth in
the three strains for at least 3 days at 100 uMm, whereas sirtinol was
effective at 25 um.

strain with a URAS3 reporter gene integrated into a transcrip-
tionally active internal chromosomal region (non-TEL::URA3)
was tested for growth in the presence of 5-FOA (see Fig. 1B; note
that in the absence of growth, the media in the well is clear,
whereas growth results in a layer of yeast covering the bottom of
the well, and thus the well appears opaque).

Two libraries, with a total of 1600 compounds, were screened
for small molecules that derepress telomeric silencing. Com-
pounds were pin-transferred to a 96- or 384-well clear bottom
plate containing yeast in YPDA media, with or without 0.4%
5-FOA. This method transferred 40 or 100 nl of the 10 to 20 mm
stock solutions into a volume of 40 or 100 ul. Thus, this screen
was conducted at a concentration of 10 to 20 um. An example of
a positive from this screen is shown in Fig. 1B. Twelve hits
were identified in the initial screen, three of which were veri-
fied as reproducible positives in a subsequent retest of these
compounds in the same assay. The structures of these com-
pounds are shown in Fig. 1C. Note that all of these compounds
are planar and aromatic, similar in structure to the adenine
and nicotinamide moieties of NAD. Furthermore, two of the
three compounds (sirtinol and M15) contain substructures de-
rived from 2-hydroxy-1-napthaldehyde.

Dose Response for in Vivo Inhibition of Sir2p-mediated Si-
lencing at Three Loci—Sir2p can repress transcription at the
telomeric, silent mating-type, and rDNA loci, as a member of
the Sir2--3--4 complex at the first two loci and as a member of
the Netl-cdc14-Sir2 complex for the rDNA locus (reviewed in
Ref. 1). To ensure that the three compounds specifically tar-
geted Sir2p and did not simply disrupt its interactions with
other proteins, the compounds were resynthesized or pur-
chased, and the new stocks were tested for depression of URA3
reporter genes at the telomeric, HM, and rDNA loci. All three
compounds inhibited growth in the three strains of yeast in the
presence of 5-FOA, even after more than 3 days of growth (Fig.
2). A3 and M15 inhibited growth at 100 um, whereas sirtinol
inhibited growth at 25 um. Thus, these compounds appear to
inhibit Sir2p transcriptional silencing activity directly.

Inhibition of Yeast Sir2p and Human SIRT2—The ability of
these compounds to abrogate silencing at several chromosomal
domains controlled by Sir2p suggested that they directly in-
hibit Sir2p deacetylase activity. To confirm this, the three
compounds were tested for their ability to inhibit NAD-depend-
ent histone deacetylase activity of purified recombinant yeast

Identification of Inhibitors of Sirtuin Deacetylases

TaBLE 1
Inhibition in vitro of yeast Sir2p and human SIRTZ2 activity by A3,
sirtinol, and M15

Purified, recombinant yeast Sir2p and human hGST-SIRT2 (amino
acids 18-340) were incubated at 30 °C for 2 h with different concentra-
tions of the three compounds, 50 um NAD, and tritiated acetylated
histones. Enzymatic activity was monitored by amount of released
tritiated acetate. Each experiment was performed in triplicate. Note
that M15 precipitated out at concentrations higher than 50 um.

% Sir2p % SIRT2
o activity activity ICsq (un) IC5y (uM)
Inhibitor remaining remaining 0f5§ir2p of SOIRTZ
at 50 um at 50 um
A3 62 = 4 45+ 4 66 = 4 45 + 3
Sirtinol 81+6 31 +4 68 £ 3 38 +2
Mi15 60 = 3 75 £5

Sir2p in vitro. Furthermore, these compounds were assessed
for their ability to generally inhibit sirtuin deacetylase activity
by testing them with the catalytic domain of human SIRT2
(amino acids 18-340). A3 inhibited yeast Sir2p and human
SIRT2 at IC;, values of ~70 and 45 uMm, respectively (Table I),
whereas sirtinol was slightly more potent against the human
sirtuin, with ICy, values of 70 and 40 pum. M15 did not inhibit
either enzyme particularly well. Unfortunately, M15 was not
very soluble in aqueous media and precipitated out at concen-
tration higher than 50 pum. Thus, it is possible that M15 can
inhibit these enzymes but at concentrations higher than solu-
bility allows. Alternatively, M15 may act on a common uniden-
tified component in the Sir2p complexes.

Structure-Activity Relationship Analysis—Sirtinol and M15
are synthesized by coupling 2-hydroxy-1-naphthaldehyde to
either 2-amino-N-(1-phenyl-ethyl)-benzamide or 4-methoxy-2-
nitroaniline, respectively (Fig. 3A). Thus, it is possible that the
2-hydroxy-1-naphthaldehyde moiety is primarily responsible
for the inhibitory activity of these compounds. To test this
hypothesis, the individual fragments of sirtinol and M15 (2-
hydroxy-1-naphthaldehyde, 2-amino-N-(1-phenyl-ethyl)-benz-
amide and 4-methoxy-2-nitroaniline) were tested for their abil-
ity to inhibit SIRT2 activity in vitro at 75 um (Fig. 3B). Sirtinol
potently inhibited SIRT2 at 75 um, whereas 2-hydroxy-1-naph-
thaldehyde partially inhibited activity. The amine monomers
did not significantly reduce activity. TSA, a specific nanomolar
inhibitor of HDACs, did not inhibit sirtuin activity. Thus, 2-hy-
droxy-1-naphthaldehyde did inhibit sirtuin deacetylase activ-
ity in vitro but at much higher concentrations than required for
sirtinol.

2-Hydroxy-1-naphthaldehyde was also tested for its ability
to inhibit Sir2p transcriptional silencing in yeast, at the telo-
meric, HM, and rDNA loci (Fig. 3C). This compound was able to
activate transcription of the URA3 reporter at 50 um in all
cases but became cytotoxic at 200 um.

Inhibition of HDAC1 Activity—A3, sirtinol, and 2-hydroxy-
1-naphthaldehyde were tested for their ability to inhibit hu-
man HDAC1 (Table II) to assess their specificity for sirtuin
deacetylases. A3 is the only compound that significantly inhib-
its HDAC activity at 50 um. This is somewhat surprising,
because it does not resemble any known HDAC inhibitors (22).
Sirtinol and 2-hydroxy-1-naphthaldehyde did not affect
HDACI1 activity at 50 and 100 uMm, respectively, suggesting that
they specifically inhibit sirtuin deacetylase activity.

Effect of Sirtinol Treatment on Mammalian Cells—Treat-
ment of mammalian cells with the potent HDAC inhibitor TSA
causes acetylation of histones (15) and a-tubulin, as well as
morphological changes resulting from the rearrangement of the
actin cytoskeleton produced by increased expression of the
actin-binding protein gelsolin (23). To assess the effect of sirti-
nol treatment on cell morphology, HeLa cells were treated for
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Fic. 3. Structure-activity relationship analysis. A, sirtinol and
M15 are synthesized by coupling 2-hydroxy-1-napthaldehyde with an
amine. B, assay for inhibition of SIRT2 activity in vitro. Sirtinol, 2-hy-
droxy-1-napthaldehyde, and the amine moieties of sirtinol and M15
were incubated with purified, recombinant human GST-SIRT2 (amino
acids 18-340), in the presence of 50 um NAD and tritiated acetylated
histones. Enzymatic activity was monitored by determining the amount
of released tritiated acetic acid by scintillation counting. Each experi-
ment was performed in duplicate. Sirtinol potently inhibited SIRT2
activity, whereas 2-hydroxy-1-naphthaldehyde moderately inhibited ac-
tivity at this concentration. C, 2-hydroxy-1-naphthaldehyde was tested
for its ability to inhibit Sir2p-mediated transcriptional silencing at the
telomeric locus (TEL::URAS3), mating locus (HML::URA3), and rDNA
locus (rDNA::URAS3). 2-Hydroxy-1-naphthaldehyde inhibited growth in
the presence of 5-FOA at 50 uM.

TaBLE IT
Effect of A3, sirtinol, and 2-hydroxy-1-naphthaldehyde
on HDAC1 activity

HDAC1 was immunoprecipitated from HeLa cell lysate and was
incubated with the indicated compounds in the presence of tritiated
acetylated histones. Enzymatic activity was monitored by determining
the amount of released tritiated acetate by scintillation counting. Each
experiment was performed in triplicate. At 50 uM, A3 inhibits activity
weakly, whereas sirtinol has no effect. 2-Hydroxy-1-naphthaldehyde
does not significantly inhibit HDAC1 activity at 100 uM.

Sample HDAC activity
dpm
Mock immunoprecipitation 76+ 1
No treatment 208 + 15
A3 (50 pum) 165 = 19
Sirtinol (50 um) 225 = 14
2-Hydroxy-1-naphthaldehyde (100 M) 187 = 8
TSA (500 nm) 48+ 5

24 h with 10 and 50 uwm sirtinol, as well as 1 um TSA, and
visualized under a light microscope. Treatment with TSA
caused HeLa cells to change from a rounded morphology to a
flattened morphology (Fig. 4B), whereas treatment with sirti-
nol did not produce this effect. These studies provide further
evidence that sirtinol does not affect HDAC activity and sug-
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Fic. 4. Inhibition of HDACs and sirtuins does not produce the
same effect in mammalian cells. A, inhibition of sirtuins does not
result in a morphological change in HeLa cells. HeLa cells were treated
with 10 uM sirtinol, 25 puM sirtinol, or 1 uM TSA for 24 h. Cells were fixed
in 4% formaldehyde and viewed with a light microscope. Treatment
with TSA resulted in a dramatic morphological change, in which cells
spread from their normally rounded phenotype. Treatment with sirtinol
did not produce this effect. B, inhibition of sirtuins does not result in
global acetylation of histones or tubulin. Primary foreskin fibroblasts
were treated with 10 uM sirtinol, 50 uM sirtinol, or 1 um TSA for 24 h.
Cells were harvested and lysed, and the total protein content was
normalized. The amount of acetylated histones H3 and H4 and a-tubu-
lin in each sample was assessed by Western blot analysis using anti-
bodies to tetra-acetylated histone H3 and H4 (Upstate Biotechnology)
and acetylated a-tubulin (Sigma). TSA caused robust acetylation of all
three proteins, whereas sirtinol had no effect. N7\, not treated.

gests that sirtuins are involved in processes distinct from those
of HDACs in mammalian cells.

To determine whether sirtuins are involved in the regulation
of the global acetylation state of histones or tubulin, primary
fibroblast cells were treated with 10 and 50 uM sirtinol, as well
as 1 um TSA, for 24 h (Fig. 4A). The cells were harvested and
lysed, and equal amounts of total cellular protein were sepa-
rated by SDS-polyacrylamide gel electrophoresis and analyzed
for acetylation levels of histones and a-tubulin by Western blot.
Treatment with 1 um TSA caused robust acetylation of histones
H3 and H4, as well as a-tubulin, whereas treatment with
sirtinol did not produce any of these effects.

Effect of Sirtinol Treatment on Arabidopsis Development—
Arabidopsis seeds were germinated and grown for 4 days on
agar containing 1% Me,SO, 25, 50, and 100 uMm sirtinol. Plants
were visually inspected under a dissecting light microscope.
Seedlings grown in the presence of Me,SO alone developed
normally, with a long hypocotyl (seedling stem) and primary
root apparent by 3 days of growth. In the case of plants treated
with sirtinol, the hypocotyl was significantly shorter and
thicker, and the primary root was completely absent (Fig. 5A).
This phenotype was apparent at all sirtinol concentrations,
though was most severe (shortest hypocotyls and smallest cote-
lydons) at 100 uMm. All plants that germinated in sirtinol exhib-
ited this phenotype in two independent experiments.

Similar phenotypic alterations in the formation of the apical-
basal body axis (which collectively refers to the hypocotyl and
primary root structures) have been observed in the Arabidopsis
mutant MONOPTEROS (24, 25). In this case, vascularization
of the seedling is also severely affected, and thus only the
central vascular strands are apparent. To assess the state of
the vascular system in the seedlings treated with sirtinol,
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100 uM

1% Me,SO

100 1M sirtinol

25 uM sirtinol

Fic. 5. Treatment with sirtinol inhibits body-axis formation
and vascularization in Arabidopsis. Arabidopsis seedlings were
germinated in the presence of 1% Me,SO, 25, 50, and 100 puM sirtinol
(A). After 4 days of growth in the presence of sirtinol, the seedlings lack
primary roots and have shortened and thickened hypocotyls. Staining of
seedlings after 5 days of growth revealed that sirtinol treatment also
blocks the formation of the vascular system in the cotyledons these
plants (B).

plants were stained and visualized under a light microscope.
Although Me,SO-treated plants have distinct veins apparent
in the hypocotyl and cotyledons after 5 days of growth, sirtinol-
treated plants have distinct veins only apparent in the hypo-
cotyl (Fig. 5B). Note, however, that the cotyledons of the
treated plants are somewhat smaller and might develop nor-
mal veins at a much slower rate than untreated seedling. Thus,
sirtinol inhibits body axis formation and vascularization in
growing plants.

DISCUSSION

Herein we described a high-throughput, phenotypic screen in
cells using 1600 unbiased small molecules. The assay was
aimed to uncover cell-permeable inhibitors of yeast and human
sirtuins; indeed it led to the identification of a class of mole-
cules that specifically inhibit yeast Sir2p and human SIRT2.
The initial screen identified inhibitors of Sir2p silencing activ-
ity in yeast, and this was followed by several subsequent sec-
ondary assays. First, the three compounds identified in the
primary screen were tested for their ability to inhibit Sir2p
transcriptional silencing in the context of different Sir2p com-
plexes and at different chromosomal domains. All three com-
pounds scored positively in this assay, suggesting that they
directly inhibited Sir2p transcriptional silencing activity. Sec-
ond, these compounds were tested for their ability to inhibit
yeast Sir2p and human SIRT2 activity in vitro. Two of the
three (A3 and sirtinol) are inhibitors of both enzymes, with IC;,
values ranging from 40 to 70 um. Third, these two compounds
were tested for their ability to inhibit HDAC1 histone deacety-
lase activity in vitro. Although sirtinol had no effect on HDAC1
activity, A3 does weakly inhibit it, suggesting that it may not
specifically inhibit sirtuin deacetylase activity. Thus, sirtinol is

Identification of Inhibitors of Sirtuin Deacetylases

the first reported cell-permeable inhibitor of the sirtuin class of
deacetylases. Furthermore, because it is competent to inhibit
sirtuin enzymes from two different species, it is likely to be a
general sirtuin inhibitor and thus transferable between a num-
ber of systems.

Screening Methodology—This yeast-based reporter gene as-
say provides a platform for screening for small molecule mod-
ulators of Sir2p and possibly of other transcriptional regula-
tors. The screen is high throughput, requires minimal labor, is
easy to score for positives, and does not require specialized
equipment. Furthermore, the screen gave remarkably specific
results, as is evident by the fact that all three hits functioned in
secondary assays. It is interesting to note that though the
screen was for inhibitors of yeast Sir2p, both A3 and sirtinol
were more potent inhibitors of human SIRT2, thus further
demonstrating the versatility of this screening methodology.
Finally, because it is a cell-based screen, it is selective for
compounds that are cell-permeable and therefore more useful
in vivo.

Identification of a Class of Sirtuin Inhibitors—Two of the
compounds (sirtinol and M15) identified in the primary screen
were derived by coupling 2-hydroxy-1-naphthaldehyde to an
amine. 2-Hydroxy-1-naphthaldehyde alone also inhibited hu-
man SIRT2 activity, though not as well as sirtinol. Subsequent
testing of other 2-hydroxy-1-naphthaldehyde derivatives from
the ChemBridge library revealed that a subset of these inhib-
ited SIRT2 in vitro deacetylase activity at approximate ICy,
values of 50-70 uM, as well (data not shown). Thus, it appears
that the naphthaldehyde group makes important contacts with
the enzyme active site and is primarily responsible for the
inhibitory activity of these molecules. It may be possible to
produce more potent inhibitors by making analogs of these
2-hydroxy-1-naphthaldehyde derivatives. An even more excit-
ing possibility is that it will be possible to generate specific
inhibitors of the different sirtuin homologs by modifying this
basic structure.

Preliminary Studies of Effects of Sirtinol Treatment—This
general inhibitor of sirtuin enzymes can be applied to the study
of the biological function of sirtuins in a variety of systems and
species. Thus far, the in vivo function of sirtuins has only been
well understood in yeast, and even in this case there are sev-
eral sirtuins that have not been characterized. Unfortunately,
because of the lack of characterization of sirtuins in mammals,
there is no direct method to test sirtinol for its ability to inhibit
sirtuins in human cells. Attempts to create an artificial system
in which a reporter gene was repressed by the catalytic domain
SIRT2 were unsuccessful, perhaps because SIRT2 does not
function in transcriptional regulation, or the recombinant pro-
tein was unable to recruit essential associated proteins. How-
ever, given that sirtinol can penetrate the yeast cell, it is
expected that it can enter human cells, as well. Furthermore,
because sirtinol inhibits both yeast Sir2p and human SIRT2 in
vitro, it may be competent to inhibit all sirtuin enzymes, given
the high degree of conservation of the catalytic domains. Unlike
TSA, treatment of human primary fibroblasts with sirtinol did
not cause global changes in acetylation of histones and tubulin,
nor did it induce a morphological changes in the HeLa tumor
cell line. This provides further evidence that sirtinol is selective
for sirtuin deacetylases and does not affect HDACs and sug-
gests that sirtuins perform very different functions than
HDAC:S in vivo.

Preliminary work with sirtinol on Arabidopsis, which contain
at least two sirtuins (GenBank™ accession numbers 2656026
and 9955507), suggests that these proteins play a critical role in
apical-basal body axis development and vascularization. Seed-
lings grown in sirtinol have thick, short hypocotyls and no pri-
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mary roots, and the vein system was abnormal in the cotelydons.
This morphology is very similar to that observed in
MONOPTEROS mutants (24, 25). The MONOPTEROS protein
is a member of a family of transcriptional regulators, several of
which have been shown to regulate expression of auxin-
responsive genes (24, 26). Auxin is a plant hormone that is
involved in vascularization and elongation of the hypocotyl and
primary root. Inhibition of auxin transport through the plant by
certain compounds results in seedlings with shortened hypocot-
yls and roots or lacking in the primary root structure altogether
(27, 28). Interestingly, seedlings treated with these auxin trans-
port inhibitors still possess normal vein development in the cot-
yledons but not in the first true leaves (28). Thus, the mutation of
MONOPTEROS and the phenotype produced by treatment with
sirtinol do not match exactly that observed by auxin transport
inhibition but do suggest that these operate on a related or the
same pathway. At this stage, it is unclear whether the observed
phenotype is due solely to the inhibition of sirtuin activity,
though it does provide an interesting avenue to explore with
respect to the transcriptional regulation of basal-apical body axis
formation in plants. Sirtuins may control the synthesis of auxin
or auxin-transporting proteins, or they may regulate the cellular
transcriptional response to auxin.

Future Directions—Reverse chemical genetics using small
molecule modulators of proteins can be used to probe the cel-
lular functions of proteins in different systems. Such inhibitors
can be used in a temporally defined manner and are applicable
in a variety of experimental systems. Fine temporal control has
not been possible with even the best characterized sirtuin,
yeast Sir2p, because no temperature-sensitive alleles have
been reported. Thus, inhibitors of sirtuins will allow us to
refine our understanding of, for example, yeast Sir2p, by com-
paring the immediate effects of a loss of Sir2p function with
those steady-state cellular changes observed in yeast strains in
which Sir2 has been deleted. A particularly powerful approach
for assessing the resulting effect of sirtuin inhibition, by anal-
ogy to studies of HDAC:sS, is global transcriptional profiling (29).
Furthermore, these small molecules can be used to initiate
studies of sirtuin function in a wide variety of experimental
systems, ranging from yeast to human cell cultures, to organ-
isms such as zebrafish and Arabidopsis.

Sirtuin proteins in yeast and bacteria have diverse biological
functions, including the regulation of transcription, aging, the
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control of the cell cycle, DNA-damage repair, and metabolism
(reviewed in Ref. 1) (14). With seven human sirtuins (8), it is
expected that the roles of these proteins in mammalian cells
are equally diverse, but thus far these proteins have not been
characterized. The identification of a class of small molecule
inhibitors of the sirtuin family of deacetylases will now allow
for a broad investigation of the functions of these proteins and
the cellular pathways in which they are involved.
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