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The sirtuin proteins are broadly conserved NAD"-dependent deacetylases that are implicated in diverse
biological processes including DNA recombination and repair, transcriptional silencing, longevity, apop-
tosis, axonal protection, insulin signaling, and fat mobilization. Because of these associations, the identi-
fication of small molecule sirtuin modulators has been of significant interest. Here we report on high
throughput screening against the yeast sirtuin, Hst2, leading to the identification of four unique inhibitor
scaffolds that also inhibit the human sirtuins, SIRT1-3, and are able to inhibit telomeric silencing of yeast
Sir2 in vivo. The identified inhibitor scaffolds range in potency from ICso values of 6.5-130 uM against
Hst2. Each of the inhibitor scaffolds binds reversibly to the enzyme, and kinetic analysis reveals that each
of the inhibitors is non-competitive with respect to both acetyl-lysine and NAD" binding. Limited SAR
analysis of the scaffolds also identifies which functional groups may be important for inhibition. These
sirtuin inhibitors are low molecular weight and well-suited for lead molecule optimization, making them
useful chemical probes to study the mechanism and biological roles of sirtuins and potential starting

points for optimization into therapeutics.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The class III family of histone deacetylases (HDACSs), or sirtuins,
require NAD" for the removal of an acetyl moiety from the e-amino
group of lysine residues within protein targets'* to yield the deacet-
ylated protein target, nicotinamide, and 2’-O-acetyl-ADP-ribose.>*
The founding member of this protein family, Saccharomyces
cerevisiae Sir2p, was shown to be a limiting factor in yeast aging,
as deletion of the SIR2 gene resulted in reduced lifespan,® and addi-
tional copies of SIR2 resulted in increased yeast replicative lifespan.®
Furthermore, Sir2p proved to be required for the lifespan extension
that results from restricting the caloric intake of yeast cells.” Since
the sirtuin protein family is broadly conserved,® it was also shown
that increased expression of sirtuin protein led to increased lifespan

Abbreviations: Sir2, silent information regulator number 2; Hst2, homologue of
Sir two number 2; SIRT1, silent information regulator two number 1; HTS, high
throughput screening; SAR, structure-activity relationship; ADME, absorption
distribution metabolism and excretion; sirtuin, homologue of yeast Sir2p.
* Corresponding author. Fax: +1 215 898 0381.
E-mail address: marmor@wistar.org (R. Marmorstein).
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in higher organisms such as worms,® flies,'® and mice,'! and in-

creased longevity due to a calorie restricted diet has been shown
in most of these animals to be sirtuin dependent.'®'> Mammals have
seven homologues of the yeast Sir2 protein (SIRT1-7),">'* and in-
creased SIRT1 copy number or expression level provides several
health benefits in mammals consistent with a reduction is age-re-
lated diseases (reviewed in'°). The most closely related human Sir2p
homologue, SIRT1, has been implicated to play a role in a number of
age-related human diseases and biological functions such as cell
survival, apoptosis, stress resistance, fat storage, insulin production,
glucose homeostasis, and lipid homeostasis through direct deacety-
lation or regulation of its many known in vivo targets including p53,
Ku70/Bax, FOXO, PPARYy, PGCla, UCP2, LXR, and NFkB (reviewed
in'>18), Although the cellular mechanism by which increased sirtuin
activity leads to increased lifespan and/or improvements in the bio-
logical functions listed above appears different in each organism, in-
creased sirtuin activity seems to lead to an increase in mitochondrial
biogenesis in all organisms, underlying the importance of the meta-
bolic state of the cell for sirtuin activity levels.'®

The catalytic mechanism by which sirtuin proteins couple NAD*
cleavage to deacetylation and the mechanism of nicotinamide
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inhibition have important implications for Sirtuin regulation by the
physiological regulators NAD* and nicotinamide, and for develop-
ment of synthetic regulators of sirtuin proteins. Nicotinamide (1),
a reaction product and non-competitive inhibitor of Sirtuin pro-
teins,>!” has also been shown to be a physiological regulator of this
family of proteins.'® Yeast cells grown in the presence of nicotin-
amide show a dramatic reduction in silencing, an increase in rDNA
recombination, and a shortening of replicative lifespan.!” Nicotin-
amide has also been shown to inhibit sirtuin deacetylation in a
number of human cell lines.!® Nicotinamide exerts its inhibitory
effect on deacetylation by reacting with a reaction intermediate
to reform B-NAD" at the expense of deacetylation.?%2!

Since human sirtuin proteins are involved in a myriad of biolog-
ical functions directly related to human aging and disease, and be-
cause several details of the catalytic mechanism of sirtuin proteins
remain to be determined, this class of proteins is an active target
for pharmacological small molecule effector design (Fig. 1). In the
case of human cancer, SIRT1 inhibitors may prevent the deacetyla-
tion of p53 and allow apoptosis in response to cellular damage; 922
inhibit silencing of tumor suppressor genes whose DNA is hyper-
methylated;?3 or increase H4-K16 and H3-K9 acetylation at endog-
enous promoters to induce gene re-expression in breast and colon
cancer cells.?* The first small molecule sirtuin inhibitors were iden-
tified from high throughput yeast phenotypic screens with a Ura3
reporter gene inserted into telomeric regions.?>2® These inhibitors,
sirtinol (2) and splitomycin (3), have moderate potency (low
micromolar) toward Sir2, and while it is not clear exactly where
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they bind to the enzyme, splitomycin appears to be competitive
with the acetyl-lysine substrate. Other sirtuin inhibitors have also
been identified such as cambinol (4)?” and the tenovins (5)*% which
also have low micromolar potency, decrease tumor cell growth,
and are non-competitive with respect to NAD* binding. Cambinol
is competitive with respect to acetyl-lysine binding while the
tenovins are not. In silico screens against the known human SIRT2
structure?®>° and a model of human SIRT13! have also yielded
inhibitors with mid to low micromolar potency. Several groups
have taken more rational approaches to identifying sirtuin inhibi-
tors. One group screened a library of known kinase inhibitors
(ATP mimetics) for their effect on sirtuin activity and identified a
potent (sub-micromolar) indole compound, Ro 31-8220 (6).32 An-
other group purified several molecules from natural sources that
were known to have health benefits, but had no known mechanism
of action.?® Finally, a third group tested analogs of polyphenols
(putative sirtuin activators).>4 Both of the latter approaches yielded
compounds with low micromolar potency. The most successful
strategy to date for the identification of sirtuin inhibitors has been
in vitro high throughput screening (HTS). Among the compounds
identified in this way have been surfactin (7)3> suramin (8)*¢ and
the most potent known sirtuin inhibitors, indole EX527 analogs
(9, 10).3” Surfactin is a large cyclic lipopeptide that is thought to
be competitive with NAD* binding and may be an effective anti-
malarial agent through its ability to inhibit Plasmodium falciparum
Sirtuin. Suramin is very large, and although small molecule analogs
of this compound have not been potent sirtuin inhibitors,® binding

H
N

\H/\/\/NM*’!

cambinol (4) tenovin-6 (5)
o CH
T N 3
N
(o] o}
H
N NH,
0”"NH SOzH | 4
O .
SO;H
SO;H
2
suramin (8) (9)

0.0

H 0 [0} (o] O (o] N;;@
N /
P NH, H30H20©\ Jj/ >_
o

O HO o

(12)

H,CO \):/:rOCHa
|
Hy HO N
I

H,CO
(14b)

Figure 1. Chemical structure of each of the previously described sirtuin inhibitors and the newly described sirtuin inhibitors identified by HTS.
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of the compound to human SIRT5 aided in crystallization of this
sirtuin homologue.*® The indoles are non-competitive with both
substrates, are postulated to bind after the release of nicotinamide,
and have good ADME characteristics. Structure-activity relation-
ship (SAR) studies of several of the identified inhibitor scaffolds
have been performed in an attempt to identify compounds with in-
creased potency and selectivity or more optimal drug-like charac-
teristics with only modest success.3840-46

In order to identify novel sirtuin effector scaffolds, we per-
formed an in vitro high throughput screen of more than 50,000
small molecule compounds against S. cerevisiae Hst2. Here, we re-
port four novel compound scaffolds (11-14) (Fig. 1) that inhibit
deacetylase activity of several sirtuin homologues both in vitro
and in vivo. To determine which functional groups of these scaf-
folds were important for deacetylase inhibition, limited SAR data
on each of the identified scaffolds was collected. Finally, each of
the inhibitor scaffolds was kinetically characterized to gain insight
into the binding mode of the inhibitors. The identified inhibitor
scaffolds have low micromolar potency and are non-competitive
with both substrates. These inhibitor scaffolds may be used for lead
molecule optimization to identify more potent and/or selective sir-
tuin inhibitors with possible therapeutic applications.

2. Results and discussion
2.1. High throughput screen (HTS) for modulators of Hst2

Approximately 50,000 compounds from several Broad Institute
small molecule libraries were screened as potential effectors of the
S. cerevisiae sirtuin, Hst2. The in vitro fluorescently-based screen-
ing assay was developed to simultaneously screen for sirtuin inhib-
itors and activators. Nicotinamide, a reaction product and inhibitor
of the sirtuin deacetylase reaction,> was added to each reaction
well at its approximate ICso concentration in order to inhibit the
deacetylase reaction by half. In this way, compounds that inhibited
or activated deacetylation through K, or V.« effects or increased
the net turnover of the reaction through relief of nicotinamide
inhibition could be detected.

The initial HTS identified 74 potential Hst2 effectors, a hit rate
of approximately 0.14%. When retested, several of the compounds
did not show reproducible effects, inhibited the trypsin assay
developer or were autofluorescent at the wavelengths of the
experiment (the putative Hst2 activators). These compounds were
not pursued further. The remaining four scaffolds, 4-(4-ethyl-
phenoxy)-butyric acid 6-o0xo0-6H-benzo[c|chromen-3-yl ester
(11), 3-(1-oxo-1,3-dihydro-isoindol-2-yl)-propionic acid (12),
hexachlorophene (13), 6-methoxy-1-(3-methoxy-prop-1-ynyl)
-2-methyl-1,2,3,4-tetrahydro-isoquinolin-7-ol or 6-methoxy-2-
(4-methoxy-benzyl)-1-(3-methoxy-prop-1-ynyl)-1,2,3,4,6,7-hexa-
hydro-isoquinolin-7-ol (14a or 14b, respectively) represent novel
sirtuin inhibitor scaffolds (Fig. 1). Each of these compounds also
showed inhibition of deacetylase activity in an assay using radio-
labeled NAD" and an unlabeled acetyl-lysine containing peptide
(Supplementary Fig. 1), showing that the presence of a fluores-
cently labeled acetyl-lysine peptide is not required for inhibition.
None of these compounds appear to be closely related analogs of
either reaction substrate.

2.2. Effect of HTS hits on several sirtuin homologues

Each of the novel inhibitor scaffolds inhibited both Hst2 and the
full length human sirtuin, SIRT1, in a dose-dependent manner. The
ICso value defines the concentration of inhibitor required to half-
saturate the enzyme population under specific assay conditions
and is commonly used as a measure of relative inhibitor potency

among compounds. Because ICsq values are typically used to
rank-order the potency of validated hits from HTS,*” we deter-
mined the ICsq for each of the inhibitor scaffolds identified in our
HTS for both Hst2 and human SIRT1 (Table 1). Several of the newly
identified sirtuin inhibitors had low micromolar ICsq values (11, 12,
13) while the remaining inhibitors had ICsq values in the mid
micromolar range (14a and 14b). Because changes in solution con-
ditions, such as pH, ionic strength, temperature and especially the
concentration of substrates can alter the measured ICsq value, we
determined the ICsq value of several previously identified sirtuin
inhibitors (1-10) for comparison, using the same assays conditions
that were used for the inhibitors identified in the HTS in this study
(Table 1). Significant inhibition for Hst2 or SIRT1 was not observed
for several of these inhibitors (3-5, 7), under our assay conditions,
indicating either that these inhibitors are specific for homologues
other than the ones we tested or are not very potent inhibitors un-
der our assay conditions. The previously identified indole com-
pound (9)>” was the most potent inhibitor for both enzymes.
Interestingly, several of the scaffolds that we identified (11-13)
were more potent than all previously identified inhibitors tested
against Hst2, other than the indoles, suggesting that these scaffolds
might be ideal lead molecules for the development of potent and
selective sirtuin inhibitors.

Because each of the compounds identified by HTS inhibited
both Hst2 and SIRT1, and these sirtuin proteins have very little se-
quence homology outside of the catalytic core region, these com-
pounds are presumed to bind to the catalytic core region of the
proteins and are thus expected to inhibit most sirtuin proteins.
To see if this was the case, to determine to what extent other sir-
tuin homologues are inhibited, and to determine the specificity
of the compounds for several sirtuin proteins, we tested the ability
of the identified compounds to inhibit a panel of human sirtuin
homologues. Scaffold 14 was a potent inhibitor of human SIRT2
and SIRT3, with an apparent ICso value of less than 50 pM. Interest-
ingly, scaffold 11 was a potent inhibitor of SIRT2 but not SIRT3.
Scaffolds 12 and 14a had only weak inhibitory activity against hu-
man SIRT2 and SIRT3 (Supplementary Table 1). Human SIRT4 and
SIRT7 do not possess in vitro deacetylase activity, and the deacetyl-
ase activity of SIRT5 and SIRT6 was too weak under the assay
conditions described here to accurately determine the percent of
residual enzyme activity. The fact that all of the compounds
inhibited SIRT2 and SIRT3 to some extent indicates that these

Table 1
In vitro ICsp determination of sirtuin inhibitors identified by HTS and described in the
literature for Hst2 and FL SIRT1

Compound Hst2 IC5o (UM) SIRT1 ICso (LM)
Nicotinamide (1) 91+7 250+ 80
Sirtinol (2) 48 +11 120+23
Splitomycin (3) >600 >500
Cambinol (4) >1000 >600
Tenovin-6 (5) >100 ~100

Ro 31-8220 (6) 20.0+0.9 257
Surfactin (7) >700 >600
Suramin (8) 240+70 0.6+0.3
Indole 35 (9) 1.3+0.1 0.18 £0.02
Indole 2 (10) 14.5+0.6 0.64 £ 0.06
11 6.5+1.3 6.0+0.4
12 19.9+0.6 805

13 12.5+0.6 34+10
14a 1304 570 + 200
14b 260 £ 20 nd

ICso data are reported as the mean and standard deviation of three independent
determinations. ICso values that were ngt determined (nd) or are above the highest
concentration tested (>) are indicated. ICsy determination for this compound was
limited by a solvent effect on the enzymatic assay although this compound did
show inhibitory activity against both enzymes at the concentrations tested.
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compounds indeed bind in the catalytic core region of sirtuin pro-
teins to exert their inhibitory effects. The varying potencies of
these compounds against different human sirtuin homologues sug-
gests that modification of these lead compounds may increase the
selectivity of these compounds for a specific homologue relative to
the other human sirtuins.

2.3. Determining inhibitor scaffold binding reversibility

To aid in the determination of the mechanism of inhibition for
each newly identified inhibitor scaffold and to assay reversibility
of inhibitor binding to the enzyme, we tested whether or not
deacetylase inhibition was rapidly reversible, slowly reversible or
irreversible. To do this, 100x the normal assay concentration of en-
zyme was incubated with 10x the ICso concentration of each inhib-
itor. Then, the enzyme was diluted 100-fold into reaction wells
containing both substrates, and the amount of product formation
over time was monitored (Fig. 2). If the enzyme inhibitor is rapidly
reversible, the progress curve should be linear with a slope equal to
about 91% of the control sample since the final inhibitor concentra-
tion will be 0.1x ICsq, or about 9% inhibited for a well-behaved
concentration-response relationship. If the enzyme is irreversible
or very slowly reversible on the time scale of the assay, then only
about 9% of residual activity will be monitored after the dilution
because the initial incubation of the inhibitor was at a concentra-
tion of 10x ICso, or ~91% inhibition.*’” For each of the inhibitor
scaffolds identified by HTS, the resulting slopes of the progress
curves are all within 9% of the slope of the enzyme only sample,
within the error of the experiment, and are not near the 9% slope
indicative of irreversible inhibitors. Although in some specific cases
irreversible inhibitors can be useful pharmacologic lead com-
pounds, most lead molecules that function through enzyme inhibi-
tion do so through a simple, reversible binding mechanism.
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Figure 2. All four HTS inhibitor scaffolds are reversible Hst2 inhibitors. (A) Hst2
reaction time course experiment with both Hst2 alone (blue diamonds) and Hst2
incubated with 10x the ICso concentration of the indicated inhibitor, after a 100-
fold dilution. Compounds 14a (slope 112% of enzyme only control, pink squares)
and 13 (slope 85% of enzyme only control, purple asterisks) are reversible inhibitors
of Hst2. (B) Hst2 reaction time course experiment with both Hst2 + DMSO (blue
diamonds) and Hst2 incubated with 10x the ICso concentration of the indicated
inhibitor, after a 100-fold dilution. Compounds 11 (slope 82% of enzyme plus DMSO
control, pink squares) and 12 (slope 96% of enzyme plus DMSO control, yellow
triangles) are reversible inhibitors of Hst2.

2.4. Limited SAR data for each of the inhibitors identified in HTS

A series of structural analogs of the sirtuin scaffolds identified
by HTS were evaluated as inhibitors of Hst2. Following the identi-
fication of two compounds with similar scaffolds, 14a and 14b, in
the initial HTS as Hst2 inhibitors, several analogs of scaffold 14
were synthesized,*® and their effect as inhibitors of Hst2 was eval-
uated (Table 2). Compounds 14a and 14b differ only in their substi-
tution at the isoquinoline nitrogen, and their structural similarity
suggests that these small molecules interact with a similar binding
site on the enzyme. The ICs, for scaffold 14a was determined to be
about twofold lower than that of scaffold 14b, implying that the
enzyme binding site of this scaffold can accommodate, but does
not prefer, the larger 4-methoxybenzyl group of 14b. Conse-
quently, all of the structural analogs of this scaffold were prepared
with a methyl rather than a methoxy-benzyl group on the nitro-
gen. Analysis of the activity of those analogs makes clear that both

Table 2
Limited SAR analysis of scaffold 14

HyCO
N.
HO R3
R' R?
Compound R! R? R® % Activity % Activity
at 50 uM  at 500 pM
74133 H H o Aew, 100 98
/™ s
7-52 // H ~cH 100 86
"\,\’b
7-56 // H o fep, 96 70
(C)
“n,
7-57 // Ho Sen 97 74
(R)
.
OCH,
14a 4/ H §v©/ 76 5
HyCO

14b / H f\CHs 92 2
HyCO

7-128 HCO— = H f\cns 99 92
7-129 H,CO—\_ /= H E\CHS 97 94
.
o
7-123 / - §\CH3 100 100
H3CO

Data are reported as the percent of residual enzyme activity in the presence of 50 or
500 pM compound relative to the control reaction with no added inhibitor. Data are
reported as the average of three independent determinations, standard deviation of
the average < 10%.
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the alkyne and ether groups in the R! position are absolutely re-
quired for inhibitory activity. Varying the ligand in the R3 position
might be effective in the preparation of more potent related com-
pounds, as these data suggest that substituents in this position can
be accommodated by the enzyme active site and may impact the
binding interaction with the enzyme.

For the remaining scaffolds identified by HTS, commercially
available molecules with similar scaffolds were purchased and
evaluated for their effect on Hst2 deacetylase activity. None of
the analogs of scaffold 11 (Table 3) contained a phenyl group in
the R* position and none of the analogs were as potent as com-
pound 11, suggesting that the phenyl group may be important
for inhibitor activity especially since compounds 6802623,
7985301, and 6978945 had significantly reduced potency,
although there are other differences between the analogs and the

Table 3
Limited SAR analysis of scaffold 11 by closely related commercial compounds

7035

originally identified scaffold. The length of the carbon chain in-
cluded in this scaffold (constituents A and B) may be flexible, as
compound 5140108 showed some deacetylase inhibition.

Several analogs of scaffold 13 were also tested for their ability
to inhibit deacetylation by Hst2 (Table 4). None of the compounds
tested showed significant inhibitory activity against Hst2. The
compound with the most inhibitory activity, 97252, had several
methyl groups in place of the chloro groups. This seems to indicate
that these groups are tolerated in the enzyme active site, but are
not ideal for inhibition. The chloro and hydroxyl groups on the
originally identified scaffold molecule probably make important
interactions in the enzyme binding site and should be explored
individually to see which are absolutely required for inhibitory ef-
fect and which may be changed in order to generate more potent or
selective inhibitors.

5

R 4
R* p6
R
R! o RS
R2 o_..B
Ij/ A \)Lo o” o

RS
Compound A B R! R? R? R* R® R® % Activity at 50 uM % Activity at 500 pM
11 CH, CH, H H CH,CH; © = - <1 <1
5140108 = = H CH; H = CH3 H 90 13
6959933 CH, CH, H H OCH; - CH3 H 93 35
5237467 = = H H H = CH3 H 91 45
7985301 CH, CH, CH; H CH3 O = = 93 49
7988362 CH, CH, CH; H CH3 = CH3 H 90 51
6802623 CH, CH, H H CH,CH; = CH3 H 86 53
6836332 CH, CH, H H CH3 - CH3 H 99 57
6978945 CH, CH, H H OCH; O = = 95 58
5366302 CH, CH, cl H c = CH3 H 90 68
53378 CONH CH, H H H = CH3 cl 100 74

Data are reported as the percent of residual enzyme activity in the presence of 50 or 500 M compound relative to the control reaction with no added inhibitor. Data are
reported as the average of three independent determinations, standard deviation of the average < 10%.

Table 4
Limited SAR analysis of scaffold 13 by closely related commercial compounds
2 R®
R3 R1 R10 RB
SO
R R' RS
Compound R! R? R3 R* R® R® R’ R® R® R'0 R % Activity at 50 pM % Activity at 500 uM
13 Cl Cl H Cl OH Cl Cl H Cl OH H <1 <1
97252 H CHs3 OH CHs; H H CHs OH CHs; H H 89 43
97211 H H CF; H H H H H H H OH 100 81
72030 H H H H H H H OH H H H 100 88
56413 H H H NH, H H NH, H H H H 100 100
vy
43909 Cl H H H H H H NHCOCH; 100 100

Data are reported as the percent of residual enzyme activity in the presence of 50 or 500 M compound relative to the control reaction with no added inhibitor. Data are
reported as the average of three independent determinations, standard deviation of the average < 10%.
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Table 5
Limited SAR analysis of scaffold 12 by closely related commercial compounds
[o]
R3
N-R!
R4
R2
Compound R! R? R? R*  ICso (UM)
(o]
12 H H H 199 +0.5
L’zL/\)kOH
i N a 1 hib
39008 C C No inhibition
o
i N hib
47054 (o] H No inhibition
HL/\)J\OH 0 -
N
i hib
42071 H NH, H No inhibition
‘L%/\)J\OH
i ) hib
47032 H H  No inhibition
f\/\)I\OH o
(o]
04265 '11/\)1\/(:“3 % H H  No inhibition
CHj
91032 A gy % H H  No inhibition
(o]
; OH \
00032 Y% H H  No inhibition
_Ss
H,C” 0

Finally, several analogs of scaffold 12 were tested as potential
Hst2 deacetylase inhibitors (Table 5). None of the compounds
tested showed any deacetylase activity against Hst2. Generally,
most of the analogs of this scaffold contained a second ketone
functional group and a constituent in the R! position of varying
carbon chain length. Because the presence of these groups com-
pletely abrogates inhibition, the identity of one or both of these
groups in the original scaffold may be critical for Hst2 inhibition.

2.5. Kinetic analysis of inhibition of Hst2 by four inhibitor
scaffolds identified in HTS

To determine the mechanism of inhibition of the scaffolds iden-
tified by HTS and to gain insight as to where these compounds may
bind to the enzyme, inhibition modes were determined by varying
each of the substrates with the other maintained at a fixed, saturat-
ing concentration (Fig. 3, Table 6). With respect to NAD", scaffolds
11-13 were best fit to a fully non-competitive inhibition model,
with K; equal to 1.2+0.2, 30+ 6 and 3.9 £ 0.7 uM, respectively.
Scaffolds 14a was best fit to a fully mixed inhibition model, with
Ki equal to 42 £ 17 (o= 2.6) uM. Both of these models imply that

the scaffolds bind to the enzyme regardless of whether or not
NAD" is bound, although with varying affinity in the case of scaf-
fold 14a, suggesting that the inhibitors bind to a site distinct from
the NAD" binding site. With respect to the acetyl-lysine substrate,
scaffolds 12 and 14a were best fit to a fully non-competitive inhi-
bition model, with K; equal to 39 + 7 and 43 + 8 uM, respectively.
Scaffold 13 was best fit to a fully mixed inhibition model, with K;
equal to 2.5+ 1.0 (o=13.4) uM. Finally, scaffold 11 was best fit
to a partial non-competitive inhibition model, with K; equal to
6.3 + 1.7 uM. Again, each of these models suggests that the newly
identified inhibitor scaffolds bind to both the enzyme alone and
the enzyme plus acetyl-lysine complex, implying that they bind
in a site other than the acetyl-lysine binding site.

2.6. Inhibition of yeast Sir2 activity in vivo by three inhibitor
scaffolds identified in HTS

We examined the in vivo efficacy of the inhibitor scaffolds iden-
tified in HTS by testing their ability to reduce Sir2 function in the
budding yeast S. cerevisiae, using an assay that measures Sir2-
dependent telomeric silencing. The strain used in this assay con-
tains an insertion of the URA3 reporter gene at the X core element
near TEL11L (Fig. 4A). URA3 encodes orotidine 5-phosphate decar-
boxylase, which converts 5-fluoroorotic acid (5-FOA) into toxic 5-
fluorouracil. Transcriptional silencing facilitated by Sir2 results in
resistance to 5-FOA in this strain.*® As expected, treating cells with
a control sirtuin inhibitor, nicotinamide, compromised 5-FOA
resistance, demonstrating that inhibition of Sir2 desilences the in-
serted URA3 gene (Fig. 4B, row C). This inhibitory effect was evi-
dent at 1 mM and reached total inhibition at 5 mM, as judging
from similar growth compared to an isogenic strain containing a
total SIR2 gene deletion (Fig. 4B, row D). We tested scaffolds 11,
12, and 13 in this assay and observed partial inhibition of Sir2 (re-
duced 5-FOA resistance) at 500 pM, 1 mM, and 10 puM for scaffolds
11, 12, and 13, respectively. Inhibition of Sir2 neared completion at
40 uM for scaffold 13, but its toxicity became obvious (Fig. 4B, row
A). These results indicate that the inhibitor scaffolds identified in
HTS are effective in vivo.

3. Conclusion

The continued development of novel sirtuin inhibitor scaffolds
is necessary for the successful development of potent and selective
sirtuin probes for further study of sirtuin biology and for develop-
ment of pharmaceuticals aimed at modulating sirtuin activity for
possible therapeutic applications. To address this need, we focused
our effector identification efforts on the S. cerevisiae Hst2 sirtuin
target, an ideal model sirtuin homologue for its ease of overexpres-
sion and purification and robust deacetylase activity. Initial HTS
hits tend to be general for protein homologues, while further lead
molecule optimization can increase both potency and selectivity.
Once suitable Hst2 inhibitor scaffolds are identified, they can be
tested and potentially optimized using medicinal chemistry
against other sirtuin proteins including the human sirtuin homo-
logue, SIRT1.

In this study, we describe the identification of several novel
inhibitors against Hst2 that also inhibit human SIRT1-3 through a
process of in vitro high throughput screening, initial prioritization
of hits by relative potency, characterization of inhibitor binding
mode, SAR analysis to identify important functional moieties, ki-
netic characterization of the mode of compound inhibition, and
yeast in vivo studies to show the ability of these compounds to in-
hibit telomeric silencing. Kinetic studies of the lead compound
scaffolds identified here reveal that the mechanism of inhibition
is non-competitive or mixed type inhibition relative to both the
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Figure 3. Michaelis-Menten plots of Hst2 in the presence of identified inhibitor scaffolds. (A) Hst2 versus 13 in the presence of varying concentrations of NAD*. 0 uM 13
(squares), 5 uM 13 (triangles), 7.5 uM 13 (inverted triangles), 10 pM 13 (diamonds), and 15 pM 13 (circles). B) Hst2 versus 13 in the presence of varying concentrations of
acetyl-lysine. 0 pM 13 (squares), 10 uM 13 (inverted triangles), 15 uM 13 (diamonds), and 25 uM 13 (circles). C) Hst2 versus 11 in the presence of varying concentrations of
NAD". 0 uM 11 (squares), 0.5 uM 11 (triangles), 1 uM 11 (inverted triangles), 5 uM 11 (diamonds), and 7 uM 11 (circles). D) Hst2 versus 11 in the presence of varying
concentrations of acetyl-lysine. 0 uM 11 (squares), 1 pM 11 (triangles), 5 uM 11 (inverted triangles), 7.5 uM 11 (diamonds), and 15 uM 11 (circles). E) Hst2 versus 12 in the
presence of varying concentrations of NAD*. 0 uM 12 (squares), 25 uM 12 (triangles), 50 pM 12 (inverted triangles), 100 uM 12 (diamonds), and 150 puM 12 (circles). F) Hst2
versus 12 in the presence of varying concentrations of acetyl-lysine. 0 uM 12 (squares), 15 uM 12 (triangles), 30 uM 12 (inverted triangles), and 60 pM 12 (diamonds). G) Hst2
versus 14a in the presence of varying concentrations of NAD*. 0 uM 14a (squares), 25 pM 14a (triangles), 50 uM 14a (inverted triangles), 75 uM 14a (diamonds), 100 uM 14a
(circles), and 200 uM 14a (empty squares). H) Hst2 versus 14a in the presence of varying concentrations of acetyl-lysine. 0 pM 14a (squares), 50 uM 14a (triangles), 100 pM

14a (inverted triangles), 200 M 14a (diamonds).

acetyl-lysine and NAD" substrates. These competition models indi-
cate that the compounds bind both to the free enzyme and to the
enzyme/substrate complex, thus implying that the compounds
bind to a site distinct from either substrate binding site to inhibit
catalysis. Nonetheless, the observation that each of the compounds
identified and characterized here inhibit both yeast Hst2 and the
human sirtuins SIRT1-3 implies that the target for these com-
pounds is the conserved catalytic domain of these enzymes.
Non-competitive inhibitors act independently of substrate con-
centration, which makes these inhibitors useful as lead compounds
for development as pharmaceutical agents because the in vivo

concentration of substrate may be unknown or may vary in dis-
eased cells. Since the sirtuin inhibitors described here were identi-
fied through biochemical screens, they may show lower in vivo
potency because they have not been selected for their solubility,
stability, permeability, localization to a cellular compartment, or
accumulation to high concentration inside cells.?® Similarly, many
of the sirtuin inhibitors that have been previously identified are
nonspecific,>2%4® are of low in vivo potency, or have not been char-
acterized for their in vivo effect on sirtuins. Other sirtuin inhibitors,
however, have been shown to have direct in vivo effects. Both sirt-
inol (2) and splitomycin (3) can inhibit telomeric silencing in yeast
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Table 6

Kinetic properties of the four identified HTS inhibitor scaffolds for Hst2
Scaffold Substrate Inhibition mechanism Ki (LM) o
11 NAD* NC (full) 12402
11 Acetyl-lysine NC (partial) 6.3+1.7
12 NAD* NC (full) 30+6
12 Acetyl-lysine NC (full) 39+7
13 NAD* NC (full) 3.9+0.7
13 Acetyl-lysine Mixed (full) 25+1.0 134
14a NAD* Mixed (full) 42+17 26
14a Acetyl-lysine NC (full) 43+8

Data reported are the average of two independent determinations and the standard
deviation of the average.

cells.?>25 Inhibition of SIRT1 by cambinol (4) during genotoxic
stress leads to hyperacetylation of stress response proteins and
promotes cell cycle arrest. Further, treatment of BCL-6 expressing
Burkitt lymphoma cells with cambinol (4) increased apoptosis
and inhibited tumor growth in a Burkitt’s lymphoma mouse mod-
el.?” Tenovin-6 (5) kills BL2 Burkitt’s lymphoma and ARNS cells in
culture and impairs the growth of BL2- and ARN8-derived tumors
xenografts.?® Ro-31-8220 (6) inhibits SIRT2 and increases o-tubu-
lin acetylation in A529 cells.3? Several indole analogs (similar, but
not identical to compounds 9 and 10) reduce TNF-o levels and
stimulate adipocyte differentiation.”® Given that, first, the com-
pounds described here are more potent SIRT1 inhibitors in vitro
than the compounds listed above (with the exception of the indole
analogs), second, that these compounds inhibit yeast Sir2 in vivo,
and third, that the compounds are believed to target the conserved
sirtuin core, we conclude that they will likely show some of the
same in vivo effects on SIRT1 that were described above.

There are advantages to having several sirtuin inhibitors avail-
able. Observing similar effects with several structurally unrelated
inhibitors may be an effective way to support the involvement of
a sirtuin in a given biological process. In addition, structurally
unrelated inhibitors may show benefits in a particular cell line or
cancer type. With regard to extending the studies reported here to-
ward therapy, our findings confirm the value of compound

A URAS3 Insertion

scaffolds 11-14 as bona-fide sirtuin inhibitors. The advancement
of any of the candidate compounds presented here along a drug
development path will require a significant investment in medici-
nal chemistry, preclinical and clinical studies. Nevertheless, these
chemical scaffolds along with the limited SAR analysis reported
here provide a starting point for the further development of mole-
cules that might be useful for the modulation of aging and for the
treatment of age associated disorders, most notably cancer, as
inhibitors of the other HDAC families, which share many common
protein targets as sirtuins, have potent antitumor activity.>'=>3

4. Experimental
4.1. Protein expression and purification

The 64 residue C-terminal deletion construct of Hst2 (residues
1-294) was purified and expressed as previously described.>* A
plasmid containing full length human SIRT1 (FL SIRT1) was trans-
formed into C41 (DE3) cells (Avidis), expressed overnight at 15 °C
by addition of 1 mM IPTG to cell cultures and yielded 6x histi-
dine-tagged SIRT1. Cells were harvested and lysed by sonication
in buffer containing 50 mM Tris, pH 7.5, 200 mM NacCl, 5 mM imi-
dizole, 10 mM BME, and 0.1 mg/mL PMSF. Soluble FL SIRT1 was
purified by Ni-NTA (Qiagen) in a buffer containing 50 mM Tris,
pH 7.5, 300 mM NacCl, 10 mM BME, 5% glycerol, and 30-600 mM
imidizole followed by Superdex 200 gel filtration in buffer contain-
ing 50 mM Tris, pH 7.5, 150 mM NaCl, and 10 mM BME. FL SIRT1
eluted between the 670 kDa and 158 kDa globular protein stan-
dards. Since SIRT1 is known to aggregate after several days at
4 °C, the protein was aliquoted and frozen at —80 °C for use in flu-
origenic assays.

A construct of isoform II of SIRT2 with additional residues
N-terminal to the SIRT2 gene in a pET30a expression vector was
overexpressed as an N-terminal, thrombin-cleavable, Hisg-tagged
fusion protein in Escherichia coli BL21-Gold (DE3) cells, initially
grown at 37 °C to exponential phase and induced with 0.5 mM
IPTG at 15 °C overnight. Cells harboring SIRT2 were disrupted by
sonication in 20 mM Tris, pH 8.5, 500 mM NaCl, and 10 mM BME.

TELT1L xC |+
TR XR 1.0

B Nicotinamide (mM)

200 1000

Scaffold 11 (uM)

Scaffold 12 (uM)

Figure 4. Identified sirtuin inhibitor scaffolds inhibit Sir2 in vivo. (A) Schematic showing the locus of URA3 insertion for strains used in (B) rows C and D. TR, telomere repeat;
XR, X repeat; XC, X core. (B) Telomere silencing assay with sirtuin inhibitors nicotinamide, scaffolds 11, 12, and 13 at indicated concentrations. Row A, strain BY4741, ura34, a
normal growth control on 5-FOA; Row B, strain YWD301, URA3, a growth inhibition control on 5-FOA; Row C, strain FEP100-10, URA3@TEL11L-XC, the telomere silencing test

strain; Row D, strain FEP132, URA3@TEL11L-XC sir24, a desilencing control.
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Soluble SIRT2 was purified using a combination of Ni-NTA resin,
followed by overnight thrombin cleavage, Q sepharose resin and
Superdex-200 analytical gel filtration chromatography, where the
protein eluted between the 128- and 44-kDa globular protein stan-
dards, in a buffer containing 20 mM Tris, pH 8.5, 150 mM NacCl, and
10 mM BME. Human recombinant SIRT3 was purchased from Enzo
Life Sciences.

4.2. High throughput screening (HTS)

A high throughput screening protocol based on the BIOMOL
SIRT1 Fluorimetric Activity Assay/Drug Discovery Kit (AK-555)
was developed. 30 pL of a master mix containing 0.4 puL of the
5 mM Fluor de Lys-SIRT1 deacetylase substrate (KI-177, BIOMOL),
3.2 uL of 1 mM NAD* (N1636, Sigma), 0.052 pL of 130 mM nicotin-
amide (N3376, Sigma), and 26.348 pL of assay buffer (25 mM Tris/
Cl, pH 8.0, 137 mM Na(l, 2.7 mM KCl, 1 mM MgCl,) per well was
added to each reaction well. 100 nL of either a DMSO control or a
compound from the small molecule screening library was added
to each well by pinning. To begin the reaction, 10 pL of an enzyme
master mix containing 2 pM Hst2 (1-294) (MW = 34859.9 Da) in
assay buffer was added to each reaction well. After four hours, a
stop/developer solution containing 8 pL of 100 mM nicotinamide,
8 uL of 5x Fluor de Lys Developer II Concentrate (5x) (KI-176,
BIOMOL), and 24 pL of assay buffer per well was added to each
reaction well. After 45 min, each plate was read on a fluorescence
plate reader at an excitation wavelength of 360 nm and an emis-
sion wavelength of 460 nm. The nicotinamide and the relatively
high concentration of substrates were added to facilitate detection
of activators and inhibitors simultaneously. The high throughput
screen was carried out at the Broad Institute Chemical Biology Plat-
form’s screening facility on ~50,000 small molecules from their
ChemDiv3, PKO4, HSCI2, SPBio, and BCBO3 libraries, which were
selected because they contained commercially available com-
pounds with drug-like structures and known activity, diversity-ori-
ented organic synthesis derived skeletally and stereochemically
diverse small molecule analogs of several synthetic pathways,
commercially available compounds with known biological activity
that are candidates for influencing stem-cell differentiation includ-
ing COX, NO, adenylate cyclase, and protein kinase effectors,
drug-like molecules from the Prestwick and Spectrum commercial
libraries, or diverse compound scaffolds synthesized by Broad
Chemists and collaborators, respectively. All compounds were
screened in duplicate. The fluorescence signal from each well
was normalized to the DMSO controls on each 384-well plate
and compared to a DMSO control population based on the follow-
ing equation: Z = y — u/o, where  is the fluorescence signal of the
well, u is the mean of the control (DMSO) population and ¢ is the
standard deviation of the control population. Generally, com-
pounds that gave fluorescence signals higher than 3Z or lower than
—3Z were considered hits. Approximately 74 compounds (0.14%)
were identified as initial hits and requested as cherry picks. The
cherry picked compounds were retested with careful controls to
show reproducibility of effect, and rule out autofluorescence,
developer inhibition and other assay artifacts.

4.3. IC5¢. determination

The compounds determined to be reproducible and artifact free
inhibitors of Hst2 were purchased (11, ChemDiv; 12, TimTec; 13,
Spectrum Chemicals & Laboratory Products) or synthesized
(14).*® The purity of the compounds was verified by mass spec-
trometry (see Supplementary Fig. 2). IC5o values were then mea-
sured using the same fluorigenic assay described above for Hst2
(160 uM NAD®, 100 uM Fluor de Lys-SIRT1 deacetylase substrate,
1 uM Hst2, 15 min reaction time) and FL SIRT1 (240 uM NAD,

200 uM Fluor de Lys-SIRT1 deacetylase substrate, 1 pM FL SIRT1,
and 15 min reaction time). All compounds were solubilized in
25 mM DMSO and diluted for use in the fluorimetric assay of no
more than 10% final DMSO concentration. The concentrations of
the compounds in the ICsq experiment spanned the range of en-
zyme activity from no inhibition to complete inhibition. The
dose-response curves were then fit to one-site competition or sig-
moidal-dose-response curves as appropriate in GraphPad Prism
(GraphPad Software, La Jolla, CA) and the ICso was determined.
Three independent ICsy measurements were performed for each
compound and the average and standard deviation are reported.
In order to directly compare the potency of these compounds to
other inhibitors identified in the literature, we also purchased or
obtained several known sirtuin inhibitors (sirtinol, Alexis Biochem-
icals; splitomycin and suramin, BIOMOL International; tenovin-6,
Cayman Chemicals; nicotinamide, Sigma; 9 and 10, Interbioscreen,
Ltd; Ro 31820, EMD Chemicals; surfactin, Sigma) and performed
ICso experiments using the same assay conditions as described
above. Several compounds (cambinol, surfactin and splitomycin)
have been shown to be competitive with one of the reaction sub-
strates. Additionally, the ICsq values of these compounds also were
determined in reaction conditions where the concentration of the
competitive substrate was reduced to its approximate K, value
(10 and 45 uM of acetyl-lysine and 16 and 24 uM of NAD" for
Hst2 and FL SIRT1, respectively).

4.4. Reversibility assay

Each of the inhibitor scaffolds identified in the HTS was tested
to determine whether they were reversible, slowly reversible or
irreversible inhibitors of Hst2. The reversibility of each compound
was identified using the fluorigenic assay described above. First,
either the enzyme alone, the enzyme plus DMSO or the enzyme
plus 10x the ICsq concentration of an identified inhibitor was incu-
bated with 100 uM Hst2 for 30 min. The enzyme, enzyme plus
DMSO or enzyme plus inhibitor was then diluted 100-fold into
reaction buffer containing the Fluor de Lys-SIRT1 deacetylase sub-
strate and NAD" at concentrations equal to their approximate K,
values (25 uM) to initiate the reaction. The reactions were
quenched during the linear region of the reaction time course
(1-30 min) with 10 mM nicotinamide. The progress curves were
then plotted and compared to the appropriate enzyme control.*’

4.5. Structure-activity relationship (SAR) analysis

We searched a number of commercially available small mole-
cule databases and purchased analogs of the scaffolds identified
in the HTS. Compounds 5140108, 6959933, 5237467, 7985301,
7988362, 6802623, 6836332, 6978945, and 5366302 were pur-
chased from ChemBridge. Analogs of scaffold 14 were synthesized
as previously described.*® All other compounds used in the SAR
analysis were purchased from Specs (R&D Chemicals). Each com-
pound was tested in triplicate at 50 and 500 uM for its effect
against Hst2 in the fluorigenic assay (1 uM Hst2, 100 uM Fluor
de Lys-SIRT1 deacetylase substrate, and 160 uM NAD*, 15 min
reaction time). The resulting deacetylase activity for the three
experiments was averaged and reported as a percentage relative
to control wells containing no inhibitor. ICsq values were then
measured for compounds that showed significant inhibition of
Hst2 as exhibited by no activity at a compound concentration of
500 uM by the protocol described above.

4.6. Competition assay

Each of the identified inhibitor scaffolds was characterized with
regard to its ability to compete with the Fluor de Lys-SIRT1
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deacetylase substrate and NAD* for Hst2 binding. The fluorigenic
assay described above was used with a fixed enzyme concentration
of 1 uM. When competition with NAD* was being tested, the Fluor
de Lys-SIRT1 deacetylase substrate was held at a constant concen-
tration of 100 uM and the NAD* was titrated from 1/3 to 5x Ky,
nap+ (5-80 uM). When competition with the Fluor de Lys-SIRT1
deacetylase substrate was being tested, the NAD" concentration
was held constant at 160 uM and the Fluor de Lys-SIRT1 deacetyl-
ase substrate was titrated from 1/3 to 5x the Kn acetyl-lysine (3-
50 uM). The inhibitors were titrated from ~1/2 to several times
their estimated K; as indicated in the figure legend. The reaction
time was 15 min, and each condition was tested in duplicate. The
K, Keat, and keae/Kry, values were determined by direct fit of the data
in SigmaPlot (Systat Software, Point Richmond, CA) to the
Michaelis-Menten equation. The K; and Kjs (the slope and intercept
inhibition constants, respectively) and the competition type were
also determined by a direct fit in SigmaPlot to both partial and full
competitive, non-competitive, uncompetitive and mixed competi-
tion models. Best-fit models were determined by several statistical
methods including R?, AICs, and Sy.x as well as empirical evalua-
tion of o and g values.

4.7. Telomere silencing assay

Synthetic complete yeast media (SC) with or without 5-FOA was
prepared with sirtuin inhibitors at indicated concentrations. Equal
amounts of cells of yeast strains BY4741 (MATa his341 leu240
met1540 ura340), YWD301 (MATa his3A1 leu2A40 met1540 ura340
sir24::URA3), FEP100-10 (MATa leu2 A1 ura3-52 canl-1 ade2 4, UR-
A3@TEL11L-XC), and FEP132 (MATa leu2A1 ura3-52 canl-1 ade2A
sir2::kanMX4, URA3@TEL11L-XC) were 10-fold serial diluted and
spotted on indicated media. Pictures were taken after two days
of growth at 30 °C.
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