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Discovering Inhibitors of Human Sirtuin Type 2: Novel Structural Scaffolds
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A successful virtual screening experiment of novel SIRT2 inhibitors is described. Four out of 11
experimentally tested compounds showed in vitro inhibitory activity toward SIRT2 in a micromolar level,
resulting in an experimental hit ratio of 36%. Two of these compounds inhibited SIRT2 with IC50 (µM)
values of 51 and 91; moreover, one of the new inhibitors was comprised of an entirely new SIRT2-inhibiting
structural scaffold.

Introduction

The silent information regulator Sir2 and other Sir2-like
proteins (sirtuins)1 belong to the Class III of histone deacetylases
(HDACs).2 The in vitro deacetylation reaction of the acetylated
lysines of histones H3 and H4 catalyzed by Sir2 in yeast is
dependent on the presence of the cofactor nicotinamide adenine
dinucleotide (NAD+),3 and the products of the catalyzed
deacetylation reaction are nicotinamide, a deacetylated histone
protein andO-acetyl-ADP-ribose.4,5 In addition, some of the
Sir2 family members have been demonstrated to deacetylate
nonhistone proteins, such as the tumor suppressor protein p53.6

Until recently, seven human Sir2 homologue proteins have
been identified.7,8 Type 2 from these human sirtuins, SIRT2, is
predominantly a cytoplasmic protein except in the G2/M
transition and in mitosis, where it is localized in association
with chromatin.9 It has been shown to deacetylateR-tubulin in
vivo, to target histones with a preference for histone H4 Lys16
during mitosis,9,10and to control mitotic exit within cell cycles11

in vitro.
Several reports describe the role of HDAC inhibitors as new

anticancer agents, and a number of these inhibitors have already
entered into clinical trials.12-15 Human sirtuins could be potential
therapeutic targets related to, for example, the treatment of some
cancers16,17or the modification of physiological processes that
may involve calorie restriction such as the aging process,18 fat
storage,19,20 or Alzheimer’s disease.21 Moreover, it has been
suggested that the sirtuin-dependent deacetylation cannot be
compensated by the Class I-II HDACs, and that combining a
Class I or II HDAC inhibitor with a sirtuin inhibitor could
increase their overall chemotherapeutic efficacy.22,23Thus, there
is an increasing interest in the development of sirtuin inhibitors,24

and some small molecule inhibitors for sirtuins have already
been described in the literature.17,25-30 For SIRT2, so far
discovered inhibitors include for example1 (sirtinol),27 2 (A3),27

3 (CD04097),28 4 (JFD00244),28 5 (Cambinol),17 and6 (35)30

(Figure 1). Despite these and other known inhibitors, more
structurally diverse inhibitors of SIRT2 need to be discovered
for improving the understanding of the biological function of
SIRT2 and to discover its potential therapeutic indications.

Experimental Section

Based on our previous results28 and examination for favorable
interactions between the docked (Gold 2.0)31 inhibitors 1-4 and
the putative SIRT2 active site,32 we targeted our interest to the side
chains of Asp95 and Asp170 as potential hydrogen bond acceptors
to the side chain of Gln167 as a potential hydrogen bond donor
and to the side chains of Phe119 and Phe235 for hydrophobic
contacts. On the basis of these observations, two receptor-based
virtual screening queries were conducted, and the resulting com-
pounds from virtual screen were required to fulfill the following
criteria. The queries contained excluded volumes to outline the
putative active site, a hydrophobic feature near Phe119 and Phe235,
a donor atom near Ile169 and Asp170, and another donor near
Asp95; in addition, the second query contained an acceptor atom
near Gln167 as an alternative to the latter donor. Applying these
interactions in virtual screening of Maybridge Screening Collection33

and LeadQuest34 databases (Unity 4.4 implemented in Sybyl 6.9),
followed by a visual examination of the resulting compounds, we
chose 11 compounds for in vitro testing. The efficiency of SIRT2
inhibitors was tested in vitro using human recombinant SIRT2
enzyme and the fluorescentFluor de LysSIRT2 substrate (KI179)
from BIOMOL (Plymouth Meeting, U.S.A.). Recombinant human
SIRT2 enzyme was expressed as a GST fusion protein inE. coli
and purified as we have described recently.28

Results and Discussion

Four of 11 tested compounds showed SIRT2 inhibitory
activity e200 µM (compounds7-10; Table 1 and Figure 2).
This results in an experimental hit ratio of 36%, which
demonstrates the success of the virtual screening experiment.
The rest of the compounds yielded IC50 values of over 200µM
(data not shown) and were considered as inactives. Compounds
7 and9 resulted in IC50 (µM) values of 91 and 51, respectively,
being equipotent with the inhibitors1-4. Therefore,7 and 9
can be considered as novel inhibitors of SIRT2.

The two novel SIRT2 inhibitors contain four hydrogen-bond
donors. The number of donor atoms is higher than the average
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of two donors that are found in inactive compounds. The
significance of hydrogen-bond donating property to the SIRT2

inhibitory activity was also suggested previously.28 The number
of hydrogen-bond acceptors could not be used to separate the
active and inactive compounds; this was also the case for
molecular weights and the scoring function values of the docked
poses.

According to our docking results, the inhibitors1-4, 7, and
9 interact with the side chain carboxyl oxygen of Asp95 (2, 4,
and9), with Gln167, mostly by forming a hydrogen bond to its
backbone carboxyl oxygen (all except for2), with the side chain
carboxyl group of Asn168 (1 and 7), and with the backbone
NH group of Ile169 (1 and 4). Thus, the majority of the
hydrogen-bonding interactions of these inhibitors takes place
at the region Gln167-Asn168-Ile169-Asp170; therefore, on the
basis of this study, it seems that this region is important for the
inhibitor binding. This is also supported by the finding that the
docked inactive compounds were almost completely lacking
hydrogen bonds within this area. Most of the docked inhibitors
also had favorable interactions with hydrophobic amino acids
of the putative SIRT2 active site.

Interestingly, the inhibitor9 is comprised of an entirely new
SIRT2-inhibiting structural scaffold. A phenolic or a 2-hydroxy-
naphthaldehyde moiety has been previously suggested of being
primarily responsible for the inhibitory activity of the known
SIRT2 inhibitors.27,28These moieties might be important to the
binding of compounds interacting with human sirtuins, because
the activators of SIRT1 and most of the inhibitors of SIRT2
known so far contained a phenolic moiety in their structures.24,28

However, the inhibitor9 and the recent findings of Napper et
al.,30 who reported a series of indole derivatives as specific
SIRT1 inhibitors with micromolar SIRT2 IC50 values, demon-
strate that a phenolic or a 2-hydroxynaphthaldehyde moiety is
not required for the SIRT2 inhibitory activity. These findings
also result in a reformation of the previous suggestion for a
SIRT2 inhibitor pharmacophore.28 Instead, a common pharma-
cophore for these inhibitors could be comprised of a minimum
of two hydrogen-bond donors and a hydrophobic moiety to
match the hydrophobic nature of the putative SIRT2 active site.

Two representatives of the most commonly occurring docked
conformation of the novel inhibitor9 were examined in more
detail within the putative SIRT2 active site (Figure 3). The
docked orientations were mostly differing in respect to the 2-(5-
fluoroindol-3-yl)-ethylamine moiety. According to the docking
results, the NH group of the 5-fluoroindole moiety could form
a hydrogen bond to the backbone carboxyl oxygen of Gln167
in the first of these docked orientations. Another hydrogen bond
could occur from the NH group of the piperidine ring to the
side chain carboxyl oxygen of Asp95. The 5-fluoroindole moiety
was located near Ala186, His187, and Phe235, while the
piperidine ring was located near Phe96, Arg97, Gln167, and

Figure 1. Known inhibitors of SIRT2.

Table 1. Inhibition of SIRT2 Activity by Compounds1 and3-10

compda code IC50 (µM)d

1 sirtinol 45e

3 CD 04097b 74e

4 JFD00244b 57e

5 cambinol 59f

6 35 2.8g

7 CD 03241b 91
8 TRIPOS 354328c 136
9 TRIPOS 360702c 51

10 TRIPOS 551502c 200

a The structures of the compounds are presented in Figures 1 and 2.
b Compound code name in the Maybridge database.c Compound code name
in the LeadQuest database.d Measured inhibitory activity expressed as the
IC50 of SIRT2. Average values from the IC50 determinations performed in
triplicate are presented. Standard deviations weree30%. e IC50 values were
taken from our recent publication.28 f IC50 values from Helweg et al.17 g IC50

values from Napper et al.30

Figure 2. Structures of the four new compounds that showed SIRT2
inhibitory activity.

Figure 3. Structurally novel inhibitor9 (ball-and-stick) as docked at the putative SIRT2 (capped stick) active site. A and B corresponds to two
main docking poses. Potential hydrogen bonds are indicated using dashed line.
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Asn168. The second docked orientation represented the most
often occurring orientation among the docked poses of9. Here,
the 5-fluoroindole moiety was located near His187, Phe243, and
Met247, and a hydrogen bond could occur between the hydroxyl
group of Tyr165 and the fluorine of this moiety. The piperidine
ring was again located near Phe96, Arg97, Gln167, and Asn168;
however, no hydrogen bonding was observed. In both docked
orientations, the rest of the compound was pointing toward the
hydrophobic pocket located near Phe119, Phe131, Ala135,
Leu138, Ile169, Phe190, Pro230, and Phe234.

Acknowledgment. This study was financially supported by
the National Technology Agency of Finland, Academy of
Finland, and the Finnish Cultural Foundation. P.K. is funded
by the Drug Discovery Graduate School (Finland). CSC -
Scientific Computing, Ltd. is acknowledged for computational
resources.

Note Added after ASAP Publication.This manuscript was
released ASAP on November 9, 2006, with errors in Table 1.
The correct version was posted on November 27, 2006.

Supporting Information Available: Virtual screening proce-
dure and the applied SIRT2 activity assay. This material is available
free of charge via the Internet at http://pubs.acs.org.

References
(1) Blander, G.; Guarente, L. The Sir2 Family of Protein Deacetylases.

Annu. ReV. Biochem.2004, 73, 417-435.
(2) Khochbin, S.; Verdel, A.; Lemercier, C.; Seigneurin-Berny, D.

Functional significance of histone deacetylase diversity.Curr. Opin.
Genet. DeV. 2001, 11 (2), 162-166.

(3) Imai, S.; Armstrong, C. M.; Kaeberlein, M.; Guarente, L. Transcrip-
tional silencing and longevity protein Sir2 is an NAD-dependent
histone deacetylase.Nature2000, 403 (6771), 795-800.

(4) Tanner, K. G.; Landry, J.; Sternglanz, R.; Denu, J. M. Silent
information regulator 2 family of NAD-dependent histone/protein
deacetylases generates a unique product, 1-O-acetyl-ADP-ribose.
Proc. Natl. Acad. Sci. U.S.A.2000, 97 (26), 14178-14182.

(5) Sauve, A. A.; Schramm, V. L. SIR2: The biochemical mechanism
of NAD+-dependent protein deacetylation and ADP-ribosyl enzyme
intermediates.Curr. Med. Chem.2004, 11, 807-826.

(6) Vaziri, H.; Dessain, S. K.; Ng Eaton, E.; Imai, S. I.; Frye, R. A.;
Pandita, T. K.; Guarente, L.; Weinberg, R. A. hSIR2(SIRT1)
functions as an NAD-dependent p53 deacetylase.Cell 2001, 107(2),
149-159.

(7) Frye, R. A. Characterization of five human cDNAs with homology
to the yeast SIR2 gene: Sir2-like proteins (sirtuins) metabolize NAD
and may have protein ADP-ribosyltransferase activity.Biochem.
Biophys. Res. Commun.1999, 260 (1), 273-279.

(8) Frye, R. A. Phylogenetic classification of prokaryotic and eukaryotic
Sir2-like proteins.Biochem. Biophys. Res. Commun.2000, 273 (2),
793-798.

(9) Vaquero, A.; Scher, M. B.; Lee, D. H.; Sutton, A.; Cheng, H. L.;
Alt, F. W.; Serrano, L.; Sternglanz, R.; Reinberg, D. SirT2 is a histone
deacetylase with preference for histone H4 Lys 16 during mitosis.
Genes DeV. 2006, 20 (10), 1256-1261.

(10) North, B. J.; Marshall, B. L.; Borra, M. T.; Denu, J. M.; Verdin, E.
The human Sir2 ortholog, SIRT2, is an NAD+-dependent tubulin
deacetylase.Mol. Cell 2003, 11 (2), 437-444.

(11) Dryden, S. C.; Nahhas, F. A.; Nowak, J. E.; Goustin, A. S.; Tainsky,
M. A. Role for human SIRT2 NAD-dependent deacetylase activity
in control of mitotic exit in the cell cycle.Mol. Cell. Biol. 2003, 23
(9), 3173-3185.

(12) Villar-Garea, A.; Esteller, M. Histone deacetylase inhibitors: Un-
derstanding a new wave of anticancer agents.Int. J. Cancer2004,
112, 171-178.

(13) Mei, S.; Ho, A. D.; Mahlknecht, U. Role of histone deacetylase
inhibitors in the treatment of cancer.Int. J. Oncol.2004, 25 (6),
1509-1519.

(14) Marks, P. A.; Richon, V. M.; Miller, T.; Kelly, W. K. Histone
deacetylase inhibitors.AdV. Cancer Res.2004, 91, 137-168.

(15) McLaughlin, F.; La Thangue, N. B. Histone deacetylase inhibitors
open new doors in cancer therapy.Biochem. Pharmacol.2004, 68,
1139-1144.

(16) Grubisha, O.; Rafty, L. A.; Takanishi, C. L.; Xu, X.; Tong, L.;
Perraud, A. L.; Scharenberg, A. M.; Denu, J. M. Metabolite of SIR2
Reaction Modulates TRPM2 Ion Channel.J. Biol. Chem.2006, 281
(20), 14057-14065.

(17) Heltweg, B.; Gatbonton, T.; Schuler, A. D.; Posakony, J.; Li, H.;
Goehle, S.; Kollipara, R.; Depinho, R. A.; Gu, Y.; Simon, J. A.;
Bedalov, A. Antitumor activity of a small-molecule inhibitor of
human silent information regulator 2 enzymes.Cancer Res.2006,
66 (8), 4368-4377.

(18) Guarente, L. Sir2 links chromatin silencing, metabolism, and aging.
Genes DeV. 2000, 14 (9), 1021-1026.

(19) Guarente, L.; Picard, F. Calorie Restriction - the SIR2 Connection.
Cell 2005, 120, 473-482.

(20) Picard, F.; Kurtev, M.; Chung, N.; Topark-Ngarm, A.; Senawong,
T.; Machado De Oliveira, R.; Leid, M.; McBurney, M. W.; Guarente,
L. Sirt1 promotes fat mobilization in white adipocytes by repressing
PPAR-gamma.Nature2004, 429, 771-776.

(21) Tang, B. L. Alzheimer’s disease: Channeling APP to non-amy-
loidogenic processing.Biochem. Biophys. Res. Commun.2005, 331,
375-378.

(22) Luo, J.; Nikolaev, A. Y.; Imai, S.; Chen, D.; Su, F.; Shiloh, A.;
Guarente, L.; Gu, W. Negative control of p53 by Sir2alpha promotes
cell survival under stress.Cell 2001, 107, 137-148.

(23) Cohen, H. Y.; Lavu, S.; Bitterman, K. J.; Hekking, B.; Imahiyerobo,
T. A.; Miller, C.; Frye, R.; Ploegh, H.; Kessler, B. M.; Sinclair, D.
A. Acetylation of the C terminus of Ku70 by CBP and PCAF controls
Bax-mediated apoptosis.Mol. Cell 2004, 13 (5), 627-638.

(24) Porcu, M.; Chiarugi, A. The emerging therapeutic potential of sirtuin-
interacting drugs: From cell death to lifespan extension.Trends
Pharmacol. Sci.2005, 26 (2), 94-103.

(25) Bedalov, A.; Gatbonton, T.; Irvine, W. P.; Gottschling, D. E.; Simon,
J. A. Identification of a small molecule inhibitor of Sir2p.Proc. Natl.
Acad. Sci. U.S.A.2001, 98 (26), 15113-15118.

(26) Posakony, J.; Hirao, M.; Stevens, S.; Simon, J. A.; Bedalov, A.
Inhibitors of Sir2: Evaluation of splitomicin analogues.J. Med.
Chem.2004, 47, 2635-2644.

(27) Grozinger, C. M.; Chao, E. D.; Blackwell, H. E.; Moazed, D.;
Schreiber, S. L. Identification of a class of small molecule inhibitors
of the sirtuin family of NAD-dependent deacetylases by phenotypic
screening.J. Biol. Chem.2001, 276 (42), 38837-38843.

(28) Tervo, A. J.; Kyrylenko, S.; Niskanen, P.; Salminen, A.; Leppanen,
J.; Nyronen, T. H.; Jarvinen, T.; Poso, A. An in silico approach to
discovering novel inhibitors of human sirtuin type 2.J. Med. Chem.
2004, 47 (25), 6292-6298.

(29) Mai, A.; Massa, S.; Lavu, S.; Pezzi, R.; Simeoni, S.; Ragno, R.;
Mariotti, F. R.; Chiani, F.; Camilloni, G.; Sinclair, D. A. Design,
synthesis, and biological evaluation of sirtinol analogues as class III
histone/protein deacetylase (Sirtuin) inhibitors.J. Med. Chem.2005,
48 (24), 7789-7795.

(30) Napper, A. D.; Hixon, J.; McDonagh, T.; Keavey, K.; Pons, J. F.;
Barker, J.; Yau, W. T.; Amouzegh, P.; Flegg, A.; Hamelin, E.;
Thomas, R. J.; Kates, M.; Jones, S.; Navia, M. A.; Saunders, J. O.;
DiStefano, P. S.; Curtis, R. Discovery of indoles as potent and
selective inhibitors of the deacetylase SIRT1.J. Med. Chem.2005,
48 (25), 8045-8054.

(31) Jones, G.; Willett, P.; Glen, R. C.; Leach, A. R.; Taylor, R.
Development and validation of a genetic algorithm for flexible
docking.J. Mol. Biol. 1997, 267 (3), 727-748.

(32) Finnin, M. S.; Donigian, J. R.; Pavletich, N. P. Structure of the histone
deacetylase SIRT2.Nat. Struct. Biol.2001, 8 (7), 621-625.

(33) Maybridge Chemicals Database, Maybridge Chemicals Company,
Ltd.: Trevillet, Tintangel, Cornwall PL34 OHW, England.

(34) LeadQuest Compound Library, Tripos, Inc.: 1699 South Hanley
Road, St. Louis, MO.

JM060686R

Brief Articles Journal of Medicinal Chemistry, 2006, Vol. 49, No. 247241


