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Abstract
SIRT1 is a member of the Sir2 family of NAD+ dependent protein deacetylases. The central role
of SIRT1 in multiple metabolic and aging-related pathways has pushed SIRT1 to the forefront for
the discovery of small molecule activators. Promising compounds including resveratrol and
SRT1720 have been reported, however whether these compounds are direct activators and the
mechanism by which they activate remains poorly defined. This review will examine the current
debate surrounding purported activators, focusing on the assays used in screening compounds,
Sirtuin catalysis and the mechanistic basis for their actions. We discuss the potential pathways of
SIRT1 activation that could be exploited for the development of novel therapeutics for treating
type II diabetes, neurodegeneration and diseases associated with aging.
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1. Introduction
1.1 Sir2 mechanism and structure

Silent information regulator (Sir2 or Sirtuin) protein deacetylases are a class of
evolutionarily conserved enzymes that function in critical cellular processes such as gene
silencing, insulin secretion and apoptosis.[1] Sirtuins have been linked with many age-related
and metabolic diseases, including type II diabetes, cardiovascular disease,
neurodegeneration, inflammation and cancer.[2] The integral regulatory role of Sirtuins in
metabolic processes makes them desirable targets for the development of small molecule
therapeutics.

Yeast Sir2 is the founding member of the Sirtuin family of enzymes that function as
nicotinamide adenine dinucleotide (NAD+) dependent lysine deacetylases. Sir2 is involved
in transcriptional silencing through heterochromatin maintenance[3] and also positively
affects lifespan in yeast, worms and flies.[4] Mammals harbor seven distinct Sir2 homologs,
referred to as Sirtuins (SIRT1–7), each with diverse cellular locations and targets.[5] The
majority of Sirtuin proteins function to catalyze the NAD+ dependent deacetylation of
acetylated lysine residues,[6] however this function has not been demonstrated for all
Sirtuins. SIRT4 was reported to function as a protein ADP-ribosyl transferase[7] and the
molecular function of nuclear SIRT7 is not well established. The products of the Sirtuin
catalyzed reaction are 2'-O-acetyl-ADP-ribose (OAADPr), nicotinamide and deacetylated
lysine (Scheme 1). Structural studies of various members of the Sir2 family have revealed

*Correspondence: Dr. John M. Denu, Department of Biomolecular Chemistry, University of Wisconsin-Madison, 1300 University
Ave., Madison, WI 53706; Office: (608) 265-1859; Fax: (608) 262-5253; jmdenu@wisc.edu.
**These authors contributed equally to this work

NIH Public Access
Author Manuscript
Chembiochem. Author manuscript; available in PMC 2012 April 17.

Published in final edited form as:
Chembiochem. 2011 January 24; 12(2): 281–289. doi:10.1002/cbic.201000434.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that Sirtuins contain a structurally conserved elongated core composed of two domains. A
Rossmann-fold domain is found at one end and a smaller, more variable, zinc-binding
domain is located at the opposite end. Several loops connect the two domains and form a
cleft where the nicotinamide and ribose moieties of NAD+ and the acetyl lysine substrate
bind. The most conserved amino acids in the Sir2 family are located in the cleft, forming a
protein-tunnel, and are responsible for substrate binding and catalysis (reviewed in[8]).
Understanding the mechanism of the Sirtuin-catalyzed reaction and the structural basis of
Sirtuin function is of major importance to the field and will be discussed in this review.

1.2 Small molecule activation of SIRT1
SIRT1, the purported mammalian ortholog of Sir2, will be the focus of this review as its
essential role in the maintenance of chromatin structure, cell cycle control, and metabolism
is of great interest (other human Sirtuins reviewed in[9]). Much effort has been directed at
identifying SIRT1 deacetylation substrates and to date there are at least 34 proposed
substrates, each with various roles in cellular function.[10] Among these substrates, SIRT1
specifically deacetylates histone H4 at lysine 16 and histone H3 at lysine K9.[11] Histone tail
deacetylation alters electrostatic properties of DNA-histone interactions resulting in
transcriptional regulation. Additionally, numerous other non-histone SIRT1 protein targets
have been reported and include p53,[12] Forkhead box (FOXO) transcription factors,[13]

nuclear factor kappa B (NFκB)[14] and peroxisome proliferator activated gamma coactivater
1α (PGC-1α).[15] These proteins regulate stress resistance, inflammatory responses, fatty
acid oxidation and mitochondrial biogenesis. The central role of SIRT1 in these pathways
pushed SIRT1 to the forefront for the discovery of small molecule activators and inhibitors.
To date, a number of small molecules, with unique scaffolds, have been reported to activate
SIRT1.[16]

The observation that whole body overexpression of SIRT1 in mice has characteristics
similar to calorie-restricted mice has fueled the search for activators of SIRT1.[17] Caloric
restriction was shown to increase lifespan in yeast, worms, flies and mammals and can
decrease the incidence of age-related diseases including diabetes, cancer and cardiovascular
disorders.[18] Calorie-restricted mice are more metabolically active, are leaner and have
lower cholesterol, insulin and glucose levels.[17] Because the overexpression of SIRT1
appeared to mimic these phenotypes, therapeutic activation using small molecules are
thought to provide a new approach to treat and prevent age-related diseases.

Resveratrol and a series of compounds identified by Sirtris Pharmaceuticals (SRT1720,
SRT2183, SRT1460) were originally reported to induce physiological effects consistent with
the activation of SIRT1,[2a, 4b] however direct activation has not been established for native
substrates. Recently, the controversial issues on the effect and mechanism of small molecule
activators of Sirtuins were published.[19] Here we review the current state of knowledge of
Sirtuin activators, focusing on the assays used to discover the compounds along with the
structural and mechanistic implications of their function. We will also highlight the recent
conflicting information over the in vitro and in vivo mechanisms of action of existing small
molecule activators of SIRT1 and how this information could be utilized for future
discovery of novel small molecule modulators.

2. Mechanism
2.1 Mechanism of Sir2 lysine deacetylation

To properly discuss the role of small-molecule probes in Sirtuin biology, a thorough
understanding of the Sirtuin catalyzed mechanism is necessary. Sirtuins catalyze the NAD+

dependent deacetylation of acetyl lysine residues resulting in the production of deacetylated
lysine, nicotinamide and 2'-O-acetyl-ADP-ribose (Scheme 1).[20] Kinetic studies revealed
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that the acetyl lysine binds enzyme prior to NAD+ and that nicotinamide is the first product
released followed by 2'-OAADPr and deacetylated lysine.[21] Subsequent non-enzymatic
intramolecular trans-esterification in aqueous solution yields a mixture of 2'-OAADPr and
3'-OAADPr. The unique use of NAD+ as a substrate distinguishes Sirtuins from class I, II,
and IV histone deacetylases, which use a zinc-containing catalytic site to hydrolyze the
amide bond, generating free acetate.[22] The coupling of NAD+ consumption to the
production of OAADPr is unique and the physiological function of this reaction is not
completely understood. The use of NAD+ may provide a link between the metabolic state of
the cell and deacetylation status with Sirtuins serving as an NAD+ sensor.[23] Alternatively,
the role of NAD+ could be linked to production of OAADPr, which is hypothesized to
behave as a secondary messenger in the cell (reviewed in[24]).

The first chemical step of the reaction involves nucleophilic addition of the acetyl oxygen on
the 1'-carbon of the nicotinamide ribose, forming a C1'-O-alkylamidate intermediate
(Scheme 2). Several biochemical and structural studies support the formation of the C1'-O-
alkylamidate intermediate. These include 18O labeling studies providing evidence for the
direct transfer of the acetyl oxygen to the 1'-hydroxyl of OAADPr,[25] nicotinamide
exchange reactions,[26] and the use of thioacetyl-lysine containing peptides.[27] Thioacetyl-
lysine peptides form stalled C1'-S-alkylamidate intermediates, demonstrating the existence
of the alkylamidate intermediate.[28] The mechanism for the nucleophilic attack of the lysine
residue is not completely understood. An SN1, concerted SN2 and a dissociative SN2-like
reaction have been proposed (reviewed in[29]). After formation of the C1'-O-alkylamidate
intermediate, the 2'-hydroxyl group of the NAD+ ribose is activated by a conserved histidine
residue in the active site (Scheme 2). The activated hydroxyl attacks the O-alkylamidate
carbon to afford the 1'2'-cyclic intermediate.[25b] A base activated water molecule then
attacks the cyclic intermediate resulting in the formation of deacetylated lysine and
OAADPr[20–21, 25b].

2.2 Structural implications for Sir2 mechanism
Structural studies have been used to provide insight into the Sirtuin catalytic mechanism.
Sirtuin structures have been solved containing non-hydrolyzable NAD+ analogs including
carba-NAD+ [30] and DADMe-NAD+,[28] which are thought to mimic the transition state of
the deacetylation mechanism. The structures suggested conformations consistent with
distances that preclude direct nucleophilic attack of the carbonyl oxygen of the acetyl lysine
and favor ribocation formation consistent with an SN1 mechanism.[28, 30] However, if carba-
NAD+ and DADMe-NAD+ were true mimics of the transition state, they would be expected
to bind tighter than substrates or products. Carba-NAD+ and DADMe-NAD+ have Ki values
of 200 μM[31] and 360 μM[28] respectively, both of which are substantially higher than the K
values of NAD+ for Hst2 and Sir2Tm.[28, 32] Thus, it seems unlikely that these NAD+

analogs are good transition-state mimics.

Other solved structures of Sir2 proteins have suggested an SN2-like mechanism for
deacetylation. Yeast Hst2, a Sir2 homolog, co-crystallized with ternary complexes
containing ADP-ribose and O-acetyl-ADP-ribose revealed an SN2 favored conformation, in
which the acetyl lysine and the proposed general base histidine residue are in positions that
would enable nucleophilic attack at the nicotinamide-ribosyl bond.[33] To provide further
support for an SN2 mechanism Hoff et al. determined the structure of Sir2Tm bound to
NAD+ and an acetylated peptide substrate.[34] Unlike the previous structures with carba-
NAD+ and DADMe-NAD+, the substrate was positioned to allow nucleophilic attack at the
1'-carbon of the ribose, supporting an SN2-like mechanism (Figure 1).[34] However, because
the substrates did not turnover during the course of crystallization (2 hours), it draws into
question whether the structure represents the true Michaelis complex.[8, 34]
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Although crystal structures can provide insight into the overall Sirtuin mechanism, they are
unlikely to discriminate between an SN1 and SN2 mechanism. This is partially due to the
difficulties in crystallizing true Michaelis complexes as well as in generating transition state-
like intermediates along the catalytic pathway. There may be significant differences in
transition states among Sirtuin enzymes, which could manifest as different degrees of
nucleophilic participation in the transitions state for NAD+ glycosidic bond cleavage.
Detailed transition state analysis with kinetic isotope effects and computational chemistry
approaches, such as those recently performed by Cen et al.,[35] will be critical to discern
between the two different mechanisms.

3. Small molecule discovery
Due to proposed roles in caloric restriction, cell survival, fatty acid metabolism, and glucose
homeostasis, SIRT1 has been a popular pharmacological target. SIRT1 activators could play
a major role in promoting metabolic homeostasis and positively influencing lifespan. A
high-throughput deacetylation assay, known as the Fluor de Lys assay (BIOMOL Research
Laboratories,Inc., Plymouth Meeting, Pennsylvania), was developed to screen small
molecules for SIRT1 activation (Scheme 3).[4b, 36] The acetyl lysine substrate is a p53-
derived peptide containing three amino acids N-terminal of an acetyl lysine residue
corresponding to Lys382, and the short peptide is covalently conjugated to a fluorophore.
Deacetylation sensitizes the lysine residue to a developer solution composed of trypsin,
which cleaves at the C-terminal end of deacetylated lysine and exposes the fluorescent tag,
increasing the fluorescent signal.[36] The amount of deacetylation is directly proportional to
the fluorescence intensity read on a fluorometer.

Utilizing the Fluor de Lys assay, Howitz et al. screened a number of small molecule libraries
and discovered that two structurally similar polyphenols, quercetin and piceatannol,
activated SIRT1 deacetylase activity five- and eight-fold, respectively.[4b] Quercetin and
piceatannol are members of a large family of secondary metabolites found in plants, and a
secondary screen of this family of compounds identified fifteen additional SIRT1 activators
(Scheme 4). The most potent activator was resveratrol, a polyphenol found in red wine that
has been linked to a number of health benefits and prevention of age-related diseases.[4b]

Dose response experiments, utilizing the Fluor de Lys assay, suggested that at
approximately 11 μM, resveratrol doubled the rate of deacetylation by SIRT1.[4b] While
these results sparked great interest in the potential mechanism of action of resveratrol,
conflicting studies were published subsequently, cautioning the assumption that resveratrol
directly activates SIRT1.[19d, 37]

In search of more potent activators of SIRT1, Sirtris Pharmaceuticals Inc., performed a
different type of high-throughput fluorescence screen, monitoring SIRT1 activity using an
engineered 20 amino acid peptide that was N-terminally linked to biotin and C-terminally
linked to a fluorescent TAMRA or MR121 tag.[2a] Despite the claim that this peptide is p53
derived,[2a] it shares little sequence similarity to the true p53 Lys382 sequence. As with the
high-throughput screen used to discover resveratrol, the newly exposed lysine residue was
cleaved with trypsin and the reaction was monitored by a change in fluorescence
polarization.[2a] Utilizing the fluorescently-labeled peptide, a high-throughput mass
spectrometry assay supported the results from the initial study.[2a]

The effectiveness of the activator compounds was studied by determining the concentration
of compound required to increase enzyme activity by 50% (EC1.5) and the maximum
percent activation achieved at the highest doses of the compound tested. Three small
molecule activators structurally unrelated to resveratrol (SRT1460: EC1.5 2.9 μM, 447%
activation, SRT1720: EC1.5 0.16 μM, 781% activation, SRT2183: EC1.5 0.36 μM, 296%
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activation) were found to be 1,000-fold more potent than resveratrol (EC1.5 46.2 μM, 201%
activation using this assay) and were shown to be selective for SIRT1 versus the homologs
SIRT2 and SIRT3.[2a] SRT1720 appeared to be the most promising SIRT1 activator and was
reported to improve glucose homeostasis, increase insulin sensitivity and increase
mitochondrial function in type 2 diabetic mouse models.[2a]

Isothermal titration calorimetry suggested that SRT1460 exhibited binding-site saturation in
the presence of SIRT1 and the fluorescently-labeled acetylated peptide. SRT1460 did not
bind in the absence of peptide, leading the authors to conclude that SRT1460 and the other
activators bind to the SIRT1-peptide substrate complex, promoting a more productive
conformation and subsequently enhancing catalytic activity.[2a] N-terminal truncation
studies demonstrated that deletion of the N-terminus of SIRT1 decreases the SRT1720-
mediated activation of SIRT1 using a fluorescently-labeled peptide.[2a] However, the lack of
a SIRT1 structure makes it difficult to determine exactly where the N-terminus will reside in
relation to the catalytic domain.[8]

4. Kinetic effects of small molecule activators
Resveratrol and the Sirtris compounds were hypothesized to act by increasing the binding
affinity for the acetylated peptide substrate, and therefore the `activation' is revealed through
a steady-state kinetic Km effect. Using the Fluor de Lys assay, Howitz et al. determined that
resveratrol lowered the Km of the Fluor-de-Lys™-Sirt1 peptide and NAD+ 35- and 5-fold
respectively, with no effect on the Vmax.[4b] Utilizing a mass spectrometry assay with the
fluorescently-labeled peptide described above, it was proposed that the Sirtris activators
bound to the enzyme-substrate complex and lowered the Km for the substrate with no effect
on the Km for NAD+ or Vmax.[2a]

The apparent activation described above was reproduced using peptide substrates containing
fluorophores, but was not observed with peptides lacking fluorophores or native full length
PGC-1α, p53 or acetyl-CoA synthetase 1 (AceS1) as substrates.[19a, 19b, 19d, 37] However,
these substrates only represent a small fraction of known SIRT1 substrates. Collectively,
these observations suggest the possibility that activator binding to SIRT1 induces a
conformational change that promotes tighter binding of the fluorophore on the substrate
resulting in the reduced Km of the acetylated peptide.[19d]

5. Complications of the Fluor de Lys assay
5.1 In vitro results

Prior to the discovery of the Sirtris compounds that reportedly led to direct activation of
SIRT1,[2a] the necessity of employing a fluorescently-labeled peptide substrate to observe
activation by resveratrol was reported.[19d, 37] Utilizing several different assays including the
Fluor de Lys assay, coumarin and rhodamine-based fluorescence assays, charcoal binding
assay, and a high performance liquid chromatography (HPLC)-based assay, Borra et al.
investigated the effect of resveratrol on three p53 peptide substrates. SIRT1 activation was
independent of the peptide sequence investigated, but was dependent on the presence of a
fluorescent label, showing that resveratrol failed to activate the deacetylase activity of
SIRT1 using an unlabeled substrate.[19d] Substrate competition studies demonstrated that the
attachment of a fluorophore decreased the binding affinity of the corresponding peptide, but
in the presence of resveratrol, the tagged-substrate bound more tightly.[19d] Utilizing
[3H]acetate and [14C]nicotinamide release assays, Kaeberlein et al. also demonstrated
fluorescent tag-dependent activation of SIRT1 by resveratrol and determined that the Km for
the Fluor-de-Lys-p53 substrate was approximately 8.5-fold higher than a p53 peptide
lacking the fluorophore.[37]
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More recently, Pacholec et al. published an independent study of the Sirtris compounds.
Utilizing an HPLC method to separate acetylated and deacetylated products, Pacholec et al.
reported that like resveratrol, several Sirtris compounds led to SIRT1 activation in the
presence of a peptide substrate covalently linked to a fluorophore, but not with an unlabeled
peptide.[19b] Again, raising the question of whether the Sirtris compounds and resveratrol
directly interact with the fluorophore. NMR chemical shift studies (CH3) investigated the
perturbation of the lysine acetyl group in peptide substrates with and without a covalently
linked fluorophore. A resonance shift was detected when SRT1460 was incubated with a
TAMRA-p53 peptide, but not an unlabeled p53 peptide, providing evidence that SRT1460
interacted with the fluorophore.[19b] Surface plasmon resonance was used to demonstrate an
interaction with the fluorophore, as concentration-dependent binding was observed with a
TAMRA-containing peptide and not a native peptide. Isothermal titration calorimetry
studies demonstrated that SRT1460 bound to SIRT1 in the presence of the fluorescently-
labeled peptide. However, SRT1460 did not bind to a SIRT1 unlabeled native p53 peptide
complex, indicating that SRT1460 bound only in the presence of the fluorophore.[19b] Dai et
al. confirmed the binding of SRT1460 and SRT1720 to TAMRA-labeled peptides.
However, the authors provide evidence that some compounds identified by high-throughput
screens similar to Milne et al.,[2a] bind SIRT1 independent of the TAMRA tag, while others
appear to increase SIRT1 activity in a substrate-dependent manner.[38]

Whether resveratrol or the Sirtris compounds are direct activators of SIRT1 remains to be
established. Use of the most physiologically relevant substrates is a critical part of resolving
this controversy. Immunoprecipitated PGC-1α, a known SIRT1 target, was used to show
that resveratrol had no effect on the SIRT1 deacetylase activity.[19a] Additionally, small
molecule-mediated SIRT1 activation was not observed when full length acetylated p53 and
full length acetylated acetyl-CoA synthetase 1 were used as substrates.[19b]

If indeed some activators directly bind SIRT1, the in vivo effects of resveratrol and the
Sirtris compounds might reflect a substrate-dependent effect, as an exhaustive analysis of all
possible SIRT1 substrates has not been evaluated. Borra et al. proposed a model for the
effect of resveratrol on a coumarin-labeled peptide.[19d] Without resveratrol, the coumarin
attached to a p53 peptide would be solvent exposed, existing in an energetically unfavorable
conformation. It was hypothesized that resveratrol would induce a conformational change
that creates a binding pocket that better accommodates coumarin, resulting in enhanced
substrate binding.[19d] Therefore, it is possible that a SIRT1 substrate containing the
appropriate hydrophobic or aromatic amino acids might in fact be a target for resveratrol-
and other small-molecule-based activation. Dai et al. recently reported the substrate-
dependent activation of SIRT1 with a few small-molecule compounds. These results suggest
that SIRT1 activation may be dependent upon the hydrophobicity of residues located C-
terminal of the acetyl lysine.[38]

5.2 In vivo inconsistencies
Resveratrol was been reported to increase the lifespan of Saccharomyces cerevisiae,
Drosophila melanogaster and Caenorhabditis elegans in a Sir2-dependent manner.[4b, 4c] A
number of additional studies have been performed to investigate the therapeutic potential of
a Sir2 dependent function of resveratrol (reviewed in [10, 39]). The in vivo link between
resveratrol and Sir2 has also been subject to controversy as increased lifespan has been
difficult to replicate in three different yeast strains,[37] D. melanogaster and C. elegans.[40]

SIRT1 knockdown studies of resveratrol mediated neuronal protection produced ambiguous
results regarding the requirement for SIRT1 in physiologically relevant effects of
resveratrol.[41]
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The Sirtris activator series were shown to induce numerous healthy phenotypes in obese
mice, including improved insulin sensitivity, lower plasma glucose and increased
mitochondrial capacity.[2a] These encouraging observations could not be reproduced by
Pacholec et al., who reported that treatment at 100 mg/kg of SRT1720 resulted in the death
of three of the eight mice used in the study.[2a, 19b] The health benefits of SRT1720 were not
reproducible in mice treated at 30 mg/kg.[19b] The basis for the discrepancy in phenotypes is
unclear.

6. Alternative mechanisms of SIRT1 activation
6.1 Mechanisms of resveratrol activation

Although the direct link between resveratrol and SIRT1 has been subject to controversy,
there are clearly positive metabolic effects and potential therapeutic benefits of resveratrol
administration. Recent studies on resveratrol have revealed clinical potential in the treatment
of age-related diseases, cancer, cardiovascular disease, and increased insulin
sensitivity.[39, 42] Resveratrol treatment is proposed to mimic many positive effects of
caloric restriction, leading researchers to hypothesize that the link between caloric restriction
and resveratrol is the Sirtuin family of proteins.[43] The issues surrounding the controversial
activation of SIRT1 by resveratrol might be rectified through the discovery of an indirect
activation pathway or a direct pathway that involves specific substrate activation.

Numerous studies have revealed that resveratrol is a pleiotropic molecule, exhibiting general
antioxidant effects, as well as directly inhibiting kinases and cyclooxygenases.[44] Multiple
other in vivo targets of resveratrol are known, many of which exhibit higher potency than
that reported for SIRT1.[19b, 44] Thus, the in vivo effects of resveratrol cannot be solely
attributed to increased SIRT1 activity. Interestingly, while resveratrol exhibits an inhibitory
effect on many kinases, AMP-activated kinase (AMPK) is a unique kinase that is activated
by resveratrol treatment,[41a, 45] serving as a potential mechanism for the indirect activation
of SIRT1 by resveratrol. AMPK is a fuel-sensing enzyme that is responsive to decreases in
cellular energy status. AMPK is activated by an increased AMP/ATP ratio and initiates
pathways that restore ATP levels, including up-regulation of fatty acid oxidation and
inhibition of protein and fatty acid synthesis. Nutrient and oxygen deprivation, as well as
increased energy expenditure can activate AMPK.[46] One outcome of these AMPK
dependent processes is an increase in NAD+ concentration that might stimulate SIRT1
activity.[47] AMPK deficient mice treated with resveratrol show no changes in mitochondrial
biogenesis, exercise performance or insulin sensitivity,[48] indicating the purported
resveratrol mediated effects may hinge on AMPK activity.

6.2 Endogenous SIRT1 regulators
Evidence for endogenous regulators of SIRT1 activity exists and may provide alternative
mechanisms for the activation of SIRT1 (Figure 2). The levels of intracellular substrate
NAD+ and product nicotinamide influence SIRT1 activity. Nicotinamide is a potent product
inhibitor of the deacetylation reaction, and is widely used in laboratory research as a general
Sirtuin inhibitor. Nicotinamide is able to enter the active site and react with the alkylamidate
intermediate (Scheme 2), reforming NAD+ and preventing the forward reaction.[26, 49] High
concentrations of isonicotinamide can partially relieve the product inhibition by competing
with nicotinamide for active site binding, without substantially affecting the forward
deacetylation reaction.[26, 49] The high concentrations of isonicotinamide needed to
successfully compete with nicotinamide provide challenges for its use,[10] but present an
interesting scaffold for the design of new synthetic activators. Relief of nicotinamide
inhibition is one example of how understanding the catalytic mechanism of Sirtuins allows
for the design of an activator that may be able to increase the rate of chemical catalysis.
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The NAD+ salvage pathway might also serve to increase SIRT1 activity by increasing
NAD+ synthesis.[50] In mammals, the NAD+ salvage pathway relies on two enzymes to
convert nicotinamide to NAD+. Nicotinamide phosphoribosyltransferase (NAMPT)
catalyzes the addition of 5-phosphoribosylpyrophosphate to nicotinamide to form
nicotinamide mononucleotide (NMN), the rate-limiting step of the biosynthetic
pathway.[50a] Nicotinamide mononucleotide adenylyltransferase (NMNAT) subsequently
converts NMN to NAD+.[50a]

Enhanced NAMPT activity resulted in increased cellular lifespan in a SIRT1 dependent
manner in human vascular smooth muscle cells.[50c] The ability to increase NAD+

biosynthesis through the activation of NAMPT or NMNAT provides a unique mechanism of
activating SIRT1.[51] In addition to AMPK's ability to increase intracellular NAD+

concentration though the control of cellular energy status, AMPK also increases the
production of NAD+ through stimulated transcription of NAMPT.[52] A recent article
highlights the relationship between NAD+ metabolism and SIRT1 function.[23]

Other proposed endogenous regulators of SIRT1 include the binding of AROS protein
(active regulator of SIRT1) to the N-terminal domain of SIRT1 (amino acids 114–217)[53]

and the binding of an inhibitory protein, DBC1 (Deleted in Breast Cancer 1), to the catalytic
domain of SIRT1.[54] Using a yeast two hybrid assay Kim et al. identified AROS and
determined that it could stimulate p53 deacetylation in vivo and enhance deacetylase activity
two fold in vitro.[53] In response to DNA damage, cell lines over expressing AROS show
lower p53 acetylation, attenuating the ability of p53 to initiate apoptosis.[53] Understanding
the mechanistic basis for the SIRT1 activation upon AROS binding could allow for the
design of small molecule activators capable of binding to the same region, mimicking the
effects of AROS.

Until recently, the negative regulatory mechanisms of SIRT1 were poorly understood.
Through large-scale affinity purification, it was discovered that DBC1 forms a complex with
SIRT1.[54] Zhao et al. and Kim et al. determined that DBC1 represses SIRT1 deacetylation
of p53 and FOXO3 in vitro and in vivo.[54] It was found that the leucine zipper motif of
DBC1[54a] binds to the catalytic core domain of SIRT1, but not to other Sirtuins.[54] Co-
expression of DBC1 reduced the binding of SIRT1 to p53 and FOXO, suggesting that
blocking the substrate-binding site is one mechanism for DBC1-mediated SIRT1
inhibition.[54] Co-immunoprecipitation of DBC1-SIRT1 from mouse liver extracts
demonstrated that the interaction is regulated by the metabolic state of the cell, with
increased interaction during a high-fat diet, correlating with decreased SIRT1 activity.[55]

Interestingly, this interaction was disrupted following 24 hours of fasting, however the
details of the mechanism are not known.[55] In addition, DBC1 can disrupt the interaction
between the methyltransferase SUV39H1 and SIRT1 and therefore, plays an important role
in regulating heterochromatin formation.[56] For these reasons, DBC1 is a potential
therapeutic target for regulating SIRT1 activity. Molecules that disrupt the interaction
between DBC1 and SIRT1 would function essentially as SIRT1 activators.

Another mechanism for controlling SIRT1 function is post-translational modification, which
to date includes C-terminal sumoylation at K734[57] and phosphorylation.[58] Yang et al.
reported SIRT1 sumoylation leads to a two fold increase in deacetylase activity in vitro
compared to a SIRT1 mutant that is unable to be sumoylated.[57] Sumoylation of SIRT1 is
further regulated by SENP1, a desumoylase that associates with SIRT1 in response to
cellular stress and lowers its activity towards pro-apoptotic proteins.[57] Three independent
studies reported that SIRT1 phosphorylation on different sites located in the C and N-
terminal regions results in SIRT1 activation.[58] These reports suggest that different kinases
including cyclinB/Cdk1,[58a] DYRK (dual specificity tyrosine phosphorylation regulated
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kinase),[58b] and JNK1 (cJUN N-terminal kinase)[58c] are capable of phosphorylating serine
and threonine residues. These phosphorylation events are proposed to induce conformational
changes of SIRT1, placing it in a more active state. Further molecular studies are necessary
to understand how different phosphorylation events can stimulate SIRT1 activity, and to
uncover the upstream activation of the protein kinases involved. These biochemical details
will be essential to harness their potential for both direct and upstream modulation of SIRT1
activity.

7. Concluding remarks
The Fluor de Lys and related fluorescence based assays have been shown to be a very
efficient approach for screening a large number of compounds. However, as with all high-
throughput screening techniques, the results are best interpreted within the limiting context
of the physical assay used. Additional independent assays, using native substrates, will
validate the results of positive hits. Numerous Sirtuin assays have been described, with each
measuring different components of the reaction. To directly monitor deacetylation, MS,
HPLC[19b, 59] and microfluidic mobility shift assays[60] have been described. A continuous
microplate assay,[61] [14C]nicotinamide release assay,[37, 62] nicotinamide exchange
assay[31, 63] and TLC methods[59, 63–64] measure nicotinamide formation. To monitor the
production of OAADPr, charcoal binding,[59] TLC[63–64] and HPLC assays[59] can be used.
These published assays afford a range of techniques capable of validating small molecule
effects.

To help resolve the debate over resveratrol and the Sirtris activators it is critical to determine
their mechanism of action. The stimulatory effect of SIRT1 activators might be selective for
certain substrates through a steady-state Km effect (increased productive binding) or through
the enhancement of the rate of chemical catalysis. If these molecules enhance chemical
catalysis, elucidating the complete mechanism of NAD+ dependent deacetylation, including
whether the first step of the reaction is SN1 or SN2-like, becomes increasingly important.
Understanding which step of the mechanism is up-regulated allows for the design of
molecules that specifically enhance the chemistry steps of catalysis. Alternatively, if the
activation is through a Km effect, activators could be developed that are specific for certain
Sirtuin substrates.

Furthermore, it is critical to solve sirtuin structures with activators bound. Unfortunately,
there are no published examples of such compounds bound to Sirtuin proteins. With a
SIRT1 structure, researchers will be able use rational design methods to create structure-
based inhibitors and activators. Conformational changes induced by endogenous SIRT1
modulators likely place SIRT1 in an `activated' state through a yet undiscovered
pathway.[53, 57–58] AROS, post-translational modifications, and small molecule activators
might utilize unique mechanisms or a common allosteric mechanism to modulate SIRT1
between a less-active and a more-active conformation. With new structural and mechanistic
information, an activator could be developed that induces these conformational changes and
stabilizes the more-active conformation.

By analogy to the possible indirect activation of SIRT1 by resveratrol, it would seem
plausible that some of the Sirtris compounds might utilize an indirect pathway for SIRT1
activation. Therefore, it is prudent to elucidate the endogenous regulatory mechanisms of
SIRT1 control. Fundamental knowledge, such as understanding the kinases and
phosphatases that regulate the post-translational modifications of SIRT1, will provide new
targets for the development of compounds that lead to SIRT1 activation.

Sirtuins play an extremely important role in diverse cellular processes. As further structural
and mechanistic details are uncovered, new ways to modulate the activity of these vital
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deacetylases will be revealed. This essential information will afford an excellent opportunity
for the design of therapeutics to treat metabolic and age-related diseases.
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Figure 1.
Crystal structure of Sir2Tm (PDB: 2H4F)[34] displaying the acetyl lysine poised for attack
on C1' of the ribose ring of NAD+. Also highlighted is the conserved histidine residue
proposed to act as the catalytic base in the second step of the mechanism.[25b]
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Figure 2.
Potential regulatory pathways of SIRT1 that could be exploited to increase SIRT1-mediated
deacetylation. Phosphorylation, sumoylation, AMPK, small molecules, increased NAD+

levels and AROS binding are purposed activators (depicted in green). Nicotinamide, DBC1
binding, and de-sumoylation are purposed inhibitory pathways that could be regulated to
increase SIRT1 activity (depicted in red). AMPK: AMP-activated kinase, AROS: Active
regulator of SIRT1, DBC1: Deleted in breast cancer-1, NAM: Nicotinamide, NAMPT:
Nicotinamide phosphoribosyltransferase, NMANT: Nicotinamide mononucleotide
adenylyltransferase, OAADPr: O-Acetyl-ADP-ribose, SENP1: Sentrin specific protease 1,
SUMO: Small ubiquitin-like modifier.
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Scheme 1.
Substrates and products of the Sir2 (Sirtuins) catalyzed deacetylation reaction.
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Scheme 2.
Proposed mechanism of Sir2 (Sirtuins) protein deacetylases.
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Scheme 3.
Diagram of a fluorescence-based assay, like the Fluor de Lys (BIOMOL), displaying
reactants and products of the reaction used to monitor Sirtuin activity.[2a, 36a] The p53-
derived acetyl lysine peptide is covalently conjugated to a 7-amino-4-methylcoumarin
(AMC) fluorophore. Deacetylation sensitizes the lysine residue to a trypsin developer that
cleaves at the C-terminal end of deacetylated lysine and exposes the fluorescent tag resulting
in an increase in fluorescent signal.
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Scheme 4.
Structure of proposed SIRT1 activators.[2a, 4b, 26, 49]
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