Chapter 1
Biochemistry and Enzymology of Sirtuins

Yue Yang and Anthony A. Sauve

1.1 Biochemistry and Enzymology of Sirtuins

1.1.1 Definition of Sirtuins

Sirtuins are highly conserved NAD" dependent deacylase enzymes found in all
phyla of life. Genes encoding sirtuins are distributed in practically all unicellular
organisms, even as single genes, with well characterized examples found in myco-
bacteria, eubacteria, and archaea. Sirtuin genes are also encoded in genomes of
unicellular eukaryotes including yeast and protozoans. In eukaryotes, sirtuins are
generally encoded by multiple genes, leading to distinctive isoforms, so that differ-
entiated cellular functions have been developed for the isoforms, based upon sub-
specialization of a common catalytic activity. Sirtuins are evolved to recognize the
substrate NAD", and react the dinucleotide with lysine-acylated peptide and protein
substrates, thereby effecting deacylation. In the canonical sirtuin reaction, sirtuins
react as NAD*-dependent lysine deacetylases (Sauve et al. 2006). In mammals, sir-
tuins are found in 7 distinct isoforms, called SIRT1-7. NAD*-dependent deacety-
lation activity has been determined to occur for SIRT1-3, and more weakly for
SIRTS5-7. Human sirtuin diversification has been accompanied by organelle com-
partmentalization (Vassilopoulos et al. 2011). Specifically, sirtuins SIRT3, SIRT4
and SIRTS preferentially locate to the mitochondrial compartment, whereas SIRT1,
SIRT6 and SIRT7 are predominantly nuclear (Michishita et al. 2005). SIRT?2 is typi-
cally found in the cytoplasmic compartment. This compartmentalization accounts
for different substrate preferences and different biological roles (Cen et al. 201 1c¢).
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Fig. 1.1 Pileups of human sirtuins SIRT1-7. The alignment of the seven human sirtuins polypep-
tides from the first to the last identical amino acid. Sequence homology are highlighted; asterisks
indicates an identical amino acid in five or more sirtuins. Adopted from Lavu et al. (2008), Nature
Reviews Drug Discovery 7, 841-853

1.1.2  Sirtuin Reactivity

Sequence comparisons as well as functional studies of sirtuins from phylogeneti-
cally diverse species confirm that sirtuins have universally conserved biochemical
functions as deacylases. The most conserved part of sirtuin proteins is their catalytic
machinery, which is embedded into the center of most known sequences, with flank-
ing C and N-terminal sequences involved in targeting, trafficking and protein-
protein interactions (See Fig. 1.1 for pileups of human sirtuins SIRT1-7). The
catalytic domain includes a binding pocket to enable recognition of NAD*, and is
comprised of a folded domain called a Rossman fold (See Fig. 1.2 for Michaelis
complex of a sirtuin complex) (Hoff et al. 2006). The domain also incorporates a
hydrophobic channel that can accommodate a lysine residue. The active site is
designed to bring together at a reactive geometry the carbonyl oxygen of an acylated
lysine substrate and the alpha face of the anomeric carbon of the nicotinamide ribo-
side portion of NAD*. This binding proximity accelerates the chemical reaction of
the acyl-oxygen with the anomeric carbon, thereby leading to nicotinamide bond
cleavage, ADP-ribosyl-transfer to the acyl-oxygen and eventual deacylation. The
standard stoichiometry for sirtuin chemistry is depicted in Fig. 1.3. Although some
interesting exceptions to this general chemistry have been observed, such as ADP-
ribosyl-transfer to protein substrates, and ADP-ribosylation of small nucleophiles,
this chemistry has been documented to occur on sirtuins derived from diverse spe-
cies, including human, archaea, protozoan and mycobacterial organisms.
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Fig. 1.2 Michaelis
complex of a sirtuin
complex. The sirtuin
(purple) consists of a
Zinc-binding domain on
top, a cofactor binding loop
and a Rossmann-fold
domain on the bottom. The
cleft at the interface of the
two domains contains both
the cofactor NAD* (red) and
the acetylated-lysine
containing substrate (teal)
(Adapted from Reference 5)
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Fig. 1.3 Standard stoichiometry for sirtuin chemistry. Sirtuins use three substrates including
NAD", water and acetyl-lysine containing protein to generate nicotinamide (NAM), the deacety-
lated protein substrate and 2’-O-acetyl-ADPR. A spontaneous non-enzymatic equilibration
between 2'-O-acetyl-ADPR and 3’-O-acetyl-ADPR occurs in solution
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1.1.3  Sirtuin Substrates

Extended surveys and discussions of the full scope of human sirtuin substrates are
beyond the scope of this chapter, but several examples are listed in Table 1.1. These
target lists indicate that sirtuins interact with a variety of different kinds of protein
substrates. Additional reviews that have surveyed sirtuin substrates can be found
elsewhere (Baur 2010; Cen et al. 201 1c; Haigis and Sinclair 2010). Among notable
substrate targets of sirtuins are histones, which are modified extensively in chroma-
tin by acylation and deacylation cycles. This initially led to classification of sirtuins
as histone deacetylases, or HDACs. However, it is clearly apparent from many years
of work that the majority of sirtuin substrates are in fact not histones, but rather
proteins such as transcriptional regulators and enzymatic proteins that are respon-
sible for adaptive changes in cellular biology. The observation that some sirtuins are
largely confined to cellular compartments where no histones are present, has led to
a complete reconsideration of this nomenclature. More accurately, sirtuins are
lysine deacylases or KDAC:s. It is still true that the most characterized reaction of
sirtuin enzymes is NAD*-dependent deacetylation. However, several examples of
non-acetyl substrates are known. For example, SIRTS is capable of removing suc-
cinyl and glutaryl modifications of protein lysines (Tan et al. 2014; Yu et al. 2013).
SIRT6 reportedly is able to deacylate long chain fatty acids, such as a myristol
modification found on NFkB(Jiang et al. 2013). Evidence from crystallography sug-
gests that SIRTS and SIRT6 deacylate these modifications of lysine by analogous
mechanisms to NAD*-dependent deacetylation (Zhou et al. 2012).

1.1.4 Sirtuin Reactions and Mechanisms

The prototype reaction stoichiometry of sirtuins combines three distinct reactants as
substrates: NAD*, water and acetylated peptide or protein substrates. These reac-
tants form products as nicotinamide (NAM), the deacetylated protein substrate and
anovel compound called 2’-O-acetyl-ADPR (AADPR). AADPR has no known cel-
lular function to date, although it appears to provide a diffusible acetate and ADPR
equivalent, and may be a second messenger. It spontaneously isomerizes to
3’-0-acetyl-ADPR under physiological conditions (Fig. 1.3) However, its functions
have remained largely mysterious ever since it was first fully described in 2001
(Sauve et al. 2001).

The mechanism by which sirtuin catalyzed NAD*-dependent deacetylation
occurs was first proposed by Sauve and Schramm in 2001 (Sauve et al. 2001). These
workers proposed that the formation of the AADPR must derive from a reaction of
the acetylated substrate interacting with NAD* on the alpha face of the NAD" sub-
strate. These authors proposed an unprecedented reaction in which the acyl-oxygen
would be directly ADP-ribosylated by an electrophilic ADPR species to release
NAM and an active site species called an alpha-peptidyl-imidate (originally called



Table 1.1 Substrates for the sirtuins

Localization Substrate Function References
SIRT1 | Nuclear and p53 Inhibit apoptosis Han et al. (2008)
cytoplasmic NF-kB Reduce inflammatory Sauve et al. (1998)
response and Yeung et al.
(2004)
PPARY Repress adipocyte Picard et al. (2004)
differentiation
PGCla Stimulate Dominy et al. (2010),
gluconeogenesis, Lagouge et al. (2006),
increase fatty acid and Yang et al. (2007)
oxidation, enhance
mitochondrial biogenesis
SIRT2 |Cytoplasmic and | a-tubulin, | Delay cell cycle North et al. (2014) and
nuclear H4K16 progression through Vaquero et al. (2006)
mitosis
FOXO1 Inhibit adipocyte Jing et al. (2007) and
differentiation Nakae et al. (2003)
FOXO3a Decrease oxidative stress | Wang et al. (2007)
and promote apoptosis.

SIRT3 | Mitochondrial PGCla Enhance adaptive Kraus et al. (2014)
thermogenesis and and Shi et al. (2005)
reduce oxidative stress

AceCS2 Accelerate acetyl-CoA Hallows et al. (2006)
conversion and Schwer et al.
(2006)
GDH, Facilitate TCA cycle and | Cimen et al. (2010),
ICDH2, mitochondrial energy Kraus et al. (2014),
SdhA production and Schlicker et al.
(2008)
ACAD Enhance fatty acid Hirschey et al. (2010)
oxidation

SIRT4 | Mitochondrial GDH Repress amino acid- Ahuja et al. (2007)
stimulated insulin and Haigis et al.
secretion (2006)

SIRTS | Mitochondrial CPS1 Enhance urea cycle Nakagawa et al.

(2009)

SIRT6 | Nuclear HIF-1a Promote apoptosis, Zhong et al. (2010)
reduce glycolysis and
increase mitochondrial
respiration

NF-kB Reduce inflammatory Kawahara et al. (2009)
response
DNA pol B | Facilitate DNA damage Mostoslavsky et al.
repair and prevent against | (2006)
aging related disorders
SIRT7 | Nucleolus RNA pol I | Increase rDNA Ford et al. (2006)

transcription

Abbreviations: NF-kB nuclear factor kappa B, PPARy peroxisome proliferator-activated receptor
gamma, PGCla PPARYy coactivator 1-alpha, FOXO Forkhead box O, AceCS2 acetyl-CoA synthe-
tase 2, GDH glutamate dehydrogenase, /ICDH?2 isocitrate dehydrogenase, SdhA succinate dehydro-
genase flavoprotein, ACAD acyl CoA dehydrogenase, GDH glutamate dehydrogenase, CPS!
carbamoyl phosphate synthetase 1, HIF-/a hypoxia-inducible factor 1-alpha, DNA pol  DNA

polymerase , RNA pol I RNA polymerase 1
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Fig. 1.4 Mechanism of sirtuin catalyzed deacetylation featuring imidate intermediate. The first
step in the sirtuin deacetylation reaction generates NAM and an intermediate called a peptidyl-
imidate, which has special properties. The imidate is a reactive intermediate that is subjected to
intramolecular attack by 2’-OH to produce 2'-O-acetyl-ADPR (AADPR). The asterisk indicates
radioactively labeled NAM that can be used to monitor the reversal of imidate to NAD*

an alkylamidate (Sauve et al. 2001)). The putative active site ADP-ribosyl-transfer
intermediate was postulated to be somewhat stable and formed reversibly (See
Fig. 1.4). These properties were considered to provide a means to enable the reac-
tion mechanism to be sensitive to intracellular NAM concentrations. Supportive
mechanistic evidence for this mechanistic proposal was obtained by performing
incubations in the presence of '“*C-NAM, which resulted in formation of “C-NAD*,
as well as concomitant inhibition of deacetylation activity. Schramm and Denu lab-
oratories independently established that NAM inhibition of sirtuins, which is impor-
tant for their biological regulation, relies on this imidate reaction with NAM, which
reverses sirtuin chemistry back to NAD* (Sauve 2012).

Additional evidence in favor of the imidate mechanism of sirtuin deacylation has
been obtained from X-ray structures of products of ADPribosylated thioacetyl and
thiosuccinyl substrates on sirtuin active sites. The thio derivatives, having sulfur
atoms substituted for oxygen in the acyl position, produce stabilized ADPR-
thioimidates (Hawse et al. 2008). In one example, a bicyclic compound predicted by
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the Sauve deacetylation mechanism (Fig. 1.4) was found to be formed, a byproduct
of reaction of the imidate with the 2-hydroxyl of the ADPR (Zhou et al. 2012).
These X-ray structures form analogous structures to typical endogenous substrates,
but are stabilized by the sulfur substitution, thereby persisting on the active sites.
These structures have provided key evidence to support the original Sauve and
Schramm mechanism. Indeed, thioacetyl and thioacyl substrates provide a means to
inhibit sirtuins via their cognate catalytic mechanism, and have developed as valu-
able biological tools.

The complexity of sirtuin chemistry suggests that the enzyme integrates complex
realtime metabolic information from NAD* metabolism, such as NAD* and NAM
concentrations, as a means to regulate protein acylation status. Over time, the sirtu-
ins evolved complex regulatory roles in adapting physiology to nutrient status.
Work on yeast and human cells indicate that NAM as well as NAD* levels are
important sirtuin regulators and that these metabolic inputs are highly sensitive to
nutrient conditions. This issue is discussed extensively in the next section.

1.1.5 Mechanisms of SIRTI1-7 Regulation
1.1.5.1 Transcriptional Regulation of Sirtuins

Caloric or nutrient restriction is known to extend the lifespan of several organisms
(Guarente and Picard 2005). The involvement of sirtuins in regulation of nutrient
sensing pathways and the coupling of sirtuin activity to a central metabolite, NAD*,
have provided hints that sirtuins might extend lifespan. Interestingly, the prototype
sirtuin, silent information regulator (Sir2) from yeast, was identified to extend rep-
licative lifespan in this microbe (Howitz et al. 2003b). In addition, overexpression
of Sir2 homologues extends lifespan in experimental organisms Caenorhabditis
elegans (Tissenbaum and Guarente 2001) and Drosophila melanogaster (Wood
et al. 2004). Although some controversy has developed on the view that sirtuins are
longevity genes (Burnett et al. 2011), the simple idea that increased activity of
sirtuin homologues confers lifespan increase has solidified. Overexpression of
mammalian sirtuin homologues is associated with health benefits in multiple stud-
ies. For example overexpression of SIRT6 causes extension of mouse lifespan.
(Kanfi et al. 2012)

Moveover, the expression of mammalian sirtuins is altered by nutrient availabil-
ity. A 40 % caloric restriction diet induces increased SIRT1 protein level in multiple
tissues including in brain, adipose, kidney, and liver in rats (Cohen et al. 2004). In
humans subject to 25 % calorie restriction, expression of SIRT1 increases by 113 %
in muscle tissue as shown by RT PCR (Civitarese et al. 2007). In 12.5 % reduced
calorie intake in combination with 12.5 % increased energy expenditure from exer-
cise, SIRT1 levels were increased by 61 %. These human studies indicate a clear
coupling of SIRT1 expression with perturbation in nutritional abundance, linking
SIRT1 transcription to this stress. Caloric restriction also causes increases in SIRT3
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protein (Lombard et al. 2007; Schwer et al. 2009) and SIRTS activity (Nakagawa
et al. 2009) in liver mitochondria of mice. Similarly, exercise elevates SIRT1 mRNA
levels in the skeletal muscle of young physically inactive men (Radak et al. 2011)
and SIRT3 protein in the triceps of mice. On the contrary, excessive nutrient intake
such as a high-fat diet reduces both mRNA and protein levels of SIRT1 in the adi-
pose of mice (Chalkiadaki and Guarente 2012) whereas obesity diminishes SIRT
mRNA expression in subcutaneous adipose tissue in humans (Pedersen et al. 2008).
In light of emerging evidence for different sirtuin isoforms regulating various meta-
bolic processes, it is crucial to understand the transcriptional regulatory mecha-
nisms that act upstream of sirtuins.

SIRT1 is the most studied sirtuin isoform, and SIRT1 transcription is subject to
diverse transcriptional regulatory inputs. The transcriptional regulation of SIRT1 is
illustrated in Fig. 1.5. Multiple transcriptional binding sites have been identified on
the promoter sequence of SIRT1 and many of the transcription factors are involved
in apoptosis (Chen et al. 2005; Fridman and Lowe 2003) and cell cycle regulation
(Wang et al. 2006). For example, SIRT1 transcription is regulated by oxidative
stress and DNA damage. In the regulatory region of the SIRT1 promoter, two func-
tional p53-binding sites have been identified (Nemoto et al. 2004). p53 is a tumor
suppressor and a stress-responsive transcription factor (Fridman and Lowe 2003).
Under normal energy status, pS3 is activated, exposing its DNA binding domain.
The activated p53 is recruited to two p53-binding sites present within the SIRT1
promoter, leading to repression of SIRT1 gene expression. When energy is deprived,
forkhead box O transcription factor 3a (FOXO3a) is translocated into the nucleus,
where it complexes and removes p53 from the SIRT1 promoter, thus promoting
SIRT1 gene transcription (Nemoto et al. 2004). Interestingly, p53 is a direct target
for SIRT1 deacetylation. Deacetylated p53 is destabilized and inactivated, which
further promotes SIRT1 transcription (Sauve et al. 1998). The p53 activity is
affected by a SIRT1 substrate target, namely endothelial NOS (eNOS). SIRT1
deacetylates and activates eNOS (Mattagajasingh et al. 2007). In endothelial cells,
eNOS produces NO® and promotes the production of cGMP from GTP. High cGMP
content diminishes p53 level and permits SIRT1 transcription (Fraser et al. 2006).

SIRT1 expression is also regulated by hypermethylated in cancer 1 (HICI), a
transcriptional repressor. Upon DNA damage induced by the topoisomerase II
inhibitor etoposide, HIC1 forms a transcriptional repression complex with SIRT1.
This complex directly binds to the SIRT1 promoter and represses SIRT1 transcrip-
tion. Knockdown of HIC1 significantly augments SIRT1 expression, which in turn
leads to p53 deacetylation and inactivation, allowing cells to survive under the influ-
ence of DNA damage (Chen et al. 2005). HIC1 can also repress SIRT1 transcription
by forming a complex with the carboxy terminal of E1A-binding protein (CtBP)
(Zhang et al. 2007). As a redox sensor, CtBP is activated by elevated NADH levels.
Activated CtBP is dimerized and has high affinity towards HIC1 (Fjeld et al. 2003;
Kumar et al. 2002). Changes in cellular redox status can alter the recruitment of
CtBP to SIRT1 promoter and hence regulate SIRT1 expression (Zhang et al. 2007).
Specifically, caloric restriction reduces the association of CtBP with HIC1 thereby
promoting SIRT1 transcription (Zhang et al. 2007).
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Fig. 1.5 Transcriptional regulation of SIRT1. Multiple transcriptional binding sites have been
identified on the promoter sequence of SIRT1. The green circles show the activators of SIRT1
transcription whereas the red circles indicate repressors. The solid arrows suggest positive rela-
tionship and the dotted arrows indicate negative regulation. Calories restriction or fasting induces
SIRT1 transcription through FOXO3a, which removes the repressor p53 binding to the promoter
of SIRT1 under normal energy status, and C/EBPa. As a result of SIRT1 activity on substrates such
as PGCla and FOXO1, gluoconeogenesis, fatty acid oxidation and mitochondrial respiration are
enhanced for energy yielding. SIRT1 also activates eNOS and increases cGMP, which diminishes
p53 and promotes SIRT1 transcription. Moreover, oxidative stress and DNA damage can either
enhance or reduce SIRT1 transcription. Upon DNA damage, ATM is activated to phosphorylate
E2F1, which allows it activate SIRT1 transcription. Increased production of SIRT1 protein pro-
vides a negative feedback loop by deacetylating and inhibiting the transcriptional activity of E2F1.
In addition, oxidative stress induced DNA damage activates HIC1 and PARP2, both are negative
regulators of the SIRT1 transcription. Repression of SIRT1 level leads to reduced deacetylation on
substrates such as p53 and NFkB, therefore diminishing stress-induced apoptosis or inflammation.
Furthermore, high NADH level stimulates the redox sensor CtBP to form a repressor complex with
HIC1 to inhibit SIRT1 transcription. The association of CtBP with HIC1 can be reduced by calo-
ries restriction to promote SIRT1 mRNA production. Lastly, in liver treated with the carcinogen
diethylnitrosamine, C/EBPf complexes with HDACI to repress promoter activity of SIRT1, even-
tually leading to increased cancer cell proliferation

The transcription factor E2F1 regulates SIRT1 expression. E2F1 is a transcrip-
tion factor inducing cell cycle progression from G1 to S phase in response to cel-
lular stress (DeGregori et al. 1995). In cells treated with etoposide, E2F1 directly
binds to SIRT1 promoter. When cells are under DNA damage, the stress-responsive
kinase ataxia telangiectasia mutated (ATM) phosphorylates E2F1 and allow it to
bind to SIRT1 promoter in order to activate SIRT1 transcription. In addition, SIRT1
largely regulates its own transcription by a feedback inhibitory mechanism (Sauve
et al. 1998). Elevated SIRT1 protein level is able to inhibit the transcriptional activ-
ity of E2F1 by deacetylating E2F1, which concomitantly inhibits pro-apoptotic
activities of E2F1 as well (Wang et al. 2006).

SIRT1 plays important roles in the regulation of metabolic pathways such as
lipid metabolism. Activation of SIRT1 has been shown to protect against obesity
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and obesity-associated diseases (Schug and Li 2011). Consistent with a strong inter-
play between SIRT1 and these pathways, transcription factors involved in lipid
metabolism have been demonstrated to modulate SIRT1 transcription. In adipo-
cytes, both SIRT1 mRNA and protein levels were increased along with CCAAT/
enhancer-binding protein o (C/EBPa) during adipocyte differentiation (Jin et al.
2010b). C/EBPa can directly bind to the SIRT1 promoter and thereby upregulate
SIRT1 transcription. Binding of C/EBPa to the SIRT1 promoter is enhanced upon
fasting, and attenuated by feeding (Jin et al. 2010a). In addition, another member of
the C/EBP family, C/EBPJ is able to suppress SIRT1 transcription. In a model of
diethylnitrosamine-induced liver cancer development, C/EBPP forms complexes
with HDACI to repress promoter activity of SIRT1. SIRT1-dependent downstream
pathways are reduced, eventually leading to increased liver proliferation and cancer
progression (Jin et al. 2013a).

Poly(ADP-ribose) polymerase-2 (PARP-2) has emerged as an additional tran-
scriptional repressor of SIRT1 (Bai et al. 2011a). PARP-2 is a 66.2 kDa nuclear
protein capable of binding to damaged DNA (Ame et al. 1999). DNA binding of
PARP-2 results in catalytic activation of PARP activity, and PARP-2 subsequently
catalyzes the formation of poly(ADP-ribose) polymers (PAR) onto itself and to dif-
ferent acceptors (Ame et al. 1999; Yelamos et al. 2008). In myotubes with PARP-2
knockdown, expression of SIRT1 mRNA is augmented. PARP-2 binds directly to a
highly conserved proximal region within the SIRT1 promoter in both mice and
human cells. These findings suggest that PARP-2 acts as a direct negative regulator
of the SIRT1 promoter (Bai et al. 2011a).

Although studies have also been conducted to address the transcription regula-
tion of other members of sirtuin family, current information is still preliminary. Of
important sirtuins, SIRT3 is a mitochondrial enzyme with prominent roles in energy
metabolism (Kincaid and Bossy-Wetzel 2013). Peroxisome proliferator-activated
receptor gamma coactivator-la (PGC-1a) plays key roles in regulating energy
metabolism through thermogenesis, gluconeogenesis and mitochondrial biogenesis
(Liang 2006). In mice myocytes, PGC-1a co-localizes with estrogen-related recep-
tor o (ERRa) and binds to an ERR binding element (ERRE) within the mSIRT3
promoter (Jin et al. 2013b). PGC-1a-induced SIRT3 gene expression is essential for
brown adipocyte differentiation (Giralt et al. 2011). Another sirtuin, SIRT6, func-
tions as a corepressor of the transcription factor Hypoxia-inducible factor la
(HIF1a) to suppress glucose uptake and glycolysis. Thereby, SIRT6 plays crucial
roles in glucose and lipid metabolism. In human and mouse cells, p53 binds to the
SIRT6 promoter, thus activating the expression of SIRT6. Elevated SIRT6 then
interacts with FOXO1 to promote deacetylation and nuclear export, which conse-
quently abolishes FOXO1-induced gluconeogenesis (Zhang et al. 2014).
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1.1.5.2 Regulation by Posttranslational Modification

The enzymatic activities of sirtuins can be affected by post-transcriptional modifi-
cations. Specifically, phosphorylation is one of the most common mechanisms by
which sirtuin function is regulated. SIRT1 is known to have 15 phosphorylation
sites (Hwang et al. 2013). The phosphorylation and dephosphorylation status of
SIRT1 not only affects the activity of the enzyme, but it also regulates SIRT1 pro-
tein levels through proteasome dependent or independent degradation processes
(Hwang et al. 2013). Seven of the phosphorylation sites of SIRT1 localize to the
N-terminus whereas eight sites are in the C-terminus (Sasaki et al. 2008). Various
protein kinases are known to regulate the phosphorylation of these sites including
cJun N-terminal kinases (JNKSs), casein kinase 2 (CK2), CyclinB/Cdk1, and the
dual specificity tyrosine phosphorylation-regulated kinases (DYRKS).

JNKSs belong to the mitogen-activated protein kinases (MAPKs) family and are
responsive to cellular stresses such as heat shock, radiation and oxidative stress
(Bode and Dong 2007). INK1, when phosphorylated and activated, phosphorylates
human SIRT1 on three sites: Ser27, Ser47, and Thr530, whereas the phosphoryla-
tion of SIRT1 increases its nuclear localization and enzymatic activity, increasing
activity toward a specific deacetylation substrate histone H3 over p53 (Nasrin et al.
2009). Decreases in histone H3 and H4 acetylation are associated with global gene
transcription inhibition due to high oxidative stress (Berthiaume et al. 2006).
Histone deacetylation potentially increases DNA integrity and reduces DNA dam-
age mediated by free radicals, which could be a protective mechanism to promote
cell survival (Berthiaume et al. 2006). Of note, mouse SIRT1 does not contain the
aforementioned Ser27 and Thr530 phosphorylation sites, however, JNK1 can also
effectively phosphorylate an N-terminal fragment of mSIRT1 (Nasrin et al. 2009).
Another group showed that in response to insulin or glucose treatment, JNKI1 is
activated, leading to phosphorylation of Ser46 in mouse SIRT 1, which is equivalent
to Ser47 in human. This phosphorylation event on Ser46 leads to SIRT1 ubiquitina-
tion which is followed by proteasome-mediated protein degradation, eventually
reducing SIRT1 protein level (Gao et al. 2011). In addition, JNK2 is reported to
mediate SIRT1 phosphorylation at Ser27, Depletion of JNK2 in human colon can-
cer cells inhibits phosphorylation of newly expressed SIRT1 protein at Ser27 and
reduces the abnormally high accumulation of SIRT1 protein in these cancer cells.
(Ford et al. 2008).

CK2 is a ubiquitously expressed and conserved serine/threonine kinase essential
for cell viability (Yamane and Kinsella 2005) and it can promote tumor develop-
ment (Duncan and Litchfield 2008). Upon exposure of HEK293T cells to ionizing
radiation, CK2 is recruited to SIRT1 and phosphorylates conserved residues Ser154,
Ser649, Ser651, and Ser683 in the N- and C-terminal domains of mouse SIRT]I.
Phosphorylated SIRT1 has increased deacetylation activity and higher
substrate-binding affinity. As a consequence, CK2-mediated phosphorylation
increases the ability of SIRT1 to deacetylate p53 and protect HEK293T cells from
apoptosis after DNA damage (Kang et al. 2009).
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In somatic cells, cyclinB/Cdkl complex is activated upon passing the G2/M
checkpoint and inactivated upon entry into anaphase (Nigg 2001). CyclinB/Cdk]1
can phosphorylate human SIRT1 on two conserved sites, Thr530 and Ser540. This
phosphorylation is necessary for the entry into G2 phase and progression through
the cell cycle. Cell proliferation is impaired when CyclinB/Cdk1 phosphorylation
of SIRT1 is blocked or when SIRT1 is absent (Sasaki et al. 2008).

DYRKs are highly conserved protein kinases that catalyze the auto-
phosphorylation on tyrosine residues and the phosphorylation of serine/threonine
residues on substrates. DYRKSs are associated with the regulation of cell prolifera-
tion and apoptosis. DYRKI1A and DYRK3 can directly interact with and phosphor-
ylate mouse SIRT1 on Thr522 (Thr530 of human SIRT1), which activates SIRT1,
promoting cell survival by deacetylating pS3 upon cytotoxic drug treatment or heat-
shock (Guo et al. 2010).

In addition to phosphorylation, SIRT1 is also subject to sumoylation (Yang et al.
2007b). Small ubiquitin-related modifiers (SUMOs) are covalently linked to lysine
residues of target proteins. Under basal conditions, human SIRT1 is sumoylated at
Lys734 and is active, deacetylating and inactivating proapoptotic substrates such as
p53. In response to hydrogen peroxide induced oxidative stress and UV radiation
induced DNA damage, SIRT1 associates with sentrin-specific protease 1 (SENP1),
which desumoylates SIRT1. As a consequence, p53 acetylation accumulates and
actively induces cell death (Yang et al. 2007b). Although the Lys734 sumoylation
motif is evolutionarily conserved from rat to human, the sumoylation residue is
replaced by an arginine residue in mouse SIRT1 (Yang et al. 2007b).

Similar to SIRT1, SIRT2 is also subject to phosphorylation modifications.
Modifiers of SIRT2 include Cyclin E/Cdk2; an important regulator of the G1/S
phase transition known to be deregulated in human tumors (Musgrove 2006). A
single Cdk2 phosphorylation site, Ser331, has been identified within the C-terminal
of the catalytic domain of human SIRT2. This site is conserved in mouse SIRT2.
Phosphorylation at Ser331 inhibits the enzymatic activity of SIRT2 on two sub-
strates, a-tubulin and histone H4, leading to inhibited cell cycle progression and
arrested cells in G1 phase (Pandithage et al. 2008).

1.1.5.3 Regulation by Protein Protein Interactions

Two proteins are known to directly bind SIRT1 and regulate its activity. These are
active regulator of SIRT1 (AROS) and deleted in breast cancer 1 (DBC1).

AROS is a 142 amino acid protein found exclusively in the nucleus. It was origi-
nally identified to play a role in ribosomal function (Maeda et al. 2006). When DNA
is damaged with the use of etoposide and TSA, AROS interacts with SIRT1 to
facilitate SIRT1 deacetylase function, leading to p53 deactivation which can prevent
cell cycle arrest and apoptosis (Kim et al. 2007). The exact molecular mechanism of
AROS-mediated activation of SIRT1 remains elusive; however, it has been sug-
gested that AROS binding to SIRT1 is abolished when the N-terminus of SIRT1 is
deleted. The N-terminus is reported to mediate recruitment of the substrate histone
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H1 (Vaquero et al. 2004) and increase SIRT1 catalytic activity. It has also been
speculated that AROS binding replaces a SIRT1 repressor such as DBCI1 (Raynes
et al. 2013), or recruits an unknown activator which can induce conformational
changes in SIRT1 structure. However, later studies questioned the necessity of
AROS binding in SIRTI1 activation. Under basal condition, knocking down of
AROS using RNAI did not increase acetylated or total p5S3 levels compared with
control treatment, suggesting that SIRT1 is capable of suppressing pS3 even when
AROS levels are low (Knight et al. 2013). Use of recombinant human AROS pro-
tein also failed to stimulate SIRT1 activity although cofactors or interacting proteins
required for binding and regulating SIRT1 could have been missing from assays
(Knight et al. 2013). Another study suggested that the use of recombinant AROS
had no effect on SIRT1 deacetylase activity (Kokkola et al. 2014). More mecha-
nisitic studies are needed to clarify the role for AROS in regulating SIRTI
functions.

In contrast to AROS, DBC1 has been implicated as a suppressor of SIRT1 activ-
ity. DBC1 was originally identified to be homozygously deleted in human breast
cancer specimen (Hamaguchi et al. 2002), and downregulated in some lung and
colon cancer cell lines (Hamaguchi et al. 2002). A previous study suggested that
DBC1 may play a role in tumor necrosis factor a-mediated apoptosis (Sundararajan
et al. 2005). However, the function of DBCI in tumor cells is still unclear (Kim
et al. 2008). A DBC1 binding region was identified within the SIRT1 catalytic
domain. When cells were treated with etoposide, DBC1 directly associates with
SIRT1, suggesting that DBC1 may inhibit SIRT1 activity in response to stress and
cause acetylation of SIRT1 substrates after stress stimuli (Kim et al. 2008). The
presence of DBC1 specifically blocks interactions between SIRT1 and p53, which
results in upregulation of p53-mediated apoptotic responses (Fulco et al. 2008).
Consequently, the current view is that DBCI inhibition of SIRT1 facilitates the
progression of cell death pathways initiated by stress stimuli. In this view, DBCI
may function as a tumor suppressor, and loss of DBC1 can result in the inhibition of
cell death and thereby promote tumorigenesis (Kim et al. 2008).

1.1.5.4 Regulation by Alterations in NAD* Metabolism

The reaction of sirtuins is initiated by NAD* binding to their catalytic sites. Thus,
the cellular NAD* availability can be posited to be a limiting factor of sirtuin activ-
ity (Imai 2009a). In cells, NAD* is responsible for transferring electron equivalents
for multiple metabolic reactions such as fatty acid f-oxidation, glycolysis and the
TCA cycle. In this role, NAD* and its reduced form NADH, systematically regulate
and coordinate metabolic reactions by direct integration into metabolic pathways,
with additional inputs available from various nutritional and environmental signals
(Imai 2009). Due to its importance in metabolic reactions, the coupling of NAD*
levels to sirtuin protein deacetylation activity may have obtained regulatory signifi-
cance in the course of evolutionary time scales. Importantly, intracellular levels of
NAD" are dynamic and subject to multiple biosynthetic influences including de
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novo and salvage pathways, along with nutritional inputs. Dynamics also are cou-
pled to several major NAD* degradative pathways, including the activities of NAD*
consumers such as PARPS, sirtuins themselves and NAD* glycohydrolases, such as
CD38. By complex pathways and steady-state perturbations, NAD" levels change
and are thought to regulate sirtuin activities.

NAD? can be synthesized by multiple pathways, but appears to be regulated by a
central mechanism. De novo biosynthesis of NAD* can occur via catabolism of the
amino acid tryptophan through the kynurenine pathway. However, the main input
for NAD* homeostasis appears to be the NAD* salvage pathway (Houtkooper et al.,
2010). This pathway converts NAM, the by-product of NAD* consumption, back to
NAD". The synthesis of nicotinamide mononucleotide (NMN) from NAM is
effected by the homodimeric enzyme nicotinamide phosphoribosyltransferase
(NAMPT). NMN is subsequently adenylated by the nicotinamide/nicotinic acid
mononucleotide adenylyltransferases (NMNAT1-3) to regenerate NAD* (Canto
et al. 2012; Satoh et al. 2011). Disruption of NAD* salvage pathways leads to down
regulation of NAD" level, and precipitates decline in sirtuin activities (Araki et al.
2004). NAMPT is the rate-limiting enzyme in this pathway, and levels of NAMPT
activity are crucial for setting the NAD* level (Yang et al. 2007). Overexpression of
NAMPT markedly increases NAD* levels in neurons and fibroblasts, whereas over-
expression of another enzyme in the salvage pathway, NMNAT, does not alter cel-
lular NAD* levels (Araki et al. 2004; Revollo et al. 2004). Furthermore,
overexpression of NAMPT have been shown to augment cellular levels of NAD* in
cell models such as endothelial cells, lymphocytes and cardiomyocytes (Borradaile
and Pickering 2009; Hsu et al. 2009; Revollo et al. 2004; Rongvaux et al. 2008;
Satoh et al. 2011), suggesting high NAMPT level alone can induce NAD* biosyn-
thesis. Consistently, pharmacologic use of NAMPT inhibitors substantially sup-
press cellular NAD* levels (Bruzzone et al. 2009; Hasmann and Schemainda 2003),
cementing the view that NAMPT is essential for homeostatic control of NAD* level.

Factors that affect NAD* homeostasis are stress-linked. For example, AMP-
activated protein kinase (AMPK) is a major sensor of cellular energy status and it
regulates cellular NAD* level. Activated by nutrient deprivation and exercise,
AMPK activation causes increases cellular NAD* level, potentiating SIRT1 activity
and enabling increased deacetylation of target proteins such as FOXOs and
PGC-1a. These events facilitate increased energy expenditure through fatty acid
-oxidation and mitochondrial biogenesis (Canto et al. 2010; Fulco et al. 2008).
Although the complete mechanism of AMPK action on NAD levels is still under
investigation, it is partially achieved by up regulating NAMPT expression (Canto
et al. 2010; Costford et al. 2010; Fulco et al. 2008). Interestingly, signaling mole-
cules that activate AMPK converge on SIRT1 activity. For example, in adipocytes,
fibroblast growth factor 21 (FGF21) activates AMPK in a serine/threonine kinase
11 (STK11/LKB1)-dependent manner and in turn induces SIRT1 activities (Chau
et al. 2010). Administration of recombinant FGF21 in ob/ob mice increases phos-
phorylated AMPK level in white adipose tissue. Concomitantly enhanced SIRT1
deacetylation of PGC-1a causes enhanced mitochondrial oxidative capacity and
reduced body weight in these mice (Chau et al. 2010). Adiponectin has a similar
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effect in myocytes. Binding of adiponectin to its receptor can induce calcium influx
which stimulates calcium/calmodulin-dependent protein kinase kinase f
(CaMKKp) (Iwabu et al. 2010). Subsequently, CaMKKf activates AMPK to
increase SIRT1 deacetylation activity on PGC-1a. As a result, mitochondrial bio-
genesis is enhanced in skeletal muscle by adiponectin (Iwabu et al. 2010).

Cellular NAD" level can also be augmented by inhibiting the consumption of
NAD"* by NAD"* consuming enzymes, such as poly(ADP-ribose) polymerase-1
(PARP-1) (Bai et al. 2011b). PARP-1 is a major consumer of NAD* in the cell.
Upon recognition of damaged or abnormal DNA, PARP-1 binds to the damaged
sequence (Durkacz et al. 1980) and uses NAD™ as a substrate to transfer poly(ADP-
ribose) onto acceptors including itself (Adamietz 1987; Sims et al. 1981). High fat
diet feeding in mice is shown to robustly increase PARP-1 protein levels and activ-
ity in brown adipose tissue and muscle, whereas fasting lowered PARP-1 enzyme
activity in these tissues (Bai et al. 2011b). Knockdown or pharmacological inhibi-
tion of PARP-1 has been shown to increase intracellular NAD" levels while aug-
menting SIRT1 activity in vitro. PARP-17~ mice were shown to have higher NAD*
content and SIRT1 activity in their skeletal muscle and brown adipose tissue (BAT).
The mitochondrial activities were also improved in these tissues (Bai et al. 2011b).
Therefore, inhibition of PARP-1 activity can be potentially developed as a therapeu-
tic strategy to improve NAD" levels in key metabolic tissues.

The effects of NAD* level on sirtuin activity, specifically SIRT1 and SIRT3, are
consistent with the view that NAD* is a positive stimulative regulator of sirtuin
activity. For example, Auwerx and co-workers have shown that genetic upregula-
tion of NAD* level in PARP1 knockouts increases SIRT1 activity (Bai et al. 2011b).
This genetic manipulation increases mitochondrial biogenesis, resistance to toxicity
caused by high fat diet and it provides insulin sensitization. In a complementary
study, Auwerx and co-workers used the compound nicotinamide riboside (NR) to
increase tissue NAD* levels. This led to improvements in insulin sensitivity,
improved exercise endurance and improvements in resistance to high fat diet toxic-
ity (Canto et al. 2012). Protein blots of tissues showed decreases in acetylation of
FOXOI1 and PGCla, consistent with activation of SIRT1. Similarly, SIRT3 activity
increases were inferred by decreased acetylation of SOD2. Most recently, Brown
and co-workers showed that NR supplementation increases protection from noise
induced hearing loss, by activation of SIRT3 (Brown et al. 2014).

Other laboratories have also found that upregulated NAD™* synthesis leads to
sirtuin activation. The laboratory of Shin Imai, has shown that either NAMPT or its
product NMN can provide sirtuin activation and treatment of metabolic syndrome
(Imai 2009b; Imai and Yoshino 2013; Yoshino et al. 2011).

1.1.5.5 Regulation by Compartmentalization
The members of the sirtuin family have distinct features and roles in mammalian

cells and tissues. In terms of cellular compartmentalization, SIRT1 can be shuttled
between the nucleus and the cytoplasm, SIRT?2 resides in the cytoplasm, and SIRT3,
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SIRT4 and SIRTS localize to the mitochondria. SIRT6 and SIRT7 are found pre-
dominantly in the nucleus. These localizations determine a significant part of their
activities and biological functions.

The subcellular localization of SIRT1 varies in different tissues in mice at differ-
ent developmental stages. For example, SIRT1 is primarily found in the cytoplasm
of neurons, and exclusively in the nucleus of spermatocytes. Furthermore, SIRT1 is
present in both nucleus and cytoplasm of ependymal cells, specialized neuronal
cells within the neuroectoderm (Tanno et al. 2007). SIRT1 compartmentalization is
also affected by development in mice. In embryonic cardiomyocytes, SIRT1 is
found only in the nucleus, but it is expressed in both nucleus and cytoplasm in the
adult cardiomyocytes (Tanno et al. 2007). Similar findings have been obtained in
undifferentiated and differentiated C2C12 myoblast cells. In postnatal brains,
SIRT1 is localized in both nuclear and cytoplasm, and in adult brain, it predomi-
nantly resides in the cytoplasm (Fulco et al. 2008). In neural precursor cells, SIRT1
translocates into the nucleus with a differentiation stimulus, and gradually return to
the cytoplasm upon neuron differentiation (Hisahara et al. 2008).

Mouse SIRT1 has two nuclear localization sequences (NLSs) and two nuclear
export sequences (NESs) (Jin et al. 2007; Tanno et al. 2007). NLSs and NESs
sequences are subject to oxidative stress-induced modifications, which alter the sub-
cellular localization of SIRT1. Oxidative stress can activate redox-sensitive kinases
such as phosphoinositide 3-kinase (PI3K). PI3K has been suggested to facilitate
nuclear localization of SIRT1. Indeed, a pharmacological inhibitor of PI3K inhibits
the nuclear localization of SIRT1 in undifferentiated C2C12 cells. The nuclear
export of SIRT1 is likely to be achieved through chromosome region maintenance 1
(CRM-1), a member of the exportin family which mediates the exportation of pro-
teins containing an NES. When a CRM-1 inhibitor is used, the nucleocytoplasmic
shuttling of SIRT1 is inhibited and SIRT1 remains in the nucleus as determined by
a heterokaryon shuttling assay (Tanno et al. 2007).

Nuclear localization of SIRT1 allows it to interact with target transcription regu-
lators, such as p53 and PGCla to modulate cellular activities. Overexpression of
nuclear SIRT1 significantly augments deacetylation of histone H3, as well as mark-
edly inhibits apoptosis induced by reactive oxygen species in C2C12 cells (Tanno
et al. 2007). Shuttling of SIRT1 into the cytoplasm is potentially a way to down-
regulate SIRT1 activity. The cytoplasmic function of SIRT1 is not well understood.
SIRT1 localized in cytoplasm can enhance apoptosis. As increased apoptosis is also
observed in mutant SIRT1 without deacetylase activity, the pro-apoptotic effect of
SIRT1 is not associated with its deacetylase activity. Moreover, use of pan-caspase
inhibitor blocked the SIRT1 effect and it is likely that the SIRT1-enhanced apopto-
sis is caspase-dependent (Jin et al. 2007). In addition, SIRT1 likely functions as
deacetylase in the cytoplasm, as many of its substrates, such as p53, FOXOs, are
also known to translocate between both nuclear and cytoplasmic compartments
(Kwon and Ott 2008).
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1.1.6 Assays of Sirtuins

The successful discovery of small molecule sirtuin modulators is largely dependent
on the ability to accurately determine sirtuin activities by rapid and reliable assays.
For example, resveratrol, along with other sirtuin-activating compounds (STACs),
have been discovered by rapid sirtuin activity assays. However, the reliability of
some assays for sirtuins have been debated due to their idiosyncratic qualities,
which are further discussed below. Knowledge of the caveats associated with sirtuin
assays are clearly important to appreciate for researchers working in the sirtuin
field.

1.1.6.1 Fluor de Lys Fluorescence Assay

The Fluor de Lys fluorescence assay of sirtuin deacetylation activity was introduced
by Howitz et al. as a means to screen chemical libraries for activators of SIRT1
(Howitz et al. 2003). The assay is dependent on the SIRT1 substrate comprising a
fluorescent peptide called Fluor de Lys comprising the amino acid sequence 379—
382 of human p53 including Ne¢-acetylated Lys382. Addition of a sirtuin (e.g.
SIRT1), in the presence of NAD*, leads to deacetylation of Lys382 of p53. Exposure
of the deacetylated peptide to trypsin releases a C-terminal fluorophore, which can
be detected with excitation of 360 nm light and emission of 460 nm light (Bitterman
et al. 2002; Howitz et al. 2003a). The mechanism of this sirtuin assay is shown in
Fig. 1.6.

Using this Fluor de Lys assay, Howitz et al. discovered that resveratrol is a potent
activator of SIRT1. Resveratrol reportedly lowered the Michaelis constant of SIRT1
for both Lys382 of p53 and NAD*, and resveratrol promoted cell survival in U20S
and HEK 293 cells after exposure to ionizing radiation. The authors also reported
that resveratrol was also able to stimulate yeast Sir2 activity and increase the aver-
age and maximum lifespan in yeast (Howitz et al. 2003a).

The SIRT1 activating effect of resveratrol was not fully reproducible in later
studies using non-fluorophore substrates. For example, Kaeberlein et al. found no
significantly increase in the mean or maximum life span of yeast treated with resve-
ratrol, nor was it observed that resveratrol caused effects consistent with Sir2 activa-
tion (Kaeberlein et al. 2005). Resveratrol nevertheless activated SIRT1 toward a
fluorophore labeled substrate, although the Michaelis constant for NAD* was not
observed to be decreased. When the fluorophore containing substrate was replaced
with a *H labeled acetylated histone H3 peptide, resveratrol failed to activate SIRT1.
The Michaelis constant of the p53 substrate with Fluor de Lys was about 9-fold
higher than the native p53 peptide without the Fluor de Lys group, suggesting
activation restored cognate recognition of the underivatized sequence (Kaeberlein
et al. 2005). The result was similar to findings obtained by an independent group.
Borra et al. showing that resveratrol had no effect on the enzymatic activity of
SIRT1 when the [*H]acetylated histone H3 was used as substrate (Borra et al. 2005).
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Fig. 1.6 Sirtuin Assays A) In sirtuin activity assays, acetylated proteins such as pS3 and NAD+
are added as substrates. Deacetylation activity of sirtuins leads to the breakage of glycosidic bond
in NAD*, releasing NAM and the metabolite AADPR along with the deacetylated protein. In radio-
isotopic assays, substrates are labeled with different radioisotopes. After quenching the reaction,
radiolabeled products are separated and quantified by scintillation counter. For instance, ['*C] can
be used to label NAD* and ["*C] NAM is collected for measurement. Also, [**P]NAD+ or [*H]
acetylated protein substrate can be used as substrate to monitor the formation of [**PJAADPR or
[*HJAADPR. B) In fluorophore containing sirtuin assays, the substrate is an amino acid peptide
derived from the sequence of known substrate protein with N-terminus and/or C-terminus modi-
fied with a fluorescent tag. For instance, the Fluor de Lys fluorescence assay for SIRT1 utilizes the
SIRT1 substrate comprising a fluorescent peptide Fluor de Lys and the amino acids 379-382 of
human p53 with Lys382 acetylated. In the first step of the reaction, addition of SIRT1 deacetylates
Lys382, which sensitizes the peptide to become a substrate for trypsin. Secondly, proteolytical
cleavage of Fleur de Lys releases fluorophore which can be detected with excitation of 360 nm
light and emission of 460 nm light

Therefore resveratrol does not activate SIRT1 per se, instead, the effect was found
to be specific for an artificial substrate which does not exist under physiological
conditions. Borra et al. speculated that resveratrol binding potentially induces con-
formational changes in SIRT1, to creat a binding pocket to allow better accommo-
date the fluorophore of the substrate (Borra et al. 2005).

Although the use of Fluor de Lys has significant defects as an assay for sirtuins,
it also revealed a new aspect of SIRT1 behavior toward substrates. The idea that
selected SIRT1 substrates in cells might have the features as exemplified by the
Fluor de Lys substrate is currently in debate. However, an in depth discussion of
these issues is beyond the scope of this chapter.
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1.1.6.2 SIRT1 Fluorescence Polarization Assay

With the aforementioned caveats still in place, pharmaceutical discovery programs
designed to identify SIRT1 activators or inhibitors were conducted. In order to
screen a large collection of small molecules, it was crucial to have a high-throughput
but sensitive assay. Milne et al. developed an in vitro fluorescence polarization assay
and successfully used it to identify putative small molecule activators of SIRT1
(Milne et al. 2007). The substrate used in the assay was a 20 amino acid peptide
derived from the sequence of human p53 with biotin linked to the N-terminus,
whereas the C-terminus was modified with a MR121 or TAMRA fluorescent tag.
After SIRT deacetylation, trypsin can cleave the newly exposed lysine residue and
release fluorophore. Fluorescent polarization was determined at 650 nm excitation
wavelength and 680 nm emission wavelengths. Using this assay, it was possible to
screen 290,000 compounds with 127 confirmed hits (Cen et al. 201 1b; Milne et al.
2007).

However, the fidelity of this assay for discovery of true activators of sirtuins
remains to be fully evaluated. Interestingly, the reported affinity of SIRT1 activators
does not correlate to their activation effect (Cen et al. 2011b). For example, one
activator required 8 times higher concentration than another activator to reach 1.5
times SIRT1 activity of untreated control. On the other hand, the maximal activation
of the first activator is 1.5 times stronger than second activator. Yet, these effects are
also substrate dependent. It is possible that similar as the Fluor de Lys assay, the
presence of fluorophore in the substrate alters the affinity of SIRT1 to the specific
substrate and therefore confounds the effect of the compounds on native
substrates.

1.1.6.3 Radioisotopic Assays

A radioisotope assay was first described by Landry et al. for measuring Sir2 activity
and is specific for sirtuin reactions (Landry et al. 2000). Sirtuins require NAD* as
substrate. In this assay, [carbonyl-'*C]NAD* and acetylated substrates, e.g. the
amino acid 368-386 of human p53 with acetylated Lys382 for SIRT1 reaction
(Borra et al. 2005), were used (Borra and Denu 2003). The deacetylation activity of
sirtuins leads to the breakage of glycosidic bond in [“C]NAD*, releasing [“C]
NAM along with the metabolite AADPR. After quenching the reaction, ["“CINAD*
and [*C]NAM can be separated and isolated using thin layer chromatography or
reversed-phase HPLC. Radioactivity is subsequently quantified by scintillation
counter. Alternatively, a [*’P]NAD* can be used in which the label is located in one
of the phosphate group in order to monitor the formation of AADPR. After quench-
ing the reaction, [*’P]NAD* and [**P] AADPR are separated with thin layer chroma-
tography or reversed-phase HPLC and measured by scintillation countering.
Labeling the acetylated substrate of sirtuin reaction reaction is another way of
determining sirtuin activity. In such an assay a [acetyl-*H] acetylated peptide or
protein is used. With sirtuin deacetylation, [*H] is transferred to the acetate in
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AADPR. After reaction is quenched, a separation method called charcoal-binding
can be used. By heating up the reaction mixture at 95°C, [*H]acetate can be hydro-
lyzed away from [PH]JAADPR. The mixture is then transferred to a charcoal slurry
which can bind all the substrates and products except for [*H]acetate. The amount
of [*H]acetate is then quantitated by scintillation counter and the radioactivity cor-
responds to the [PHJAADPR produced (Borra and Denu 2003). Schematic views of
these assays and commentary are shown in Fig. 1.6.

1.1.6.4 Mechanism-Based Affinity Capture of Sirtuins

Thioacetylated peptides can react with NAD™ on sirtuin active sites to form stable
thioimidate complexes (Fatkins et al. 2006). Based on this reaction, Cen et al.
develop a sirtuin capturing assay with a thioacetylpeptide identified to react with
sirtuins to form a stable thioimidate complex (Cen et al. 2011a). A chemically mod-
ified NAD*, 6-AMX-NAD*, was also designed to form the desired thioimidate, but
also to chemically reacted to biotin after thioimidate formation. With construction
of 6-AMX-NAD", sirtuins can be captured by conjugation to biotin, which can be
later retrieved on streptavidin beads. SDS-PAGE methods allow the detection, cap-
ture and molecular weight determination of sirtuins. The authors have shown that
this assay is capable of capturing a variety of human sirtuin isoforms including
SIRT1, SIRT2, SIRT3, SIRTS, SIRT6 and can react with microbial derived sirtuins
as well. Although further improvement, such as quantitation of the captured sirtuins
and efficiency of the conjugation strategy, this assay can increase the flexibility in
understanding of sirtuin activities in biological systems and could provide insights
into enzymatic activity (Cen et al. 2011b).
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