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come extremely important to understand the molecular and 

chemical structure of sirtuins. In this review, we have dis-

cussed the biological role of sirtuins in various neurodegen-

erative diseases, and also provided an insight into their 

chemical structure. 

 

Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 Sirtuins (‘sir-two-ins’) are a class of NAD + -dependent 
class III histone deacetylase enzymes that are phyloge-
netically conserved from archeobacteria to humans  [1] . 
The yeast silent information regulator factor 2 (Sir2) was 
the first sirtuin to be discovered  [2] . It has been a decade 
since the yeast Sir2 gene was shown to extend the lifespan 
of budding yeast by repressing genome instability  [3] , and 
since then research on the health-promoting and longev-
ity effects of Sir2-like genes has been a matter of interest.

  There are seven members in the mammalian sirtuin 
family that are homologs of the yeast Sir2 (SIRT1–SIRT7), 
with SIRT1 being evolutionarily the closest to the yeast 
Sir2. Sirtuins have been reported to possess two different 
activities: an ADP ribosyl transferase  [4]  and/or a deacet-
ylase  [5]  activity. Sirtuins exert their deacetylase activity 
on a variety of targets, including histones, transcription 
factors and apoptotic modulators  [6, 7] . Also, the discov-
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 Abstract 
 Sirtuins, commonly known as NAD + -dependent class III his-

tone deacetylase enzymes, have been extensively studied to 

evaluate their potential role in different disease states. Based 

on the published literature, sirtuins have been implicated in 

providing a myriad of intrinsic and extrinsic biological ef-

fects, which in turn may play an important role in the treat-

ment of various disorders such as type II diabetes, obesity, 

cancer, aging and different neurodegenerative diseases. In 

particular, a number of studies have unequivocally support-

ed the idea of sirtuins having therapeutic potential in neuro-

degenerative diseases such as stroke, ischemic brain injury, 

Alzheimer’s disease, Parkinson’s disease, Huntington’s dis-

ease and amyotrophic lateral sclerosis. To exploit the thera-

peutic potential of sirtuins, their manipulation in terms of 

development of small-molecule modulators, inhibitors and 

analogs has increased dramatically since their inception, in 

both scientific and industrial worlds. Studies on the structure 

and catalytic core of sirtuins along with chemical mecha-

nisms and substrate specificity have provided important in-

put into the design and synthesis of sirtuin modulators. To 

study the role of sirtuins in the biological system, it has be-
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ery that their catalytic activity depends on NAD + , unlike 
Zn 2+  in cases of other classes of deacetylases, demon-
strates their potential role in responding to the energy 
status and modulating metabolic processes in the cell.

  Of all the mammalian sirtuins, SIRT1 has been most 
extensively reviewed in the literature. SIRT1 removes ace-
tyl groups from lysine side chains of proteins using NAD +  
as cofactor, generating deacetylated protein, 2 � -O-acetyl-
ADP-ribose and nicotinamide as a consequence  [8] . It 
deacetylates histones H1-Lys26, H3-Lys9, Lys14 and H4-
Lys16, and reduces the methylation of histone H3-Lys79 
 [9, 10] . It also deacetylates and attenuates the activities of 
p53  [11] , and has been observed to have the same effects 
on the forkhead transcription factor (FOXO), FOXO1 and 
FOXO4  [12, 13] . Under oxidative stress, SIRT1 increases 
the cell’s resistance to stress and reduces the apoptotic 
ability of FOXO3  [14] . SIRT1 has also been linked to met-
abolic processes in adipose tissue, liver and muscle by in-
teracting with peroxisome proliferator-activated recep-
tor-gamma co-activator-1 �  (PGC-1 � ), a major modula-
tor of the gluconeogenic pathway  [15] .

  The discovery of such diverse effects of SIRT1 has 
sprouted a plethora of studies aimed towards develop-
ment of small-molecule modulators of the enzyme. Some 
of these molecules/inhibitors (splitomycin, sirtinol and 
EX-527) as well as analogs of sirtinol have been observed 
to inhibit yeast SIR2, SIRT1 and SIRT2. SIRT1-activating 
compounds (STACs) include the natural polyphenolic 
compound resveratrol, SRT1720, SRT2183 and analogs of 
nicotinamide. Over last 10 years, research in this area has 
led to the synthesis of over 3,500 STACs. Resveratrol and 
other natural polyphenols with a similar structure, like 
fisetin and butein, have been demonstrated to extend 
lifespan in a wide variety of organisms, from yeast to flies 
to obese mice  [16] .

  Sirtuins, Caloric Restriction and Aging 

 Sirtuins have been found to delay aging and promote 
longevity by regulating the activity of key cellular pro-
teins like p53, FOXO and Ku70 that are involved in either 
apoptotic processes or cellular repair mechanisms. Sirtu-
ins may thus promote health and longevity partly by ei-
ther decelerating cell death and/or by boosting repair 
mechanisms in the cells  [17] .

  It has become increasingly evident that the salutary 
effects of the dietary regimen, caloric restriction (CR), are 
in part due to the promotion of sirtuins  [17] . CR involves 
reducing an organism’s food consumption compared to 

normal (ad libitum) consumption. SIRT1 is expressed in 
the developing and adult brain  [18]  and the expression 
levels of SIRT1 increase upon CR in several rodent and 
human tissues, such as white adipose, liver, skeletal mus-
cle, brain and kidney. It has been shown that the levels of 
NAD rise in liver cells under CR-like conditions, which 
in turn induces expression of SIRT1  [19] . SIRT1 ends up 
consuming NAD +  as a result of its deacetylase activity, 
generating nicotinamide, an inhibitor of its own activity. 
NAD +  is known to protect neurons  [20]  and thus by in-
creasing the levels of NAD + , CR may retain the activity of 
SIRT1. SIRT1 also activates PGC1 � ,  [19]  which results in 
mitochondriogenesis  [20] . A decline in mitochondrial ac-
tivity is thought to be the causative factor in many age-
related diseases  [21, 22] . CR brings about similar im-
provements in the mitochondrial activity as SIRT1. 
Therefore, a possibility can be envisaged, wherein small-
molecule modulators of SIRT1 may act on the same path-
ways modified by CR, and may have potential to mitigate 
age-related diseases  [8] .

  It has been established that aging is a known risk fac-
tor for many neurodegenerative diseases such as Alz-
heimer’s disease (AD), Parkinson’s disease (PD), Walle-
rian neurodegeneration, Huntington’s disease and amyo-
trophic lateral sclerosis (ALS). The pathomechanisms 
involved in these disorders involve common biochemical 
pathways and processes, including protein misfolding, 
oligomerization and aggregation, proteolysis, post-trans-
lational modifications, mitochondrial dysfunction, ab-
normal metabolic processes, and proinflammatory and 
proapoptotic responses.

  Sirtuins in Alzheimer’s Disease 

 Abnormal A �  deposition in discrete areas of the brain 
is one of the hallmarks of AD neuropathology. These A �  
peptides are generated by sequential proteolysis of amy-
loid precursor protein by  � - and  � -secretases, which con-
stitutes the ‘amyloidogenic pathway’. The generation of 
amyloidogenic A �  peptides can be inhibited by another 
pathway initiated by the proteolytic cleavage of amyloid 
precursor protein by  � -secretase, also called the ‘non-
amyloidogenic pathway’. Recent epidemiological studies 
suggest that humans who maintain a low-calorie diet 
have a reduced risk of developing AD  [23–25] . In various 
animal models, CR has been shown to prevent amyloid 
neuropathology as seen in AD  [26, 27] . A study by Wang 
et al.  [26]  demonstrated that CR vitiated the A � -type 
neuropathology and cognitive impairment in the Tg2576 



 Sirtuins in Neurodegenerative Diseases Neurodegenerative Dis 2012;9:1–10 3

AD mouse model. Based on evidence linking some of the 
actions of CR and SIRT1 activation and the above-men-
tioned experimental evidence regarding AD, it is reason-
able to suggest that CR might have beneficial effects in 
mitigating the AD-type amyloid neuropathology, at least 
in part, by activating SIRT1. In order to explore this pos-
sibility, the interplay between CR, sirtuins and the non-
amyloidogenic pathway contributing to AD has been ex-
tensively investigated. It has been observed that neuronal 
cultures treated with SIRT1 activators, i.e. NAD +  and res-
veratrol, significantly reduced A �  peptide accumulation 
by binding to amyloid fibrils and also increased cellular 
 � -secretase activity, which in turn is known to activate 
the protective non-amyloidogenic pathway  [17] .

  Research has suggested resveratrol to be a potent neu-
roprotective agent due to its chemical properties rather 
than targeted activation of SIRT1. In microglial cells, 
SIRT1 has been shown to protect against A � -induced 
neurotoxicity by inhibiting NF- � B signaling  [28] . In 
studies involving cell-based models for AD and ALS, 
SIRT1 and resveratrol were shown to promote neuronal 
survival, where as in animal studies, resveratrol has been 
shown to reduce neurodegeneration and reverse learning 
impairment in inducible p25 transgenic mice. The pos-
sible mechanism of action has been, at least in part, at-
tributed to deacetylation of p53 and PGC-1 � , known sub-
strates of SIRT1  [29] .

  Besides A �  peptide, another protein called microtu-
bule-associated protein tau (MAPT) has also been impli-
cated to have a major role in the pathogenesis of AD. The 
hyperphosphorylated form of tau mainly found in neuro-
fibrillary tangles is another hallmark of AD. Although the 
in vivo studies on SIRT2 in AD are still in the preliminary 
phase, some interesting data has surfaced on an AD trans-
genic model (3xTg-AD mice) exposed to nicotinamide, a 
well-known inhibitor of class III histone deacetylases. It 
has been observed that nicotinamide improves cognitive 
performance and reduces phosphorylation of protein tau 
at threonine 231, thus promoting its degradation  [30] . 
Surprisingly, cross-breeding of 3xTg-AD and SIRT1 null 
mice produced the same effects of reduced tau phosphor-
ylation, which leads to neuroprotection. This effect goes 
against the general belief that SIRT1 activation leads to a 
salutary effect in neurodegeneration. The seemingly op-
posite effects of SIRT1 on A �  metabolism and tau phos-
phorylation gives an idea that SIRT1 downstream events 
could be a lot more complex than previously understood, 
and warrants detailed investigation of the molecular 
events following sirtuin activation.

  Sirtuins in Parkinson’s Disease 

 PD is yet another progressive neurodegenerative disor-
der affecting the central nervous system. The neuropa-
thology mainly involves loss of dopaminergic neurons in 
the substantia nigra, and its symptoms include muscle ri-
gidity, bradykinesia, resting tremor and postural instabil-
ity, amongst others. Cytoplasmic inclusions called Lewy 
bodies containing the protein  � -synuclein, some protea-
somal and lysosomal subunits have been found on histo-
logical analysis. Although the reason for the neuronal cell 
loss still remains elusive, misfolding, oligomerization and 
 � -synuclein aggregation have been implicated in the neu-
ropathology of PD  [31] . In PD models using  Drosophila,  it 
has been demonstrated that SIRT2 inhibition prevents  � -
synuclein toxicity in cultured cells and salvages the degen-
eration of dopaminergic neurons from the  � -synuclein 
toxicity  [32] . More recently, it has been shown that resve-
ratrol, a SIRT1 activator, protects SK-N-BE cells from  � -
synuclein-induced toxicity associated with AD-related A �  
toxicity. This protective action was reversed upon the ad-
dition of sirtinol, a SIRT1 inhibitor, thus suggesting that 
SIRT1 activation has ameliorative effects on  � -synuclein-
triggered toxicity  [33] . There has been speculation regard-
ing the neuroprotective potential of sirtuins in PD. STACs, 
resveratrol and quercetin were observed to prevent the loss 
of dopaminergic neurons induced by 1-methyl-4-phenyl 
pyridinium (MPP) neurotoxicity in dopaminergic (organ-
otypic midbrain) neuronal cell cultures. However, the pro-
tective effects of STACs were unaltered upon addition of 
known sirtuin inhibitors like sirtinol or nicotinamide, 
suggesting a non-sirtuin activating pathway for the poten-
tial protective effects of resveratrol. The authors suggested 
that the antioxidant properties of resveratrol explain its 
protective actions. It remains to be established by which 
pathway resveratrol induces its more potent neuroprotec-
tive effects, i.e. antioxidant and/or sirtuin activation  [34] .

  Sirtuins in Amyotrophic Lateral Sclerosis 

 ALS is a debilitating progressive disorder of the ner-
vous system that affects motor neurons responsible for 
voluntary muscle movement gradually leading to muscle 
weakness and atrophy. Although the causes of ALS are not 
clearly defined, it has been postulated that it may in part 
be due to mutations in the gene coding for the enzyme Cu/
Zn superoxide dismutase (SOD1) that protects against su-
peroxide-induced cellular toxicity. Thus, oxidative stress 
seems to play a pivotal role in this disorder too, suggesting 
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a potential intervention of antioxidants or sirtuins to pro-
vide protection. 

  In a study conducted by Kim et al.  [29] , transgenic 
mice expressing a mutant form of superoxide dismutase 
1 (SOD1G37R) showed severe motor neuron and axon de-
generation in the spinal cord. SIRT1 was observed to be 
upregulated in ALS mouse models as well as in neuronal 
cell cultures treated with neurotoxins ionomycin and hy-
drogen peroxide. Intervention with resveratrol protected 
against neurotoxicity elicited by the SOD1G93A (mutant 
form of SOD1 linked to ALS), which was proportionate 
to the decrease in the level of acetylation of PGC-1 � , sug-
gesting that resveratrol is acting through the SIRT1 path-
way in ALS models.

  Sirtuins in Cerebral Ischemia 

 Ischemic brain injury is caused by a transient or per-
manent reduction of cerebral blood flow, leading to neu-
ronal cell death. Unlike other disorders, it is not a pro-
gressive disorder, but causes neuronal degeneration. 
Hence, activation of SIRT1 as a neuroprotective strategy 
could be a promising approach. Resveratrol has been ex-
tensively investigated in this regard. It has been shown 
that resveratrol mimics ischemic preconditioning in the 
brain using an in vitro model of cerebral ischemia. Isch-
emic preconditioning has been previously demonstrated 
to have cardio- and cerebroprotective effects against isch-
emic insults  [35] . A study by Raval et al.  [36]  not only re-
ported that resveratrol emulated ischemic precondition-
ing, but also that the protective mechanism was SIRT1 
mediated, as evidenced by the abolishment of the protec-
tion in presence of sirtinol, a SIRT1 inhibitor. More re-
cently, using an in vivo rat model, it was reported that 
resveratrol pretreatment confers neuroprotection specifi-
cally via the SIRT1 target mitochondrial uncoupling pro-
tein 2 (UCP2), thus altering mitochondrial function  [36] . 
Another study targeted the exploration of the JNK, reac-
tive nitrogen and oxygen species pathways that are acti-
vated following ischemia/reperfusion injury. It was found 
that 2,3,5,4 � -tetrahydroxystilbene-2-O- � - D -glu coside 
(TSG), a natural polyphenolic compound obtained from 
 Polygonum multiflorum , exhibits anti-inflammatory and 
antioxidant effects in an in vitro ischemic model of oxy-
gen-glucose deprivation. TSG was found to inhibit iNOS 
mRNA expression, which may be mediated by SIRT1 ac-
tivation and inhibition of NF- � B activation  [37] . Thus, 
SIRT1 seems to be one of the many protective pathways 
that TSG activates following ischemia/reperfusion injury.

  The biological effects manifested by sirtuins would 
not be completely clear without detailed understanding 
of the factors that govern the reaction mechanisms, their 
catalytic elements and their substrate specificity. We dis-
cuss these aspects in the following sections.

  Sirtuin Chemical Mechanisms 

 Detailed mechanistic studies on the actions of sirtuins 
are essential for designing drugs and molecular mapping 
agents targeting its enzymatic activity. As discussed ear-
lier in the review, sirtuins possess deacetylation and/or 
ribosyltransferase activity. Deacetylation is carried out 
by means of a bi-ter kinetic mechanism in which the ace-
tyl-lysine moiety binds prior to NAD + . Nicotinamide is 
released first, followed by the release of deacetylated ly-
sine and O-acetyl-ADP-ribose (OAADPr) in a random 
order  [38] . Two distinct mechanisms for the ribosyltrans-
ferase activity have been reported  [39] . In one mecha-
nism, acetyl-lysine and NAD +  react to form the O-alkyl-
amidate intermediate which might react with the amino 
acid side chains to result in ADP ribosylation instead of 
deacetylation. In the other mechanism, the acetyl-lysine 
substrate and NAD +  proceed through deacetylation to 
form OAADPr, which then reacts nonenzymatically with 
the substrate to form the ADP-ribosylated product.

  The first chemical step involved in the catalytic activ-
ity of sirtuins upon the binding of the substrates is the 
nucleophilic attack of the 1 � -carbon of the nicotinamide 
ribose to form the  � -1 � -O-alkylamidate intermediate 
( fig. 1 )  [38] . The formation of this intermediate has been 
supported on many fronts. The first line of support shows 
that the acetyl oxygen is directly transferred to the 1 � -
hydroxy of OAADPr  [40] . Another line of support impli-
cates a nicotinamide exchange  [41] . Nicotinamide ex-
change and deacetylation reaction have one commonal-
ity of acetyl-lysine substrate observed to be essential for 
nicotinamide-ribosyl bond cleavage in both the cases. On 
the other hand, the formation of O-alkylamidate inter-
mediate has been postulated to take place by S N 1 or S N 2 
mechanisms via formation of an oxocarbenium interme-
diate, although the intermediate in the case of S N 2 mech-
anism is found to be highly dissociative  [38] .

  In the second step, the O-alkylamidate formation is 
followed by the activation of 2 � -hydroxyl of nicotinamide 
ribose by an active-site histidine for the attack of O-alkyl-
amidate carbon to form 1 � ,2 � -cyclic intermediate ( fig. 1 ). 
Finally, the deacetylated lysine is eliminated followed by 
the addition of water to form 2 � -OAADPr. Upon release 
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from the active site, OAADPr undergoes non-enzymatic 
interconversion between 2 � -OAADPr and 3 � -OAADPr 
 [38] . Although sirtuins (class III HDACs) and class I/II/
IV HDACs carry out the same catalytic reaction, their 
mechanisms are dissimilar. In sirtuins, the acetyl group 
is the nucleophile, whereas in the other classes it is the 
electrophile. This difference could be capitalized upon in 
developing selective deacetylase substrates.

  In addition to acetylation, propionylation or butyryla-
tion of lysine residues has also been reported. This in-

cludes histone as well as non-histone proteins, i.e. p53, 
p300 and CREB-binding protein. It has also been shown 
that Hst2, a Sirt2 homolog, Sirt1, Sirt2 and Sirt3 catalyze 
depropionylation and debutyrylation  [42, 43] . The level 
and the relevance of propionylation or butyrylation need 
further investigation. It possibly provides another level of 
regulation at sites of known acetylation, either by pro-
moting or inhibiting its action.

1,2�-cyclic intermediate

Dissociative non-distinct
oxocarbenium intermediate

O-Acetyl-ADP-ribose

  Fig. 1.  The proposed chemical mechanism 
of the deacetylation reaction of sirtuins. 
The first step involves the nucleophilic at-
tack of the anomeric (1 �  C) carbon via S N 1 
or S N 2 mechanism to form the O-alkyl-
amidate intermediate. The second step in-
volves activation of the 2 � -hydroxyl of the 
ribose followed by subsequent formation 
of the 1,2 � -cyclic intermediate, which un-
dergoes several transformations that lead 
to the elimination of the deacetylated 
lysine and water addition to form 2 � -
OAADPr. 
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  Architectural Basis for Sirtuin Function 

 The determination of the three-dimensional structure 
of sirtuins is imperative for the elucidation of its catalyt-
ic mechanism, substrate specificity and inhibitory mech-
anisms. The X-ray crystallographic structures of sirtuins 
along with biochemical data have provided an ocean of 
information regarding its activities. However, there is still 
a dearth of structural biological data on this class of en-
zymes.

  Sequence alignment studies of the sirtuin proteins 
show that they contain a conserved catalytic core consist-
ing of approximately 275 amino acid residues  [44]  and 
variable N- and C-terminal chains. The catalytic core ex-
ists in an elongated shape and consists of a large Ross-
mann fold domain (which is a hallmark of NAD + /NADH-
binding proteins), a more structurally diverse but smaller 
zinc-binding domain and many loops connecting these 
domains. An extended cleft formed by these loops be-
tween the two domains forms an entry port for the NAD +  
and the acetyl-lysine protein substrates, which enter and 
bind the enzyme from opposite sides. The distinct char-
acteristics of the domains are discussed briefly below us-

ing the three-dimensional structure of  S. cerevisiae  Hst2 
(PDB accession number 1Q14) as a model ( fig. 2 ).

  The Rossmann Fold Domain 
 This is the large domain of the catalytic core exhibit-

ing the classical  � / �  Rossmann fold structure. The Ross-
mann fold is a protein structural motif found in proteins 
that bind nucleotides, especially the cofactor NAD. The 
structure is generally composed of three or more parallel 
 � -strands linked by two  � -helices in the topological order 
 � - � - � - � - � . Six parallel  � -strands form a central  � -sheet 
sandwiched between many  � -helices  [45] . It has all the 
characteristics of a NAD-binding site including a Gly-X-
Gly sequence for phosphate binding, a pocket for NAD +  
and charged residues for the ribose moiety  [46] .

  The Zn-Binding Domain 
 This small domain that results from two insertions in 

the Rossmann fold represents the most diverse region 
among sirtuin family members. Two structural modules 
have been suggested for the domain: a three-stranded an-
tiparallel  � -sheet and a variable  � -helical region depend-
ing on the type of sirtuins  [46] . A Zn 2+  ion is held in a 
tetrahedral conformation by the sulfhydryl groups of two 
pairs of highly conserved cysteine residues in the  � -sheet 
module  [45] , except for CobB, which is bound visibly by 
only two cysteine residues  [44] . The Zn 2+  is postulated to 
play a critical structural role of holding the  � -strands to-
gether. One of the striking characteristics of this domain 
is a conserved salt bridge between an arginine/lysine and 
glutamic acid which serves to orient the small domain 
with respect to the large domain. Overall, the structural 
diversity observed in the small domain may potentially 
have a role in substrate specificity, protein-protein inter-
actions, thus finally affecting the enzyme function.

  The Cofactor Loop Region 
 The cleft formed by the four loops connecting large 

and small domains forms the enzyme active site, wherein 
both the acetyl-lysine substrate and the NAD +  bind  [44] . 
This region is considered to have the highest sequence 
homology and the mutation of several residues in this re-
gion leads to disruption of deacetylase activity, thus high-
lighting the importance of this region. The largest of 
these four loops, referred to as cofactor binding loop, 
binds to the cofactor NAD +  and is conformationally dy-
namic as it is mainly dependent on the conformation of 
the bound NAD + . The loop exists in a relaxed flexible 
state (closed) when unbound, and transforms into an or-
dered state (open) when NAD +  binds to it  [47] . The con-

Zn2+ ion

Cofactor

binding loop
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all d

o
m

ain

Larg
e d
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ain

  Fig. 2.  The three-dimensional protein structure of  S. cerevisiae  
Hst2 depicting the major domains. The figure shows the large 
domain and the small domain connected by four loops, the largest 
of which forms the cofactor binding loop. The Zn +2  binding site is 
also clearly shown. 
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formational switch between open and closed states seems 
to be contingent on the presence of bound alkylamidate 
intermediate formed upon the nucleophilic attack of ace-
tyl-lysine on an NAD +  derived intermediate  [48]  and not 
upon the nicotinamide cleavage, as the loop is observed 
to maintain the open conformation even under condi-
tions designed to mimic nicotinamide cleavage  [44] .

  Substrate Binding Sites for Deacetylase Reactions 

 NAD +  Binding Site 
 The NAD +  binding pocket is formed by the Rossmann 

fold domain, which is the bottom of the binding site, and 
the NAD +  binding loop forms the remainder of the pock-
et  [44] . An unusual characteristic of this family of en-
zymes is that the NAD +  binds in an inverted direction 
relative to most NAD dehydrogenases  [44] . In this mode, 
the adenine binds to the C-terminal half of the  � -sheet 
and the nicotinamide group binds to the N-terminal half. 
The NAD +  binding site can be segregated into three sites, 
i.e. sites A, B and C. ( fig. 3 ). Site A is shallow and hydro-
phobic and serves as the adenine-ribose binding site. The 
hydrophobic residues include a few conserved glycines. 
The amide nitrogen of the base forms hydrogen bonds 
with a glutamate or serine residue and the hydroxyl 
groups of the ribose ring with asparagine residues. The B 
site is the nicotinamide ribose binding site with the cofac-
tor binding loop forming its ceiling, whose conformation 
could also affect the nicotinamide ribose binding. Differ-
ent conformations of the nicotinamide ribose could pos-
sibly spell different reaction mechanisms for the disso-
ciation of the nicotinamide moiety from the rest of the 
molecule  [47] . The site C binds the nicotinamide moiety 
of a productively bound NAD + . In this conformation, the 
nicotinamide moiety is compatible with both acetyl-ly-
sine binding and catalysis. A highly conserved serine res-
idue is essential for catalytic activity of the enzyme  [45] . 
The serine serves to maintain the enzyme-nicotinamide 
interactions mediated by the NAD +  via a network of di-
rect and water-mediated hydrogen bonds with invariant 
residues involved in the nicotinamide group binding  [47] .

  Acetyl-Lysine Binding Site 
 The peptide substrate binds to the cleft between the 

small and large domains with the acetyl-lysine side chain 
sliding into a hydrophobic tunnel within the cleft. The 
peptide backbone of the acetyl-lysine chain forms  � -
sheet-like interactions flanked by two strands in the en-
zyme to form a three-stranded antiparallel motif called a 

 � -staple  [49] . Studies have shown that there is a signifi-
cant shift in the position of the small domain with respect 
to the large domain, bringing the domains closer to form 
the  � -staple, positioning the conserved residues to form 
the acetyl-lysine binding tunnel  [50] . It has been suggest-
ed that NAD +  and peptide may be binding co-operative-
ly, considering that the region around the peptide bind-
ing site adopts the more closed conformation in the pres-
ence and not in the absence of bound NAD +   [49] . The 
 � -staple motif and the residues involved in peptide bind-
ing seem to be conserved aspects of acetyl-lysine peptide 
binding  [50] .

  Substrate Specificity of Sirtuins 
 The crux of peptide binding to sirtuins is said to be 

mainly controlled by the insertion of the acetyl lysine into 
the conserved hydrophobic tunnel and formation of the 
 � -staple as discussed previously in the article. The sub-
strate specificity of sirtuins is more or less thought to lie 
outside the highly conserved catalytic core of the enzyme. 
However, it was observed that some sirtuins could distin-
guish between substrates that have multiple acetylated ly-
sine residues, suggesting that the catalytic core could be 
sufficient for substrate specificity  [51–53] . However, a 
consensus regarding the basis of substrate specificity has 
not been reached yet.

  Fig. 3.  NAD   +  binding pocket with Hst2 shown in tan surface rep-
resentation. A, B and C binding sites are indicated by circles. Site 
A: adenine-ribose binding site; site B: nicotinamide ribose bind-
ing site (the cofactor binding loop forms the ceiling of site B); site 
C: nicotinamide moiety binding site. Figure reproduced and 
modified from Sanders et al.  [44] . 
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  Many studies have been carried out towards deter-
mining specificity of substrates  [54] . In a relatively recent 
study by Cosgrove et al.  [50] , on peptide recognition by 
sirtuins carried out from a thermodynamic and struc-
tural perspective, the authors used the bacterial sirtuin, 
Sir2Tm from  Thermatoga maritima  using structures 
wherein acetylated peptides, unacetylated peptide and 
propylene glycol, which resembles an apoenzyme, were 
used as ligands. This study of the crystal structures un-
earthed a set of complementary side chain interactions 
that had not been discovered then. A comparative analy-
sis of the structures led to the conclusion that these inter-
actions could be mediated by hydrogen bond and van der 
Walls interactions with amino acids at the positions –1 
and +2 of the peptide substrate, with the position –1 ex-
hibiting a striking effect. It was found that the residue at 
position 165 was highly variable in an otherwise con-
served domain, and could play an important role in the 
recognition of position –1 of the substrate peptide. The 
position 165 thus offers specificity as the likelihood of 
producing favorable interactions with the enzyme de-
pends on the identity of the amino acid at that position 
 [50] . This study gives a general scaffold for identifying 
sirtuin substrates and distinguishing among several ace-
tyl-lysine targets.

  The results obtained from these studies serve as a 
backdrop for future studies to be undertaken in this di-
rection to discern the substrate parameters of sirtuins. 
One such study showed that SIRT1 could tolerate bulky 
acyl groups and that the side chain acetyl group of acetyl-
lysine can be extended to substrates even bulkier than a 
butyryl group  [55] . Recently, another study explored the 
effect of structural variation in the side chain of L-acetyl 
lysine between the  � -carbon and the acetamide on the 
deacetylation reaction. For this purpose, many L-acetyl 
lysine analogs with different distances between the  � -
carbon and the acetamido group on the side chain were 
tested on SIRT1 to investigate if there is a significant dif-
ference in enzyme reactivity  [56] . These results suggest 
that the distance between them is indeed very important 
for the activity especially with L-N  �  -acetyl-lysine that 
shows the most optimal activity.

  Sirtuins in Clinical Practice 

 Sirtuin-activating compounds have not yet been prov-
en to be clinically useful for the treatment of neurodegen-
erative diseases. However, preclinical data are available 
on various other disease models, like diabetes, inflam-

mation and fatty liver disease  [57] . The information ob-
tained from such studies, along-with the in vitro results 
of neurodegenerative disease models, could prove to be 
valuable for designing sirtuin-activating molecules that 
may have higher chances of clinical success. The discov-
ery of such molecules is becoming increasingly impor-
tant, considering the limitations of genetic manipula-
tions and the lack of unequivocal evidence of specific 
SIRT1 activation by prototype molecules like resveratrol 
in physiological settings  [58] .

  The task of discovering small molecules that selec-
tively activate SIRT1 has been targeted using several ra-
tional design strategies based on the available protein 
structure and the catalytic pathway of sirtuins  [58] . One 
of the strategies involves designing resveratrol-like mol-
ecules, which has not yielded successful results as the in 
vivo mechanism of SIRT1 activation has not been fully 
proven. Another approach aims at increasing the cellu-
lar levels of NAD+ as a means to activate sirtuin func-
tion. This approach has the advantage of harnessing a 
natural metabolic pathway to enhance sirtuin functions. 
Also, naturally occurring metabolites present the least 
risk of toxicity. However, the efficacies of agents that 
have been used to enhance NAD +  are still questionable. 
Moreover, NAD +  enhancement affects a host of other 
physiological pathways, thus making the approach non-
specific to SIRT1. A third strategy currently in the proof 
of principle stage is called nicotinamide derepression. 
This concept is based on the catalytic mechanism of sir-
tuins, hence specific to the class of enzymes. This ap-
proach is based on countering the inhibitory effect of 
nicotinamide on sirtuins by designing molecules that 
are antagonistic to nicotinamide. This approach is still 
in its infancy and has not provided compounds with de-
sired potency, but is an attractive line of approach to de-
velop further. The drug discovery efforts toward SIRT1-
activating molecules have recently been comprehensive-
ly reviewed by Blum et al.  [57]  and are beyond the scope 
of this review.

  Conclusion 

 Although, sirtuins have been proven to be neuropro-
tective in numerous studies, it is clear from the diverse 
pathological mechanisms manifested in neurodegenera-
tive disorders that the role of sirtuins needs to be investi-
gated in detail. The availability of crystal structures and 
detailed mechanistic analysis are helpful in discovering 
sirtuin modulators, but would be of limited value if they 
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fail to reach clinical trials, thus underlining the impor-
tance of developing robust animal models for investigat-
ing molecular mechanisms involved in sirtuin activation. 
Also, the potential negative effects of SIRT1 activation 
and energy depletion need to be investigated in animal 
models further. The path to the clinical success of STACs 
in neurodegenerative diseases relies overwhelmingly on 
developing new strategies and designing molecules based 
on the nuances of sirtuin chemistry and molecular path-
ways activated by this fascinating class of enzymes. In 

summary, there is no doubt that sirtuins hold promising 
therapeutic potential in neurodegenerative disorders like 
AD, PD, stroke and ischemic brain in jury.
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