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Abstract Sirtuins are an evolutionary conserved family

of NAD?-dependent protein lysine deacylases. Mammals

have seven Sirtuin isoforms, Sirt1–7. They contribute to

regulation of metabolism, stress responses, and aging

processes, and are considered therapeutic targets for

metabolic and aging-related diseases. While initial studies

were focused on Sirt1 and 2, recent progress on the mito-

chondrial Sirtuins Sirt3, 4, and 5 has stimulated research

and drug development for these isoforms. Here we review

the roles of Sirtuins in regulating mitochondrial functions,

with a focus on the mitochondrially located isoforms, and

on their contributions to disease pathologies. We further

summarize the compounds available for modulating the

activity of these Sirtuins, again with a focus on mito-

chondrial isoforms, and we describe recent results

important for the further improvement of compounds. This

overview illustrates the potential of mitochondrial Sirtuins

as drug targets and summarizes the status, progress, and

challenges in developing small molecule compounds

modulating their activity.
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Abbreviations

ADH Aldehyde dehydrogenase

ANT Adenine nucleotide transporter

ECS Extended C-site

ELT Encoded library technology

ETC Electron transport chain

FdL Fluor-de-Lys

GDH Glutamate dehydrogenase

ICDH2 Isocitrate dehydrogenase 2

IMS Intermembrane space

MCD Malonyl CoA decarboxylase

MDH Malate dehydrogenase

MLS Mitochondrial localization sequences

SOD Superoxide dismutase

Prx Peroxiredoxin

PTP Permeability transition pore

ROS Reactive oxygen species

TCA Tricarboxylic acid cycle

The sirtuin family of NAD1-dependent protein
deacylases

Reversible (de)acetylation of protein Lys side-chains, ini-

tially observed in histones, is now known to affect all types

of cellular proteins [1]. With more than 6800 protein

acetylation sites in mammals, acetylation rivals phospho-

rylation in prevalence and appears to be the more ancient

posttranslational modification, dominant in some processes

such as regulation of mitochondrial metabolism [2–5].

Attachment and removal of acetyl groups are catalyzed by

enzymes of the protein lysine acetyl transferases (KAT)

and protein lysine deacetylases (KDAC) family, respec-

tively. Of the four KDAC classes [6], Sirtuins form class

III, which is unique in using NAD? as a co-substrate (see

below) [7]. This dependence on oxidized NAD? (NADH

acts as a weak inhibitor) renders Sirtuins metabolic sensors
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and leads to formation of the co-products (besides

deacetylated protein) 20-O-acetyl-ADP-ribose and nicoti-

namide [7, 8], which in turn acts as a product inhibitor.

Furthermore, several of the seven mammalian Sirtuin iso-

forms, Sirt1–7, appear to preferentially remove protein

lysine acylations different from acetylation. More and more

acyl groups are found as protein lysine modifications, for

example succinylation and crotonylation [9], and while

Sirt1–3 prefer acetylated substrates, Sirt5’s dominant

activity is desuccinylation. The Sirtuins thus are a family of

protein deacylases. Sirtuin family members contribute to

the regulation of metabolism and stress responses [10, 11]

and to the beneficial health effects of calorie restriction

(CR), including lifespan extension, in lower organisms and

mammals [8, 12–14]. Sirtuins are thus emerging as

potential targets for pharmacological treatment of meta-

bolic disorders and aging-related diseases such as cancer

and Parkinson’s disease [15–17].

We will now shortly review mitochondria related

functions and disease relevance for the nuclear Sirtuin

isoforms Sirt1, Sirt6, and Sirt7, and we will then compre-

hensively describe the current knowledge on function and

disease contributions of the mitochondrial Sirtuins Sirt3, 4,

and 5. We will finally describe the architecture and catal-

ysis of Sirtuins and how the activity of mitochondrial

Sirtuin isoforms can be modulated with small molecules.

Sirtuins in mitochondrial metabolism: Sirt1, Sirt6,
and Sirt7

The mammalian Sirtuin isoforms Sirt1, 6, and 7 are located

in the nucleus (Fig. 1a) and modify substrates involved in,

e.g., chromatin stability and transcriptional regulation,

although cytosolic functions have also been described,

under specific circumstances, for Sirt1 and Sirt6 [16, 18–

21]. Sirt2 is mainly cytosolic and was reported to

deacetylate tubulin and p300 [22, 23], but it can accumu-

late in the nucleus during the cell cycle G2/M transition or

in response, e.g., to ionizing radiation [24, 25]. The Sirtuins

Sirt3, 4, and 5 are mainly located in mitochondria [18, 26]

and directly target and modulate various mitochondrial

proteins and processes (Fig. 1a; see below). However,

functions in regulating mitochondrial metabolism have also

been found for Sirt1, Sir6, and Sirt7 [27, 28].

Sirt1 is involved in multiple pathways of DNA damage

recognition and response [29], but it also has a central role

in metabolic adaption through deacetylation of transcrip-

tional regulators [27]. During fasting, Sirt1 expression and

activity are increased. In the liver, Sirt1 deacetylates the

transcription factor FOXO1 and the transcriptional coacti-

vator PGC-1a [30], leading to upregulation of

gluconeogenesis and repression of glycolysis [29]. In

muscle, Sirt1-dependent PGC-1a deacetylation further

activates peroxisome proliferator-activated receptor a

(PPARa), which upregulates genes for fatty-acid catabo-

lism [31]. Concomitantly, PGC-1a upregulates the genes

for the mitochondrial respiratory chain and thus supports a

shift from glucose to fatty-acid oxidation for generating

ATP [29]. Sirt1 also induces, via PPARc repression in

white adipocytes, release of fatty acids from lipid storage

[32]. Sirt1 thus coordinates, via regulation of gene

expression, an adaption of several metabolic processes,

including mitochondrial ones such as cellular respiration

and citric acid cycle, to fatty acid oxidation instead of

storage. Consistent with this metabolic shift, Sirt1 protects

against negative effects of high fat diet [29].

Sirt1 also regulates mitochondrial metabolism globally

by influencing biogenesis of the organelle through a com-

plex and only partly characterized regulatory network

involving the kinase AMPK, the acetyl transferase GCN5,

and the transcription factors Foxo3, PGC-1a, NRF-1 and

CREB [33]. For example, Sirt1 increases expression of

respiratory chain components (see above) and, via NRF-1,

expression of the mitochondrial transcription factor A

(mtTFA) [33], which appear to be key triggers for increases

in mitochondrial mass.

For Sirt6, like for Sirt1, functions in DNA homeostasis

but also in metabolic adaption have been described [29].

Sirt6 protects against genomic instability by activating

several DNA repair complexes and pathways [29], and

Sirt6 loss leads to a progeroid syndrome-like phenotype

[34]. Consistently, Sirt6 was shown to contribute to lifes-

pan regulation in male mice [14]. The most dominant

phenotype of Sirt6 knockout mice is, however, a severe

hypoglycaemia [34] through increased glucose uptake and

glycolysis without increased mitochondrial respiration.

This metabolic change resembles the Warburg effect,

which enables anoxic growth of cancer cells. It appears to

be based on a Sirt6 function as co-repressor of the tran-

scription factor Hif-1a, which also mediates Sirt3 effects

(see below), and the Sirt6-dependent deacetylation of his-

tone H3-Lys9 in promoters of glycolytic genes [35]. Under

low nutrient conditions, Sirt6 seems to be inactivated,

resulting in increased transcription of glycolytic genes.

For Sirt7, a regulatory role in mitochondrial homeostasis

was reported via deacetylation of GABPb1, which leads to

activation of the GABPa/GABPb complex as a key tran-

scriptional regulator of nuclear-encoded mitochondrial

genes [36].

Sirt1 and 6 are considered potential targets for various

aging-related diseases [16, 27, 29]. Accumulating evidence

supports in particular the idea that activation of nuclear

Sirtuins can be a therapeutic approach for metabolic and

neurodegenerative diseases [15, 27]. Sirt1 and its homologs

contribute to beneficial health effects of caloric restriction
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[8, 13], and although it has long been controversially dis-

cussed, Sirt1 activation by small molecules is now

confirmed and has yielded promising physiological effects

(see [12, 37–40] and below). The most prominent Sirt1

activator resveratrol can, e.g., induce mitochondrial mass

accumulation through SIRT1-dependent mechanisms [41],

and more potent compounds have been described [12, 40].

For Sirt6, the identification of fatty acids as activators for

its low basal deacetylation activity indicates that this iso-

form should also be amenable to small molecule activation

(see [42] and below). The biology of the nuclear isoforms

Sirt1 and 6 and their implications in disease pathologies are

complex, however, and for a detailed discussion of these

isoforms we have to refer the reader to some of the

excellent reviews that cover these isoforms in more detail

[16, 27, 29].

Sirtuins in mitochondrial metabolism:
mitochondrial isoforms Sirt3, 4, and 5

Several hundred mitochondrial proteins are known to be

acylated [1, 4, 43–45]. The absolute modification levels for

most acetylation sites appear to be low [46], but many of

Fig. 1 Localization and functions of mammalian Sirtuin isoforms

and architecture and mechanism of their catalytic domains.

a Schematic view on the main subcellular localization of mammalian

Sirtuin isoforms. Examples for major functions and substrates are

indicated. b Cartoon presentation of the structure of human Sirt3 with

bound AceCS2 substrate peptide and NAD? analog (ligands as sticks;

PDB ID 4FVT [232]). The large Rossmann fold domain, the small

Zn2? binding domain, and the cofactor binding loop are indicated; the

Zn2? ion is shown as a sphere. c Reaction mechanism of Sirtuin-

catalyzed, NAD?-dependent deacylations
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these modifications change dynamically [43, 47] and a

functional relevance has been shown for a fast increasing

number of them (see below). Also, mitochondria appear to

harbor many acylated proteins but fewer enzymes modu-

lating this PTM than other cellular compartments [26]. No

mitochondrial PATs are known, only the protein GCN5L1

was reported to support overall mitochondrial acetylation

as a putative transferase subunit [48], and non-enzymatic

mechanisms based on activated acyl metabolites appear to

contribute to mitochondrial acylation or might even be the

only mechanism [49–51]. In the latter case, acylation

would be regulated globally through the level of acyl

donors, such as acetyl-CoA, and possibly more specifically

through the mitochondrial deacylases. The Sirtuin isoforms

Sirt3, 4 and 5 are mitochondrial, while no members of the

other HDAC/KDAC classes have been identified in this

compartment. These Sirtuin isoforms appear responsible

for regulation of a large variety of metabolic enzymes and

stress response mechanisms [11, 26], and they might be

suitable targets for a variety of metabolic and aging-asso-

ciated diseases (Table 1).

Sirt3

Most of the recent proteomic studies on protein acetylation

have focused on Sirt3 [52–55], likely because of the

prominent occurrence of protein Lys acetylation in this

compartment and the fact that Sirt3 is the only mitochon-

drial Sirtuin with significant basal deacetylase activity.

Sirt3 appears to deacetylate a wide variety of proteins, with

diverse functions in mitochondrial physiology from energy

metabolism to ROS detoxification and apoptosis regulation

[3, 4, 54]. In an early proteomics study, Sirt3 was shown to

be the major mitochondrial deacetylase with many targets

in this compartment, but a Sirt3 k.o. revealed remarkably

little consequences under basal conditions [56]. Only part

of these substrates, and the effects of reversible acetylation

on their function, have now been studied in detail, but it is

evident that Sirt3 mediates concerted changes in metabolic

pathways for adaption to nutrient levels and types, and that

it can activate stress response mechanisms. It thus appears

to be an attractive target for metabolic and degenerative

diseases.

Sirt3 was first shown to deacetylate, and thereby activate

mitochondrial acetyl-CoA synthetase 2 [57, 58]. Interest-

ingly, Sirt1 can deacetylate the cytoplasmic isoform [57],

consistent with a general Sirtuin function in mobilizing

alternative nutrient sources during starvation. Along that

line, Sirt3 was shown to deacetylate glutamate dehydro-

genase (GDH) in vitro and in vivo [56, 59], and thereby to

activate GDH [59], which allows anaplerosis of the tri-

carboxylic acid cycle (TCA) from protein degradation.

Sirt3 was further shown to activate mitochondrial isocitrate

dehydrogenase 2 (ICDH2) [59], a major TCA regulation

point. Interestingly, ICDH2 and GDH are among those

dehydrogenases that generate, instead of NADH, NADPH,

which is required for reducing antioxidants, and the con-

tribution of this mechanism to ROS detoxification, and its

relevance in aging-associated hearing loss, has been shown

[60].

Sirt3 promotes switching from glycolysis to oxidative

phosphorylation [61]. Sirt3 deacetylates CypD, which

decreases its activity and induces detachment of hexoki-

nase II from mitochondria, which is necessary for oxidative

phosphorylation [61]. Furthermore, Sirt3 deacetylates and

activates the pyruvate dehydrogenase (PDH) component

E1a and thereby regulates a key step in oxidative phos-

phorylation [62]. The Sirt3-regulated switch to oxidation is

the opposite of the adaptation under anoxic conditions

known in fast growing tumors as the Warburg effect, and

Sirt3 downregulation indeed seems to mediate the Warburg

effect in cancer cells (see below). Consistent with activa-

tion of oxidative metabolism, Sirt3 increases ATP

production through upregulation of the electron transfer

chain (ETC) [63], at least through activation of Complex I,

II and V via deacetylation of specific subunits [e.g., com-

plex V subunits a, b, and OSCP (oligomycin sensitivity

conferral protein)] [63–67]. Sirt3 is upregulated in liver and

brown adipose tissue during fasting, and it deacetylates and

activates long-chain acyl coenzyme A dehydrogenase

(LCAD) to upregulate fatty acid catabolism [68]. It also

deacetylates HMG-CoA synthase 2 in mitochondria, which

functions in formation of ketone bodies for the transport of

acetyl groups for energy production to brain and muscle.

Interestingly, Sirt1 appears to deacetylate the cytosolic

Table 1 Disease types with contributions from mitochondrial

Sirtuins

Isoform Disease implications Exemplary

references

Sirt3 Insulin signalling, type II diabetes [73, 76]

Obesity, metabolic syndrome [74]

Aging-related hearing loss [60, 82]

Infertility [84, 85]

Liver damage induced, e.g., by alcohol abuse or

drugs

[55, 101]

Cardiovascular and heart diseases [103, 104]

Various cancer types [117, 131]

Sirt4 Insulin signalling, type II diabetes [140, 141]

Obesity, metabolic syndrome [139, 143]

Various cancer types [147, 148]

Sirt5 Metabolic dysfunctions [169]

Neurodegeneration [162, 163]

Infertility [157]

Lung cancer [174]
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isoforms of this Sirt3 substrate [69], similar to the ACS

isoforms (see above). In addition, Sirt3 was found to

deacetylate and activate ornithine transcarbamoylase,

thereby stimulating the urea cycle allowing amino acid

catabolism [70]. Sirt3 further shows a downregulating

effect on mitochondrial protein synthesis via deacetylation

of a subunit of the mitochondrial ribosome [71], and it

affects protein folding through deacetylation of the chap-

erone Hsp10 [72]. Thus, Sirt3-regulated deacetylation

affects proteins from pathways such as b-oxidation, amino

acid catabolism, tricarboxy acid cycle, ketogenesis, respi-

ration, protein synthesis and redox stress responses, and

Sirt3 thereby can coordinate metabolic reprogramming by

regulating various anabolic and catabolic pathways [4, 54].

Consistent with a function as key coordinator of mito-

chondrial energy metabolism, Sirt3 expression responds to

nutrient intake [73, 74], is reduced in diabetes models [73],

and is regulated by exercise in skeletal muscle [75].

Knocking down Sirt3 in myoblasts and animals decreased

mitochondrial oxidation in skeletal muscle and impaired

insulin signaling [73]. Consistently, Sirt3 was found to be

important for proper mouse pancreatic beta cell function,

and Sirt3 expression was significantly decreased in islets

from human type 2 diabetes patients [76]. Sirt3(-/-) mice

are also more susceptible to high fat diet (HFD)-induced

obesity, hyperlipidemia, and steatohepatitis [74], consistent

with disturbed metabolic adaptation when Sirt3 is lacking.

Upregulation of Sirt3 through treatment with the natural

compound berberine, in contrast, protected hepatic cells

and muscle mitochondria against HFD-induced metabolic

dysfunctions [77, 78]. Sirt3 expression is also upregulated

in response to metformin and appears to contribute to the

drug’s effect on glucose uptake [79]. These findings sup-

port a key function of Sirt3 in maintaining homeostasis of

mitochondrial metabolism.

A major function of Sirt3 is the activation of stress

response mechanisms. Mitochondrial energy metabolism

produces the majority of cellular reactive oxygen species

(ROS), and Sirt3 can activate several enzymes involved in

containing cellular levels of the potentially cytotoxic ROS.

Sirt3 can deacetylate and activate superoxide dismutase

(SOD) 2 (also known as MnSOD) [80], and CR-dependent

Sirt3 upregulation thereby reduces oxidative stress [81]. A

decrease of SOD2 activation due to decreasing Sirt3

expression during aging was also suggested to contribute to

ROS accumulation in the auditory cortex and thereby to

aging-related auditory dysfunctions [82]. Sirt3 activates

SOD2 through deacetylation at Lys122, which acts as a

nutrient- and ionizing radiation-dependent switch, and the

SOD2 activity inhibits superoxide accumulation [83].

Furthermore, Sirt3-dependent upregulation of NADPH,

and thereby antioxidant levels—at least partially via

ICDH2 and GDH activation [59]—was confirmed in vivo,

and loss of this mechanism appears to contribute to ROS-

mediated, aging-dependent retardations leading to hearing

loss [60]. A decrease of Sirt3 expression and an increase of

GDH acetylation was also observed in granulosa and

cumulus cells from women with advanced maternal age

[84], and an associated decrease in progesterone secretion

suggests a Sirt3 role in folliculogenesis and luteinization

and a mechanism contributing to aging-dependent decline

in fertility [85]. CR also reduces oxidative damage and

prevents aging-related hearing loss, and these effects are

lost in Sirt3 k.o. mice [60]. Consistently, upregulation of

Sirt3 activity using the NAD? precursor nicotinamide

riboside protected against noise-induced hearing loss [86],

and Sirt3 also contributes to the protective effect of adjudin

on cochlear hair cells treated with the ototoxic drug gen-

tamicin [87]. Sirt3 further protects against hepatic

lipotoxicity, apparently by preventing a lipid-induced raise

of ROS levels, possibly through its regulatory effect on the

ETC [88] and through activation of antioxidant systems.

HFD reduces hepatic Sirt3 expression, downregulating this

protective mechanism [88]. Sirt3-dependent upregulation

of redox stress responses also appears to mediate protective

effects in cortical neurons and hematopoietic stem cells,

and reversal of the enzyme’s aging-associated downregu-

lation improved regenerative capacity of hematopoietic

stem cells [89, 90]. Sirt3 prevents oxidative stress-induced

keratinocyte differentiation [91], and UVB-induced chan-

ges in Sirt3 expression in keratinocytes was suggested to

cause the observed changes in ATP and peroxide levels

[92]. Sirt3 thus appears to be a key regulator of redox

homeostasis.

Sirt3 seems to mediate nutrient sensing and coordination

of metabolism with redox processes, through direct regu-

lation of the enzymes involved as well as through more

indirect mechanism. Sirt3 expression is upregulated by

fasting and by physical exercise [75, 93], which was sug-

gested to further upregulate phosphorylation of AMPK and

CREB and the expression of PGC-1a [75]. The other way

round, PGC-1a was reported to stimulate Sirt3 expression

in mouse muscle cells and hepatocytes, and Sirt3 was

essential for PGC-1a-dependent induction of ROS-detoxi-

fying and ETC enzymes, indicating Sirt3 and its targets as

mediators in a ROS decreasing, PGC-1a-regulated path-

way [94]. Sirt3 also interacts with the transcriptional

activator FOXO3a and increases FOXO3a-dependent gene

expression [95]. Glucose restriction, which increases Sirt3

expression (see above), also triggers FOXO3a accumula-

tion in mitochondria in an AMPK-dependent manner and

formation of a FOXO3a/Sirt3/mitochondrial RNA poly-

merase complex, which causes increased mitochondrial

transcription and respiration [96]. Sirt3-dependent FOXO3

deacetylation and activation is also induced by peroxide

and activates genes protecting against oxidative damage
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[97]. Furthermore, expression of genes affecting mito-

chondrial quantity and quality are thereby upregulated [97].

Sirt3 was further shown to modulate mitochondrial

dynamics through deacetylation and activation of the optic

atrophy 1 (OPA1), a mitochondrial fusion protein [98], and

Sirt3-dependnet improvement of mitochondrial dynamics

mediates protective effects during acute kidney injury [99].

In a proteomics study on liver mitochondria in a mouse

model of chronic ethanol consumption, this regime induced

hyperacetylation of various known Sirt3 substrates, and

Sirt3 ablation led to the same result, indicating that

impaired Sirt3-dependent deacetylation of targets in

metabolic and antioxidant pathways contributes to alco-

holic liver disease [55]. Along that line, ethanol was found

to inactivate Sirt3 in cell culture, leading to aldehyde

dehydrogenase (ADH) 2 hyperacetylation, which in turn

led to activation of endothelial NO synthase (eNOS) [100].

Sirt3-dependent deacetylation of aldehyde dehydrogenase

2 also promoted acetaminophen-induced ADH2 inactiva-

tion and thereby liver injury induced by this drug [101]. In

contrast, Sirt3 seems to protect against acute radiation-in-

duced liver injury, apparently through lowering superoxide

levels [102].

The functions of Sirt3 in energy metabolism and cell

growth regulation (see below) makes it a candidate for

contributions to heart diseases, and it indeed appears to

have protective functions against heart failure. Sirt3

expression is regulated by pressure overload in the heart,

and various mitochondrial Sirt3 targets have been impli-

cated in heart function and pathology [103]. A proteomics

study identifying hyperacetylated proteins in hypertensive

heart failure models revealed several mitochondrial meta-

bolic enzymes [104] including, e.g., the confirmed Sirt3

substrates LCAD and malate dehydrogenase (MDH) [3,

68]. Also, Sirt3 expression in murine cardiomyocytes is

increased by cellular stressors and protects against cell

death [105]. The effect was proposed to be mediated by

Sirt3-dependent deacetylation of the DNA repair protein

Ku70 [105]. However, the long Sirt3 isoform identified in

nuclei and cytosol, which still carries the N-terminal

mitochondrial localization sequence (MLS), was described

as catalytically inactive [106]. In another report, full-length

enzyme was reported to locate to the nucleus and to

deacetylate H4-K16 in HEK cells, and to relocate to

mitochondria upon cellular stress [107]. Also, nuclear full-

length Sirt3 protein was reported to associate with chro-

matin and to be degraded under cellular stress, leading to

de-repression of target genes [108]. More recently, Sirt3-

dependent decrotonylation of histone protein was also

shown to affect gene transcription [88]. However, other

studies found an influence of Sirt5 expression on Sirt3’s

localization [109], or no nuclear Sirt3 localization at all

[110, 111]. It thus remains to be further clarified in which

systems and under which conditions the reported Sirt3

effects outside mitochondria contribute to its physiological

function and to its involvement in heart disease. As a

mitochondrial regulator protein, Sirt3 appears to contribute

to protection against pulmonary arterial hypertension [112]

and to hypoxic and ischemic conditions [113, 114].

As for other Sirtuins, in particular Sirt1, the role of Sirt3

in cancer biology is complex [115] and its function as a

tumor suppressor or as a tumor promoter might depend on

the exact type of tumor. For Sirtuin targeted cancer ther-

apy, further studies appear necessary and a very precise

targeting might be required to avoid unwanted side-effects.

HDACs/KDACs in general are long recognized as

potential anti-cancer targets, and several inhibitors for

HDACs/KDACs from other classes than Sirtuins are

approved for therapy or in clinical trials [116]. Expression

analysis for 18 HDACs/KDACs, including Sirtuins, in

normal B cells and 200 chronic lymphocytic leukemia

(CLL) patients showed significant deregulation for several

HDACs/KDACs, mainly upregulation [117]. Among the

Sirtuins, Sirt2, 3, and 6 were correlated with overall sur-

vival, and Sirt3 downregulation was associated with poor

prognosis and suitable as a predictor [117]. In general,

Sirt3 appears to oppose the metabolic change typically

associated with cancer cell growth, the high level of gly-

colysis allowing oxygen-independent biomass generation

and known as Warburg effect [118]. Sirt3 activates PDH

and destabilizes hypoxia-inducible factor-1a (HIF-1a),

which controls expression of genes for glycolytic enzymes

[118, 119]. Consistently, the loss of Sirt3 observed in

breast cancer cells increased ROS production and thereby

HIF-1a stability. Sirt3 overexpression in these cells indeed

repressed glycolysis and proliferation [118]. Consistent

with this report, Sirt3 downregulation in MEFs and several

cancer cell lines increased proliferation, and a Sirt3

knockdown increased tumorigenesis in mouse xenografts,

which could be abolished by feeding an anti-oxidant [120].

Sirt3 overexpression in turn inhibited HIF-1a stabilization

and decreased tumorigenesis [120], suggesting that Sirt3

acts as a tumor suppressor at least partly by suppressing

ROS formation and HIF-1a stabilization [120]. Sirt3(-/-)

MEFs indeed showed abnormal mitochondrial physiology

and an increase in stress-induced ROS formation, accom-

panied by increased genomic instability [121]. Sirt3(-/-)

mice developed ER/PR-positive mammary tumors, and

tissues from human breast and other cancer types showed

reduced Sirt3 levels [121]. Clinical analyses indeed suggest

that lowered Sirt3 expression can serve as a biomarker for

aggressive tumors and increased relapse probability after

treatment for breast and gastric cancers [122–124]. Sirt3

also appears to function as a tumor suppressor in lung

adenocarcinoma [125]. Sirt3 is downregulated in lung

adenocarcinoma tissue compared to healthy tissue, and
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Sirt3 overexpression inhibited growth of the A549 lung

adenocarcinoma cell line through upregulation of the

mitochondrial apoptosis pathway [125], consistent with

Sirt3’s reported pro-apoptotic function [126] but contra-

dicting another study reporting an anti-apoptotic Sirt3

function [127]. The exact role of Sirt3 to apoptosis regu-

lation might in fact depend on other regulators involved

and remains to be established in more detail. Sirt3 over-

expression in the A549 lung adenocarcinoma cells

upregulated the stress response proteins p53 and p21 and

decreased intracellular ROS levels, which likely con-

tributed to its growth inhibiting effect. Sirt3 was also found

to be downregulated in *67 % of 248 tissue samples from

hepatocellular carcinoma (HCC) cases, which correlated

with several clinical parameters [128]. Low Sirt3 expres-

sion indeed correlated well with unfavorable overall and

recurrence-free survival, respectively, and thus appears to

be a marker for unfavorable prognosis of HCC disease

progression [128]. Sirt3 overexpression inhibited hepato-

cellular carcinoma cell growth in vitro, partly due to

increased apoptosis induction and upregulation of p53

through Mdm2 (homolog of murine double minute 2)

downregulation [129]. Hepatic Sirt3-dependent SOD2

activation also inhibited superoxide accumulation and

oncogene-dependent immortalization in cell culture [83].

In pancreatic cancers Sirt3 has also tumor suppressor

function, apparently via regulation of iron homeostasis

[130].

Despite this evidence for a tumor suppressor function

for Sirt3, the enzyme appears to act as a tumor promoter in

other tumor types [115]. Increased Sirt3 expression in

colon cancers appears to correlate with lower survival rate,

and Sirt3 downregulation inhibited proliferation, invasion,

and migration of cultured colon cell lines [131]. Sirt3 is

overexpressed in oral squamous cell carcinoma (OSCC)

cells compared to normal human oral keratinocytes [132],

and a clinical analysis suggests that Sirt3 expression can

serve as a prognostic biomarker for oesophageal squamous

cell carcinoma [133]. Down-regulation of Sirt3 inhibited

OSCC cell growth and proliferation, increased the sensi-

tivity of these cells to treatment with radiation and cis-

platin in vitro, and reduced tumor burden in vivo [132].

The authors concluded that Sirt3 acts as a promoter of cell

proliferation and survival in oral cancer carcinogenesis and

thus constitutes a potential target for treatment of oral

cancer. Another study also observed Sirt3 overexpression

in OSCC cell lines, but at the same time its activity

appeared to be reduced through a point mutation close to

the active site [134]. It thus remains to be seen whether

increased activity is required for Sirt3’s contribution to

growth of this tumor type. Sirt3 also contributes to resis-

tance of breast cancer cells to tamoxifen [135], a widely

used therapeutic anti-estrogen. Sirt3 was quickly

upregulated in MCF-7 cells when continuously treated with

tamoxifen, and vector-mediated Sirt3 overexpression like-

wise decreased tamoxifen sensitivity and blocked

tamoxifen-induced apoptosis [135]. Consistently, silencing

Sirt3 expression in MTR-3 cells increased mitochondrial

estrogen receptor b, ROS levels, and apoptosis, and Sirt3

silencing in tamoxifen resistant cells sensitized them again

for tamoxifen-induced apoptosis [135].

In summary, Sirt3 appears to be a key coordinator in

mitochondrial metabolism and redox regulation. It

orchestrates the activities of central metabolic pathways,

through posttranslational modification of their key

enzymes, for adaptation to metabolic changes in response

to factors such as exercise, nutrients, and cellular stress.

Sirt3 mainly mediates, e.g., circadian clock regulation of

acetylation patterns on mitochondrial enzymes [47] and

remodeling of these patterns during CR in mice [54].

Besides oxidative catabolism, which generates ROS, Sirt3

also regulates enzymes responsible for ROS quenching,

and the enzyme thereby appears to protect against oxida-

tive stress-dependent pathologies. Increasing Sirt3 activity

thus appears promising for ameliorating metabolic syn-

drome and other redox stress-related diseases [136]. Sirt3

activation by exogenous NAD? or the NAD? precursor

nicotinamide riboside indeed led to Sirt3-dependent anti-

hypertrophic effects [137] and Sirt1 and 3-mediated pro-

tection against HFD induced metabolic changes [138].

Since no potent and Sirt3-specific activators are yet avail-

able (see below), stimulating Sirt3 expression, e.g., through

Sirt1 activation [33], is currently the only available

approach. In some cancer types, however, Sirt3 inhibition

rather than activation appears desirable, and first potent

Sirt3 inhibitors are now available. Due to its prominent

effect on energy metabolism, Sirt3 can also affect the

activity of nuclear isoforms through modulation of the

NAD?/NADH ratio (see below), and these Sirtuins thus

appear to form a complex regulatory network, which will

have to be studied further for a complete understanding and

for proper intervention with drugs.

Sirt4

Despite a recent report on a first deacetylation substrate for

Sirt4 [139], the low basal in vitro deacetylation activity of

the enzyme suggests that major aspects of its function—

such as other acyl substrates or activating ligands or

modifications—are not yet understood. However, several

physiological functions regulated by Sirt4 have already

been identified.

In contrast to Sirt3-dependent GDH activation, Sirt4

inhibits this key metabolic enzyme in the pancreas and

thereby downregulates insulin secretion in response to

amino acids [140]. Sirt4 also interacts with insulin-
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degrading enzyme and alleviates insulin secretion in

response to glucose [141], indicating that it acts as a gen-

eral nutrient sensor controlling insulin release.

Furthermore, Sirt4 can induce mitochondrial permeability

transition pore (PTP) opening [142], a key step in mito-

chondria-mediated apoptosis, and it interacts with Adenine

nucleotide translocator (ANT) proteins [141], known con-

tributors to PTP opening. Inhibition of Sirt4, along with

Sirt3, was shown to mediate the protective effect of

nicotinamide on high glucose/palmitate-induced cell death

in INS-1 beta cells [143], indicating that it regulates

mitochondria-mediated apoptosis in the pancreas and sug-

gesting that Sirt4 inhibition might be helpful for the

treatment of metabolic disorders. This conclusion is sup-

ported by the finding that Sirt4 deacetylates and inhibits

malonyl-CoA decarboxylase (MCD), which shifts fatty

acid metabolism toward accumulation [139].

Sirt4 appears to oppose the effects of CR in the pancreas

[140], suggesting that Sirt4 inhibitors might be attractive

compounds to elicit CR-like effects, different to the other

isoforms that would need to be activated. These initial

reports suggested Sirt4 to regulate its targets through

NAD?-dependent ADP-ribosylation, an activity observed

for most Sirtuins but likely representing a side reaction of

the main deacylase activity without physiological rele-

vance [144]. More recently, deacetylase activity has been

described for Sirt4 [3, 139], albeit with low catalytic effi-

ciency. In light of the recently discovered Sirt5 (see below)

and Sirt6 (see above) deacylase activities, however, it is

tempting to speculate that Sirt4’s major physiological

deacylase activity also targets Lys acylations other than

acetylation. Sirt4 was in fact reported to inhibit pyruvate

dehydrogenase (PDH) through deliponylation, but despite

an increase in kcat/KM compared to deacetylation this

modification is still an inefficient substrate and better ones

might exist [145]. Other possibilities are that basal Sirt4

activity is increased in vivo similar to the potential acti-

vation of Sirt6 by free fatty acids, or that proper Sirt4

substrate sequences have not yet been identified. In a

microarray approach testing in parallel the deacetylation

of *6500 peptides representing physiological acetylation

sites, new candidates for Sirt4 deacetylation substrates

were identified, such as NAD(P) transhydrogenase (Nnt),

acetyl-CoA acetyltransferase, and the heat shock protein

Stress-70 [3]. It remains to be seen whether these proteins

are in vivo substrates efficiently deacetylated by Sirt4.

In liver and muscle tissue, Sirt4 inhibition increases

mitochondrial gene expression and in particular fatty acid

oxidation, suggesting a therapeutic application of Sirt4

inhibitors for metabolic diseases such as type 2 diabetes

[146]. Malonyl CoA decarboxylase (MCD) was recently

identified as a Sirt4 target mediating this function of Sirt4

as a key regulator of lipid homeostasis. Sirt4 deacetylates

and inhibits MCD, which converts a major building block

of lipogenesis and inhibitor of lipid oxidation [139], in

skeletal muscle and white adipose tissue. Thereby, Sirt4

activity promotes lipid anabolism, and suppressing Sirt4

activity increases exercise tolerance and protects against

diet-induced obesity, reinforcing the idea to use Sirt4

inhibitors for the treatment of metabolic disorders.

On the other hand, Sirt4 appears to have tumor sup-

pressor activity. Sirt4 expression is induced by various

genotoxic agents and Sirt4-dependent inhibition of mito-

chondrial glutamine metabolism is required for proper

execution of cellular DNA damage response programs

[147]. Consistently, loss of Sirt4 leads to increased pro-

liferation and sensitivity to genotoxic stresses, and Sirt4

knockout mice spontaneously develop lung tumors [147].

Sirt4 expression is reported to be reduced in human cancers

such as colon and gastric cancer, an effect that can be

induced through activation of the mammalian target of

rapamycin complex 1 (mTORC1), and Sirt4 expression in

xenografts reduced cell proliferation and tumor develop-

ment in nude mice [148]. These results suggest a potential

for Sirt4 activating compounds in cancer therapy and

indicate that application of Sirt4 inhibitors for metabolic

diseases (see above) has to be analyzed carefully to avoid

harmful side-effects.

Sirt4 is also highly expressed in brain early during

development, specifically in the astrocytes of glia, and

Sirt4-dependent inhibition of GDH, a key regulator of gli-

ogenesis development harboring an activating mutation in

congenital hyperinsulinism/hyperammonemia, has been

implicated in regulating the development of glia cells [149].

In contrast to Sirt3, our understanding of functions and

targets of Sirt4 is still very limited. Sirt4 appears to con-

tribute to regulation of the metabolic functions of

mitochondria and might serve as a therapeutic target for

diseases such as diabetes, but more studies on this isoform

are currently required.

Sirt5

The seven mammalian Sirtuin isoforms can be assigned to

slightly different Sirtuin classes based on sequence simi-

larities [150]. The mitochondrial Sirt5 belongs to class III,

and class III Sirtuins are the ones most widely distributed

in prokaryotes, suggesting Sirt5 might be an ancestor Sir-

tuin and/or differ in some features from other mammalian

isoforms. Sirt5 indeed has small differences from Sirt1, 2,

and 3 in its active site, rendering it primarily a desuc-

cinylase rather than a deacetylase [151], a difference that

can also cause a unique response to small molecule mod-

ulators (see below) [152].

Sirt5 was initially reported to localize to the mitochon-

drial matrix [18]. Subsequent studies indicated that Sirt5
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also resides in the mitochondrial intermembrane space

(IMS) [59] and possibly also outside mitochondria in the

cytoplasm [44, 153]. In the mitochondrial matrix of liver

cells, Sirt5 deacetylates and thereby activates carbamoyl

phosphate synthetase 1 (CPS1), the enzyme catalyzing the

committed step of ammonia detoxification [154, 155].

Sirt5-dependent CPS1 activation is increased when amino

acid metabolism is upregulated during fasting and under CR

[154], and Sirt5 levels are elevated through CR [156],

indicating that Sirt5 might contribute to CR effects. A

decline in Sirt5 expression in granulosa and cumulus cells at

advanced maternal age was also suggested to cause the

associated increase in follicular-fluid ammonia via CPS1

regulation, and thereby to influence oocyte quality [157].

Sirt5 regulates ammonia metabolism in additional non-liver

cells, via desuccinylation of glutaminase, and it thereby

controls ammonia-induced autophagy and mitophagy [158].

In mice, Sirt5 also appears to deacetylate urate oxidase, an

enzyme involved in ammonia detoxification in this organ-

ism but without a functional analog in humans [159]. Sirt5

can further deacetylate cytochrome c [59] and Lys197 of

peroxiredoxin 1 (Prx1) [3, 152], which regulates the activity

of this redox scavenger protein that appears to reside in

cytosol and IMS [160], but the relevance of these proteins

and the functions they mediate, apoptosis, respiration, and

redox regulation, as physiological Sirt5 targets remain to be

confirmed. Nevertheless, Sirt5 activation appears to be a

viable approach for treatment of certain metabolic dys-

functions and for eliciting beneficial effects known to be

induced by CR. Sirt5 was reported to be able to provide

neuroprotection [161], and decreased Sirt5 expression cor-

relates with molecular brain aging and was suggested to

contribute to aging-related mitochondrial diseases, such as

Parkinson’s [162]. On the other hand, Sirt5 levels increase

during Morbus Alzheimer progression, apparently due to its

appearance in microglia cells, but its disease contribution

remains to be analyzed [163]. Interestingly, Sirt5 expression

can also be reduced through chronic alcohol consumption

[164], suggesting its repression as a potential molecular

mechanism for alcohol effects.

More recently, Sirt5 was found to display much higher

deacylation activity against malonyl, succinyl, and glutaryl

modifications of protein Lys residues [44, 151, 165, 166].

These Lys modifications occur in mammalian cells and

bacteria [44, 45, 167], as well as further modifications such

as propionylation and crotonylation [9]. It is tempting to

speculate that further acylations might exist, especially

with groups that are available as activated metabolites such

as CoA thioesters [51, 168]. Succinylation, malonylation,

and glutarylation in CPS1 appear to overlap with acetyla-

tion sites but are removed much more efficiently [45, 151,

152], indicating these deacylation activities as the major

physiological function for Sirt5 and probably also as the

switch regulating CPS1 activity. Characterization of a

Sirt5(-/-) mouse model confirmed global protein hyper-

succinylation and elevated ammonia levels in serum during

fasting [169]. Regular diet yielded no metabolic abnor-

malities, indicating that Sirt5 is dispensable for metabolic

homeostasis under basal conditions, but Sirt5 expression

and mitochondrial succinylation appear to be under the

control of the metabolic sensors and regulators AMPK and

PGC-1a [170]. Recent proteomics studies on protein suc-

cinylation yielded novel leads for Sirt5 targets and

functions. One study identified 2565 succinylation sites on

779 proteins with functions in various mitochondrial

metabolic pathways, such as fatty acid metabolism and

respiration, but also in cytosolic and nuclear proteins,

indicating potential Sirt5 targets outside mitochondria [44].

And while this succinylome showed only moderate overlap

between acetylation and succinylation [44], two subsequent

succinylome studies identified more than 1100 and 2100

succinylation sites, respectively, many of them also serving

as acetylation sited [45, 171]. Many of the succinylations

identified by these proteomics studies are substrate sites for

Sirt5 [44, 45]. Such MS based studies suffer from the

general technical problem that trypsin is by far the best

protease for sample preparation, but it does not cleave at

acylated Lys residues, and using other proteases indeed

enables identification of additional acylation sites [172],

suggesting that even more Sirt5-regulated succinylation

sites should be identified in the future. In another approach,

testing *6500 peptides representing already known

physiological acylation sites identified additional Sirt5

substrate candidates, such as ATP synthase, a voltage-de-

pendent anion channel (VDAC), and Stress-70, suggesting

Sirt5 functions in energy metabolism but also in other

functions such as stress response and apoptosis [3]. These

breakthroughs in Sirt5 research, and the progress in ana-

lytical methods for studying deacylation activities [173],

have largely improved our understanding of Sirt5 function

and promise exciting new insights in targets, function, and

regulation of this long neglected isoform.

One of the identified succinylome sites is SOD1-

Lys123, which is close to the active site and conserved in

vertebrate SOD1 (also known as Cu/ZnSOD), and it

appears to be a main target of SOD1 succinylation [174].

SOD1 is a SOD isoform localized in cytoplasm and

mitochondrial intermembrane space (IMS), and Sirt5 is the

only deacylase known to partially localize to the IMS

where it was speculated to regulate its in vitro substrate

cytochrome c [59]. Sirt5 can bind and desuccinylate SOD1

at Lys123, thereby increasing SOD1 activity and thus

reducing cellular ROS levels. Succinylation of SOD1

appeared to support growth of a lung cancer cell line [174],

which might indicate that Sirt5-dependent desuccinylation

of this target promotes cancer growth.
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Taken together, the function of Sirt3 as the major

mitochondrial deacetylase and as a coordinator of mito-

chondrial functions in response to various signals, such as

nutrient availability and exercise, is well established. Also

studied in less detail, Sirt4 and Sirt5 seem to contribute to

similar functions, indicated, e.g., through common target

pathways such as the urea cycle for Sirt5 (CPS1) and Sirt3

(ornithine transcarbamoylase). In light of the Sirt5 prefer-

ence for succinylated substrates, it is tempting to speculate

that the three mitochondrial Sirtuins regulate these path-

ways through three different deacylation activities, since

basal Sirt4 deacetylation activity is also low. Since the

respective Lys acylation levels depend on the correspond-

ing acyl-CoA levels, Sirt3, 4, and 5 would thereby

contribute differently to the regulation of these common

target pathways. For studying these and other aspects of the

functions of mitochondrial Sirtuins in physiology and dis-

eases (Table 1), small molecules for specifically

modulating their activity are urgently required. We will

now shortly review Sirtuin architecture and catalysis and

how it is regulated by physiological ligands, and we will

then describe the current status of Sirtuin-targeted drug

development with a focus on the mitochondrial isoforms.

Sirtuin structure and catalysis

Sirtuins consist of an evolutionary conserved catalytic core

of *275 amino acids. In the different Sirtuin enzymes, it is

flanked by N- and C-terminal extensions that vary in length

and sequence and that contribute to cellular localization

and activity regulation [106, 175, 176]. In contrast to the

large N- and C-terminal extensions of Sirt1, which appear

to contribute to Sirt1 stability and activity regulation [177,

178], the mitochondrial Sirtuins Sirt3, 4, 5 have only short

extensions. They feature N-terminal MLS of varying

length, 28 aa in Sirt4, 36 residues in Sirt5, and *100 aa in

Sirt3. In Sirt3, proteolytic processing of the N-terminus

upon mitochondrial import was reported to activate the

enzyme [22], but this autoinhibitory function of the

Sirt3 N-terminus has been challenged [107]. For Sirt5,

N-terminal processing has also been observed and occurs

after residue 36 [154]. A short sequence at the Sirt5

C-terminus was reported also to contribute to mitochon-

drial localization by acting as a mitochondrial membrane

insertion signal [153], but its physiological function

remains to be worked out. Furthermore, localization of a

Sirt5 fraction to the mitochondrial IMS has been reported

[59], and also localization in the nucleus [44]. For Sirt4,

removal of the 28 N-terminal residues has been reported

[140].

The Sirtuin active site is located in a cleft between two

subdomains of the catalytic core (Fig. 1b), a Rossmann-

fold subdomain typical for NAD? binding proteins and a

smaller Zn2?-binding domain. The zinc ion has a structural

function and is not involved in catalysis, in contrast to the

other KDAC classes, which catalyze hydrolysis of the Lys-

e-N-acylamide through Zn2?-dependent activation of a

water molecule. The unique Sirtuin mechanism is instead

based on conversion of the NAD? co-substrate (Fig. 1c). In

a first step, nicotinamide is released from the 10-ribose

carbon atom, which establishes a covalent bond to the acyl

oxygen resulting in a 10-O-alkylamidate intermediate. The

intermediate then rearranges into a bicyclic 10-20-acetal

intermediate, which is finally hydrolyzed into deacetylated

polypeptide and 20-O-acetyl-ADP-ribose [10]. This mech-

anism only involves the substrate carbamide moiety and

thus is assumed to equally apply to all deacylations cat-

alyzed by Sirtuins, independent of the modification’s acyl

chain (Fig. 1c). Crystal structures of several Sirtuins,

including human Sirt1, 2, 3, 5, and 6, and of Sirtuin

complexes with different ligands including acetylated and

succinylated substrates, co-substrate and intermediate

mimics, and a native alkylamide intermediate, helped to

establish and characterize this unusual catalytic mechanism

[10, 179–183]. The relative orientation of small and

Rossmann-fold domain changes upon binding of the acyl-

Lys containing substrate to a groove between these

domains [182, 184], and a flexible so-called ‘‘cofactor

binding loop’’ (Fig. 1b) adopts different conformations

during the catalytic steps [181–183]. It gets ordered upon

substrate binding and transforms in a closed conformation

during acyl transfer (see, e.g., [185, 186]), possibly con-

tributing to ejection of the co-product of the first reaction

step, nicotinamide. These rearrangements demonstrate the

complexity of Sirtuin catalysis and the conformational

dynamics of these enzymes, which makes characterization

of inhibition mechanisms more challenging (see [182, 187]

and below). Sirtuins recognize a wide variety of substrate

sequences but show moderate, isoform-specific sequence

preferences due to differences in details of their substrate

binding grooves [3]. These differences, together with dif-

ferent conformational dynamics, also cause the isoforms-

specific acyl selectivities (see above) and inhibitor sensi-

tivities (see below) [151, 152, 165, 188].

Physiological regulation of Sirtuin activity

Protein acylation and Sirtuins regulate mitochondrial

homeostasis and function through mechanisms outside as

well as inside this organelle, together with other emerging

mitochondrial signalling systems such as redox signalling

[189]. Thus, physiological and pharmacological regulators

targeting Sirt1 or Sirt6 as well as those targeting the

mitochondrial isoforms Sirt3, 4, and 5, can modulate
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mitochondria-mediated functions. We will shortly review

physiological Sirtuin regulators, since their analysis can

provide insights in isoform-specific features helpful for

drug development, and we will then summarize pharma-

cological approaches for Sirtuin modulation, with a focus

on mitochondrial isoforms.

So far, regulatory proteins have only been described for

Sirt1 and Sirt2. AROS (Active Regulator of Sirt1) was

reported to enhance Sirt1-dependent p53 deacetylation

[190], but AROS alone is unable to activate Sirt1 in vitro

[177] and AROS expression was found not to correlate

with Sirt1 activity [191], indicating that it belongs to a

more complex regulatory network. Dbc1 (Deleted in Breast

Cancer 1), in contrast, binds and inhibits Sirt1 [192].

A natural small molecule activator of Sirt1 [39, 193], the

plant stilbene resveratrol (Fig. 2), is assumed to exploit a

binding site and mechanism relevant for a yet to be iden-

tified physiological Sirt1 modulator. For Sirt6, free fatty

acids have recently been reported as physiological

metabolites with a regulatory effect. Sirt6 has a large,

hydrophobic acyl binding pocket and indeed shows much

stronger deacylation activity against Lys modified by long-

chain acyl groups. Free fatty acids appear also able to

occupy this pocket, since they can inhibit Sirt6 competi-

tively with myristoyl substrate. Interestingly, fatty acid

binding in presence of acetylated substrate increased the

low basal in vitro deacetylation activity of the enzyme [42],

possibly explaining the observation that in vivo, Sirt6

displays substantial deacetylation activity [194]. It remains

to be seen whether specific acyl substrates and/or physio-

logical modulators exist for other isoforms. Insights in acyl

specificity have been important for progress in under-

standing Sirt6 and Sirt5 function, and although a first

deacetylation substrate has been reported for Sirt4, it will

be essential to find out whether the enzyme is an activat-

able deacetylase, similar to Sirt6, or has a unique acyl

specificity like Sirt5.

Sirtuin activity requires NAD? as an essential co-sub-

strate. NAD? is quickly reduced to NADH, which acts as a

weak Sirtuin inhibitor [195] under normal physiological

conditions. The NAD?/NADH ratio can increase in a tis-

sue-specific manner, e.g., during fasting or exercise [196],

leading to increased Sirtuin activity. NAD? levels, and thus

Sirtuin activity, can also be influenced via NAD? de novo

biosynthesis and by salvage pathways reusing NAD?

degradation products [28]. Another metabolite with an

established function in regulating Sirtuins is nicotinamide,

released from NAD? as the first product of the Sirtuin

catalyzed reaction during formation of the alkylimidate

intermediate. Rebinding of nicotinamide to the Sirtuin/in-

termediate complex leads to reversal of the initial reaction

step, reforming the substrate NAD? and thus inhibiting

protein deacetylation [197]. This un-competitive

mechanism is assumed to inhibit all Sirtuins, with Ki values

of about 0.05–0.2 mM [197]. Sirtuins are thus sensitive to

variations in physiologic nicotinamide concentrations,

which are assumed to reach up to 0.1 mM. A nicotinamide

role as endogenous Sirtuin regulator is supported by in vivo

studies in various organisms [197, 198]. Interestingly, for

Sirt5 a differential inhibition of its deacetylase and

desuccinylase activities by nicotinamide was found,

apparently caused by the Sirt5-specific residues Arg105/

Tyr102, which also mediate the enzyme’s preference for

distal carboxylate groups (see [152] and below). It remains

to be seen whether this substrate acyl specific effect has a

physiological relevance for the regulation of Sirt5

functions.

Pharmacological Sirtuin modulation

Due to their physiological functions and pathophysiologi-

cal roles, Sirtuins are considered attractive drug targets.

Isoform specific small molecule modulators would also be

excellent tools for in vivo investigations on Sirtuin function

and regulation. Therefore, huge efforts have aimed at

developing potent and specific small molecule modulators

for mammalian Sirtuins [199, 200]. Although a large

number of inhibitors, and to a smaller extend also activa-

tors, are now available, the majority suffers from weak

potency and/or low specificity. Missing or limited mecha-

nistic information—a Sirt5/suramin complex (Figs. 2, 3a;

see below) was the only Sirtuin/drug complex structure for

many years, and kinetic characterizations are available

only for few compounds—have hampered their improve-

ment. More recently, substrate and assay improvements

have increased the available data on compound action and

specificity [173], and additional Sirtuin/drug complex

structures revealed the intricate interaction of compounds

with the complex Sirtuin catalytic cycle (see [179, 187,

201–203] and below). We will summarize available com-

pounds, shortly for Sirt1 and Sirt6 and comprehensively for

mitochondrial Sirt3, 4, and 5, and we will summarize

recent progress in understanding Sirtuin modulator mech-

anisms and how it supports further development of Sirtuin-

targeting drugs.

Initial modulator development efforts were mostly

focused on Sirt1 and Sirt2, and most of the first compounds

showed limited potency and isoform discrimination.

Cambinol, e.g., inhibits Sirt1 and 2 equally and with lim-

ited potency (IC50 values 50–500 lM). Despite many

development efforts, only few Sirt1 compounds are now

available that feature improved properties. The most

promising and best studied Sirtuin inhibitor is Ex-527

(Fig. 2), a potent Sirt1 inhibitor used in many physiological

studies. Ex-527 inhibits Sirt1 with an IC50 of 0.1 lM, about
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Fig. 2 Chemical structures of

compounds with significant

effects on the activities of

mitochondrial Sirtuins
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two orders of magnitude more potently than Sirt2

(IC50 = 19.6 lM) and Sirt3 (IC50 = 22.4 lM), and it does

not affect Sirt5 [179, 204]. Moreover, it is Sirtuin-specific

[204] as it exploits their unique NAD?-dependent

deacetylation mechanism (see [179] and below). Even

though Ex527 is most potent against Sirt1, its binding site

and inhibition mechanism have been studied with several

Sirtuin isoforms, including Sirt3, and provide mechanistic

information helpful for development efforts for all Sirtuins.

We therefore describe details for Ex527 action below,

Fig. 3 Structural analysis of Sirt3 and Sirt5 modulation by small

molecule drugs. a Crystal structure of Sirt5 in complex with suramin

(PDB ID 2NYR; [222]), which inhibits Sirtuins non-specifically by

blocking the active site and artificially crosslinks two monomers.

b Crystal structure of Sirt5 in complex with resveratrol and

fluorophore-modified peptide (PDB ID 4HDA; [201]) showing the

direct contact between substrate and activator. c Crystal structure of

Sirt1 with substrate peptide and activator (grey sticks) bound to the

active site of the catalytic core (green), and with an activator (cyan

sticks) bound to the Sirt1-specific N-terminal domain (dark green).

The N-terminal domain is speculated to swing, via the flexible linker,

toward the active site (arrow) and to cover it lid-like with the exposed

surface of the activator, resulting in a direct activator/substrate

contact. d Crystal structure of Sirt3 in complex with 4-bromo-

resveratrol (PDB ID 4C7B [203]). The NAD?-analog carba-NAD?

was modeled through an overlay with a Sirt3/ACS2-peptide/carba-

NAD? structure (PDB ID 4FVT; [239]) to illustrate that the inhibitor

blocks the binding pocket for the NAD? nicotinamide group. e Crystal

structure of Sirt3 in complex with SRT1720 (PDB ID 4BN5; [187])

and the NAD?-analog carba-NAD? showing the extensive interaction

between these two uncompetitive ligands. f Model for the molecular

basis of Sirt5’s differential nicotinamide sensitivity. The structure of

Sirt5 in complex with succinylated peptide and NAD? (PDB ID

3RIY; [151]) shows an interaction between Arg105 (green, rotamer 2)

and the substrate succinylate. In absence of this interaction, for

example when an acetylated substrate is bound, a preferred confor-

mation of Arg105 (yellow, rotamer 1) would clash with nicotinamide

(NCA; modelled into its known binding pocket). g Crystal structure of

Sirt3 in complex with Ex-527 and the co-product 20-O-acetyl-ADP-

ribose (PDB ID 4BVH; [179]), which increases inhibitor affinity

apparently by stabilizing a closed active site conformation. h Crystal

structure of Sirt3 in complex with ELT-11c (PDB ID 4JSR; [202]).

Acetyl-Lys and the NAD?-analog carba-NAD? were modeled in

through an overlay with the complex structure Sirt3/ACS2-pep-

tide/carba-NAD? (PDB ID 4FVT; [239]) to illustrate that the

inhibitor occupies the acetyl-Lys channel und the binding region for

the NAD? nicotinamide riboside. i Scheme for the binding modes of

Sirtuin inhibitors exploiting the C site
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where we review effects on mitochondrial Sirtuins. Like-

wise, the so-called ELT (extended library technology)

inhibitors, which are the most potent Sirtuin inhibitors

reported but equally affect Sirt1, 2, and mitochondrial Sirt3

[202], will be described below. For Sirt6, no potent and

specific compounds are available, only weak effects of

non-specific modulators such as quercetin have been

described [205]. This situation might change now, how-

ever. Sirt4, 6, and 7 have been neglected so far due to the

lack of suitable deacylation substrates, but using the

identified Sirt6 substrates and activators should allow

identification and development of better Sirt6 inhibitors.

Also, the inhibition of Sirt6-dependent long-chain deacy-

lation and activation of deacetylation by physiological fatty

acids [42] shows the potential of the Sirt6 acyl binding site

for the development of Sirt6-selective inhibitors and

activators.

Sirtuins are special targets because they can be stimu-

lated with small molecules. Sirtuin activating compounds—

first compounds were resveratrol-related polyphenols

(Fig. 2), but other compound classes were described sub-

sequently [12, 193]—can extend lifespan in various species

and have beneficial effects in mammals such as promotion

of cell survival and protection against insulin resistance [8].

Since the Sirt1 activators resveratrol (and related com-

pounds) and SRT1720 also affect the activities of

mitochondrial Sirtuins, they will be reviewed below. New

and more potent pharmacological Sirt1 activators have been

developed but appear to use similar mechanisms and are

thus not treated in more detail here [12, 40].

For the majority of Sirtuin inhibitors, no comprehensive

specificity, potency and mechanistic data comparable to

those for Ex-527 are available. Initially, compounds were

mostly tested on Sirt1 and Sirt2 [199, 200], but Sirt3 and

Sirt5 are now more and more often included in selectivity

tests due to improvements of substrates and assays [173].

While Sirt3 shows a tendency to respond to compounds

comparable to Sirt1 and Sirt2, Sirt5 revealed a surprising

insensitivity to most common Sirtuin inhibitors (see [206]

and below). We will now summarize Sirtuin regulators

with effects on mitochondrial Sirtuins and describe mech-

anistic insights on their action from kinetics, affinity, and

structural data. No compounds are yet available that target

mitochondrial Sirtuins with both, high potency and high

specificity, but the insights from the available modulators

will now support the more efficient development of such

drugs for subsequent use for in vivo studies and therapy.

Resveratrol-related Sirtuin activators

and inhibitors, other Sirtuin activators

The stilbene resveratrol (Fig. 2), a plant metabolite natu-

rally occurring, e.g., in grapes, was the first Sirtuin

activator to be described [193, 207]. The compound was

reported to activate yeast Sir2 and human Sirt1 and thereby

to induce lifespan extension and beneficial health effects

similar to caloric restriction [12, 208, 209]. Resveratrol

also affects Sirt3 and Sirt5 activity in vitro with potencies

comparable to Sirt1 [201], and these isoforms thus might

contribute to physiological resveratrol effects. Initially,

direct Sirtuin activation was discussed controversially,

since resveratrol affects a broad variety of cellular targets,

which likely contributes to its in vivo effects, and it can

indeed also influence Sirtuins through indirect mechanisms

such as regulation of their expression levels [182, 210,

211]. Moreover, resveratrol-dependent Sirt1 activation

in vitro appeared to require the fluorophore of the artificial

Fluor-de-Lys (FdL) peptide substrate used in initial studies

[212, 213]. Consistently, we found that resveratrol and its

metabolite piceatannol (Fig. 2) directly contact the FdL

fluorophore in complex structures with Sirt3 and Sirt5

(Fig. 3b), respectively, thereby influencing the binding

mode of the substrate peptide [201]. Nevertheless, regular

polypeptide substrates would also be compatible with this

compound binding mode depending on their amino acid

sequence. Indeed, modulation of Sirt1, 3, and 5 activity

against fluorophore-free peptide and protein substrates

could be shown [39, 40, 201, 214]. Most strikingly, peptide

experiments on *6500 physiological acetylation motifs

revealed an influence of the substrate sequence on the

compound effect as expected from the observed direct

contact between substrate and drug [39]. Resveratrol sig-

nificantly activated Sirt1-dependent deacetylation of about

150–200 peptides, but it also inhibited deacetylation of a

similar number of peptides, while deacetylation of the

majority of peptides was not affected. Interestingly,

resveratrol-dependent modulation of Sirt3 and 5 requires

only the enzyme’s catalytic domain, independent of the

substrate used, whereas activation of Sirt1 can be achieved

with the catalytic core in the FdL assay [177] but requires

the Sirt1-specific N-terminal domain with regular sub-

strates [40, 215]. Crystal structures of Sirt1/activator

complexes (Fig. 3c) indeed showed that the N-terminal

domain provides a binding patch for a large set of ‘‘Sirt1

activating compounds’’ (STACs) [215] that are not chem-

ically related to resveratrol but appear to trigger the same

activation mechanism [40]. The binding site appears

incomplete and exposed, however, since half of the com-

pound surface remains uncovered and engages in non-

physiological crystal contacts. On the other hand, crystal

structure analysis of Sirt1 in complex with FdL substrate

and resveratrol showed the direct substrate/activator inter-

action previously seen with Sirt3 and Sirt5 [201, 216] and

simultaneously an interaction with the N-terminal domain.

It is tempting to speculate that Sirt1 activation normally

proceeds via such a sandwich-like interaction with

2884 M. Gertz, C. Steegborn

123



compound between N-terminal domain and the active site-

bound substrate (Fig. 3c). In case of the FdL substrate, the

interaction with the substrate fluorophore appears suffi-

cient, however, explaining the effects on Sirtuin catalytic

cores in the FdL assay. Also for some regular substrates

this interaction, possibly supported by some weaker inter-

actions with active site loops, might be sufficient and thus

explain the effects observed with Sirt5, which lacks a Sirt1-

like N-terminal domain. However, further studies will be

required to test, refine or modify such a unifying Sirtuin

activation mechanism.

For Sirt3, exclusively resveratrol-dependent inhibition

has been reported so far, whereas Sirt1 and Sirt5 can either

be activated or inhibited depending on the peptide or pro-

tein substrate used [201, 39]. Moreover, resveratrol effects

can differ depending on the Sirt5 deacylation activity tes-

ted, similar to the observation that inhibitor potency against

Sirt5 can strongly be influenced by the substrate acyl

modification (see [152, 206] and below). For the same

peptide substrate sequence, Sirt5-dependent deacylation

was either activated (deacetylation) or inhibited (desuc-

cinylation) by resveratrol [201]. Therefore, studying

resveratrol-dependent effects on Sirtuins in vivo appears

challenging—substrate-dependent effects on several iso-

forms have to be considered. On the other hand, these

findings show that Sirtuin isoforms and even certain Sir-

tuin/substrate pairs can potentially be targeted selectively,

indicating an opportunity for the development of small

molecule drugs with very specific effects [182].

Resveratrol itself appears not suitable for developing

selective Sirtuin modulators. Its bioavailability is limited

by its moderate solubility, its sensitivity to oxidation, and

its metabolic conversion. The low potency of resveratrol

(EC50 Sirt1 0.05–0.1 mM [12, 193]; EC50 Sirt5

0.07–0.21 mM [201]), in combination with its low speci-

ficity, further questions its suitability for eliciting defined

in vivo effects. Therefore, resveratrol derivatives have been

investigated as Sirtuin modulators. Piceatannol, a resvera-

trol metabolite with an additional hydroxyl group, and the

glucose-modified analog polydatin (Fig. 2), both show

improved solubility and are still capable of affecting Sirt1,

3, and 5 [193, 201, 203]. Furthermore, we found that 40-
bromo-resveratrol (Fig. 2), a derivative with a bromine

replacing a resveratrol hydroxyl group, inhibits Sirt1 and 3

with strongly increased potency (Ki = 8 lM for Sirt3),

whereas Sirt5 is only weakly affected [203]. Through

structural studies on Sirt3, supported by activity and

binding assays, we identified the nicotinamide-accommo-

dating C-site and a neighboring site as the inhibitor binding

region (Fig. 3d). The additional binding site region

accommodates the bromophenyl moiety and shows sig-

nificant variation between Sirtuin isoforms [203], making it

a promising target side for the development of isoforms-

selective compounds. Interestingly, a second 40-bromo-

resveratrol molecule could weakly bind to the outer surface

of Sirt3, and we speculated that it might indicate an

allosteric binding site contributing to Sirtuin activation [40,

203]. SDX-437, a compound more distantly related to

resveratrol, was recently described as a potent Sirt3-over-

Sirt1-specific inhibitor (IC50 0.7 lM) that resulted from a

high-throughput screen conducted with a new substrate

peptide and mass spectrometry-based assay [217]. It will be

interesting to see how this compound inhibits Sirt3 and

whether it affects other Sirtuin isoforms. Likewise, several

approved drugs were found to inhibit Sirt5 through a screen

using a microchip electrophoresis assay system, with the

most potent effect for the polyphenol anthralin, but selec-

tivity and mechanistic information remain to be reported

[218]. Mitochondria-targeted resveratrol derivatives have

also been developed, through coupling to the membrane-

permeable cation triphenylphosphonium [219]. These

mitochondriotropic analogs benefit from increased solu-

bility and stability and appear to display cytotoxic effects

specifically on fast growing cells [219], but it remains to be

seen whether these compounds act via modulation of the

mitochondrial Sirtuin isoforms.

More recently, a chemically diverse set of compounds

has been described to activate Sirt1 via binding to its

unique N-terminal domain (see above) [40, 215]. Also, 1,4-

dihydropyridine (DHP)-derived compounds were described

as Sirt1 activators, and some of them also increased Sirt2

and Sirt3 activity to slightly lower extent in the FdL assay

[220]. DHP-dependent activation might proceed via a

resveratrol-like mechanism (see above), but no mechanistic

information is available yet, and DHP-dependent activation

of Sirt2 and Sirt3 remain to be confirmed with substrates

other than FdL. More recently, the lignan honokiol was

reported to activate Sirt3-dependent deacetylation of a

protein substrate [221], but a more detailed characteriza-

tion of this effect remains to be awaited.

Substrate mimics and other peptide-competitive

inhibitors

Many Sirtuin inhibitors are based on the approach to target

either the polypeptide substrate binding cleft or the NAD?

binding pocket for competitive inhibition [199, 200]. The

huge, symmetric diarylurea suramin in fact blocks both

binding sites (Figs. 2, 3a) in the crystal structure of its

complex with Sirt5 [222]. Suramin inhibits, however, Sirt1,

2, and 5—and possibly other, not yet tested isoforms—with

comparable, low micromolar potencies [206, 222, 223],

and it also affects other cellular targets [224]. This lack of

selectivity, and its poor pharmacological properties, such

as strong charge and high molecular weight, make its

improvement challenging. Whereas NAD? blocking
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compounds are generally expected to suffer from low

isoform selectivity due to the significant sequence conser-

vation in the Sirtuin NAD? binding sites, targeting

polypeptide substrate site and acyl-Lys binding channel

appear more promising for selective Sirtuin inhibition.

Virtual screening of pseudopeptidic inhibitors on Sirt3

indeed revealed two new inhibitor scaffolds and structure

activity relationship analysis resulted in compounds with a

certain selectivity for Sirt2 and Sirt3 over Sirt1 but with

modest potency (*70 % inhibition of Sirt2 and 3 at

200 lM of the best compound) [225]. Another docking

study targeted at the acyl-Lys peptide sites of Sirt2, 3, 5,

and 6 resulted in a number of potent, Sirt2 selective inhi-

bitors (best hit CSC8; Sirt2 IC50 4.8 lM) but no selective

compounds for Sirt3 and 5 [226]. Inhibition by blocking

the acyl-Lys peptide site can also be achieved with modi-

fied peptides. Introduction of a thio modification in the

substrate acetyl group (Fig. 2) results in formation of a

stable thioalkyl-imidate during catalysis, thereby trapping

the Sirtuin in the reaction intermediate state [179, 227,

228]. This approach can yield low micromolar inhibitors

with certain selectivity for Sirtuin isoforms, including Sirt3

[229]. Addressing the acyl-Lys peptide binding site with

drugs appears especially promising for Sirt5 due to its

unique succinyl substrate preference. Thio-succinylated

peptides have successfully been used for Sirt5 inhibition

with an IC50 of 5 lM, and 100 lM of these peptides

showed no inhibition of Sirt1-3 [230]. Also, variation of

the acyl moiety allowed development of Sirt5-inhibiting

peptides, such as Z-glutaryl-CPS1 and 3-methyl-3-phenyl-

succinyl-CPS1; the latter one inhibited Sirt5 most potently

(Ki = 4.3 lM) and showed high isoform selectivity [165].

However, peptides usually are rapidly degraded in a cel-

lular environment and are often incapable of crossing

biological membranes, limiting their use for in vivo

applications. In successful attempts to convert peptidic

Sirtuin inhibitors into cell active compounds, the N- and

C-terminal amino acid extensions to the thio-acetyl-Lys

have been exchanged, e.g., by anilino and benzyloxycar-

bonyl groups (Fig. 2), respectively [231, 232]. For

inhibition of Sirt5, the best compromise between potency

and bioavailability so far appears to be provided by a

truncated thio-succinyl penta-peptide and a protected

Z-glutaryl-Lys, respectively, which both appear to inhibit

with an IC50 of 25 lM [158, 230]. They might be attractive

starting points for further development into potent Sirt5

inhibitors for in vivo applications.

In another approach to find Sirt5-selective small mole-

cules, different thioureas were screened and yielded a

thiobabiturate inhibiting with an IC50 of 2.3 and possibly

exploiting the Sirt5-specific acyl-Lys pocket (Fig. 2) [233].

Computational docking suggests that the thiobarbiturate

ring mimics the substrate succinyl by forming H-bonds to

the Sirt5-specific residues Tyr102 and Arg105. N-alkyla-

tion of these compounds led to selectivity for Sirt5 over

Sirt3 and, partially, Sirt1. Sirt2, however, was inhibited

with an IC50 similar to Sirt5, but the IC50 comparison

might not well reflect relative potencies due to the different

substrate concentrations used for Sirt5 and Sirt1-3. It will

be interesting to see whether these compounds can be

further improved into selective compounds suitable for

in vivo applications.

A moderately potent and Sirt3-specific small molecule

inhibitor (Compound8, Fig. 2; IC50 6 lM, fivefold selec-

tive over Sirt2) was recently developed based on the non-

specific, peptide-competitive Sirtuin inhibitor cambinol

[234]. A more potent compound with pronounced isoform

specificity for Sirt3 is SRT1720 (Fig. 2). Initially described

as a Sirt1 activator [12], SRT1720 turned out to potently

inhibit Sirt3 (Ki of *0.6 lM) but not Sirt5 [187]. Activity

and binding assays revealed un-competitive Sirt3 inhibition

with respect to the co-substrate NAD? in combination with

competition with the acetyl-Lys substrate [187, 235].

A Sirt3/SRT1720 complex structure showed a unique

binding mode to the Sirtuin active site (Fig. 3e) [187].

SRT1720 occupies part of the acetyl-Lys binding channel

with its piperizine and imidazothiazole groups, rationaliz-

ing the competition with the peptide substrate. Unlike other

peptide competitive Sirtuin inhibitors, such as the chemi-

cally related ELT (‘‘extended library technology’’; see

below) compounds, SRT1720 does not compete with the

NAD? cosubstrate but instead interacts tightly with this co-

ligand. The SRT1720 quinoxaline forms a tight, sandwich-

like p-electron stacking interaction with the NAD?

nicotinamide moiety on one side and Phe157 from the

cofactor binding loop on its other side. This interaction

leads to a major, and so far unique, rearrangement of the

cofactor binding loop, and SRT1720 thus appears to

induce, together with NAD?, formation of a protein con-

formation favorable for its binding and stabilizing an

inactive enzyme-cosubstrate-inhibitor complex. The

insensitivity of Sirt5 to SRT1720 inhibition might be

caused by Sirt5-specific features such as the succinyl-rec-

ognizing Arg105, which also appears to cause Sirt5

insensitivity to nicotinamide and other C-pocket ligands

(see below). Alternatively, a long, Sirt5-specific loop of

Sirt5 was speculated to interfere indirectly with the

cofactor binding loop rearrangements necessary for

SRT1720 binding [187].

Nicotinamide and extended C-site (ECS) inhibitors

NAD? binding to the Sirtuin active side in a productive

conformation places its nicotinamide moiety inside the so-

called C-pocket [179, 183]. In this conformation, the gly-

cosidic bond to nicotinamide is distorted, facilitating
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nicotinamide release and formation of the alkylimidate

intermediate. At this point, free nicotinamide (Fig. 2) can

rebind to the C-pocket and induce the reverse reaction

[197], thereby inhibiting deacetylation (so-called base-ex-

change-reaction). Nicotinamide is generally considered a

pan Sirtuin inhibitor, but the Sirt5 deacetylase activity

shows unexpected nicotinamide insensitivity. Whereas

Sirt3 is inhibited with an IC50 of 43 lM, typical for Sirtuin

enzymes, Sirt5 deacetylation activity does not respond to

the nicotinamide concentrations of *0.1 mM assumed to

be physiological (IC50 0.7–1.6 mM) [152]. Only at high

nicotinamide concentrations, Sirt5 deacetylation activity is

inhibited through competition with NAD?. Structure

comparisons and mutagenesis indicated that the Sirt5-

specific Arg105, responsible for the enzyme’s unique

desuccinylase specificity, mediates the nicotinamide

insensitivity through sterical hindrance in the case of acetyl

substrates, where the Arg cannot interact with the acyl

group (Fig. 3f, rotamer 1) [152]. Consistently, nicoti-

namide affected Sirt5’s deacylation activity against

succinylated substrate potently (Fig. 3f, rotamer 2), with an

IC50 of 21 lM. Sequence analyzes and testing other Sir-

tuins indicate an Arg105-centered sequence pattern in a

class III Sirtuin subfamily with Sirt5-like properties [152].

Thus, there are molecular differences close to the Sirtuin

C-pocket that cause sub-class specific features and should

allow the development of selective inhibitors.

An inhibitor indeed exploiting the C-pocket and its

environment is Ex-527 (Fig. 2), a potent Sirt1 inhibitor

(IC50 = 0.1 lM) that inhibits more weakly Sirt2

(IC50 = 19.6 lM) and Sirt3 (IC50 = 22.4 lM) but has no

effect on Sirt5 [179, 204]. Structural analyses, in combi-

nation with activity and affinity measurements, on the

bacterial Sirt1 homolog Sir2Tm (Sir2 from Thermotoga

maritima) and on human Sirt1 and 3 show that Ex-527

exploits the unique NAD?-dependent deacetylation

mechanism of Sirtuins [179]. The compound binds to the

Sirtuin C-pocket and a neighboring, hydropbobic cleft only

after formation of the reaction intermediate and inhibits by

stabilizing a Sirtuin complex with the co-product 20-O-

acetyl-ADP-ribose (Fig. 3g). Consistent with the Sirt5-

specific molecular features close to the C-site, Sirt5 is

insensitive to Ex527. However, the Ex527 binding pockets

are identical in several Sirtuin isoforms such as Sirt1 and 3,

and the compound’s selectivity between these isoforms

appears to be caused by the different kinetics of co-product

formation and release [179]. Improvement of the selectivity

of Ex527-based compounds thus will require extension into

additional, more isoform-specific regions.

Other compounds also appear to exploit the C-pocket

and/or its environment. Testing known Sirtuin inhibitors

against the deacetylase and desuccinylase activities of Sirt5

showed that exclusively GW5074 (Fig. 2) inhibited Sirt5-

dependent desuccinylation efficiently (IC50 19.5 lM)

[206]. GW5074 is a potent kinase and Sirt2 inhibitor [236]

and thus not suitable for Sirt5 in vivo studies. However,

GW5074 inhibitory potency depends on the substrate acyl

modification, similar to nicotinamide inhibition, and

apparently also on the peptide sequence, and a docking

study with a GW5074-related compound suggested the

C-pocket as potential binding site [237]. GW5074 thus

might be helpful as a starting point for the development of

compounds exploiting Sirt5-specific features, which cause

insensitivity to nicotinamide and Ex527, for the specific

inhibition of Sirt5.

The C-pocket has also been used for potent Sirt3 inhi-

bition. Synthesis and screening of a huge compound library

using an ‘‘encoded library technology’’ (ELT) yielded

thieno[3,2-d]pyrimidine-6-carboxamides that potently

inhibited Sirt3, with an IC50 of 4 nM for the best hit ELT-

11c (Fig. 2) [202]. All identified compounds also inhibited

Sirt1 and 2 with potencies comparable to those against

Sirt3, however, so that they are not suitable for in vivo

studies and reveal approaches for potent inhibition, but not

for isoforms selection. Sirt3 structures in complex with

ELT compounds show that the inhibitors occupy parts of

acetyl-Lys binding channel and C-pocket (Fig. 3h) [202].

The compound carboxamide forms H-bonds to C-pocket

residues comparable to nicotinamide and Ex-527. Addi-

tionally, p-stacking interactions of the thieno[3,2-

d]pyrimidine with a conserved Phe within the cofactor

binding loop (Phe157 in Sirt3) appear important for com-

pound binding. This interaction resembles this residue’s

contribution to SRT1720 binding, but in the ELT-11c

complex the Phe157-containing loop stays in a regular

conformation also seen in other Sirtuin structures and

appears not to exploit isoform-specific features. Although

ELT compounds are pan Sirtuin inhibitors, they appear to

inhibit this enzyme family rather selectively since they

show no pronounced effects on other cellular targets such

as kinases, ion channels or nuclear receptors. ELT com-

pounds thus appear promising starting points for the

development of Sirtuin inhibitors, and the required

improvement of their isoform selectivity might be sup-

ported by the structural insights in the binding sites and

mechanisms of these and other compounds.

Outlook for drug development

Analyzing the now available structural data for Sirtuin

inhibition indicates promising design approaches for their

improvement. For example, comparing the Sirt3 complexes

with the C-pocket exploiting inhibitors nicotinamide, Ex-

527, ELT compounds, and 4-bromo-resveratrol reveals

several different binding pockets in close proximity

(Fig. 3i). All C-site ligands except nicotinamide exploit
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additional, neighboring active site pockets and we thus call

them ‘‘extended C-site’’ (ECS) inhibitors [179]. Since

different pockets around the C-site are used by different

compounds, they can be sub-classified into ECS-I com-

pounds using the pocket accommodating the Ex527 A-ring

[179]; ECS-II compounds such as ELT-11c exploiting the

nicotinamide-carrying ribose and acyl lysine pockets [202];

and ECS-III compounds using the pocket accommodating

the bromophenyl moiety of 40-bromo-resveratrol [203]

(Fig. 3i). Due to the significant conservation in C-site and

ADP-ribose binding-pockets, combining moieties for dif-

ferent pockets, in particular the ECS-III pocket with its

isoform-specific features, with each other and/or with

C-site ligands should be helpful to create new Sirtuin

inhibitors with improved isoform selectivity. Combining a

bromo-phenyl group with the Ex527 scaffold, e.g., should

increase specificity for Sirt1. Including moieties recogniz-

ing the Sirt5-specific acyl-Lys binding pocket (Fig. 3e)

should also enable to obtain potent, Sirt5-selective inhibi-

tors. Including features from the more complex Ex-527 and

SRT1720 inhibition mechanisms might also be helpful,

since these compounds exploit unique properties of Sirtuins

and should enable the development of compounds with

little effects on other cellular targets. The accumulating

structural information on Sirtuin inhibition should also

improve the success rates from virtual screening, since

dynamic parts of the active site, isoform differences, and

the various conformations accessible to Sirtuins can now

be incorporated. Although no compounds are yet available

that target mitochondrial Sirtuins with high potency and, at

the same time, with high selectivity, the recent progress in

characterizing binding sites and mechanisms of available

compounds has opened outstanding opportunities for the

efficient development of improved drugs for in vitro

studies and eventually for therapy.

Conclusions

Mitochondrial functions are controlled by regulatory net-

works inside and outside the organelle itself, and Sirtuins

contribute to both networks [33, 189]. Nuclear and mito-

chondrial Sirtuin isoforms thereby contribute to functions

such as metabolic adaptation and stress responses. Recent

progress in techniques for studying reversible acylation

[173] and identifying activities and targets for the mito-

chondrial isoforms Sirt3, 4, and 5 revealed various

contributions from these long neglected isoforms and have

stimulated extensive new research efforts. The mitochon-

drial Sirtuins regulate and coordinate various metabolic

pathways, such as glucose versus fat consumption, and they

also adapt cellular redox containment systems to the ROS

levels generated by this metabolic activity or by external

stressors. Thereby, mitochondrial Sirtuins also contribute

to various disease pathologies, such as obesity or hypoxic

cell growth. Although many open questions require further

studies, such as the difference in physiological effect

between tissue-specific and germline Sirt3 k.o. [238] or the

exact function in tumor biology [115], mitochondrial Sir-

tuins appear to be attractive therapeutic targets for diseases

such as metabolic syndrome and cancer. Potent and iso-

forms-specific small molecule modulators for Sirt3, 4, and

5 would thus be highly desirable, as leads for the devel-

opment of therapeutic drugs but also as chemical tools for

studying these Sirtuins in vivo. Recent insights in the

enzymatic activities of Sirtuins, such as their varying acyl

and sequence selectivities [3, 151], have improved our

understanding of their functions and also facilitate the

development of small molecule modulators. They allow the

reliable and comprehensive characterization of drug effects

on Sirtuins [173], which is so far lacking for most com-

pounds, and the now recognized isoforms-specific active

site features can also be exploited for the improvement of

compound selectivity. Our improved understanding of the

biology of mitochondrial Sirtuins and of small molecule

effects on Sirtuin activity thus promise that specific mod-

ulators will soon be obtained and will be highly useful for

the treatment of mitochondria-mediated diseases.
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