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Sirtuins: not only animal proteins
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Abstract Sirtuins are proteins belonging to the group of

NADH-dependent deacetylase and mono-ADP-ribosyl-

transferase enzymes. Sirtuins have been discovered for the

first time in yeasts, subsequent studies have shown their

presence in bacteria, plants and animals. These enzymes

are frequently called longevity enzymes due to the fact that

they are part of genetic apparatus involved in aging control.

In animals, sirtuins are key regulators of cell defense in

response to stress caused by many metabolic processes;

they are also involved in the regulation of cell division,

metabolism, gene silencing and genetic material repair as

well as apoptosis. Thus far, only several well-known

research teams have been studying plant proteins resem-

bling animal sirtuins. Considering the fact how essential

functions sirtuins play in other organisms, it is extremely

interesting to understand their role in plants, especially that

the knowledge about them is still limited. It is believed that

the function of sirtuins in Arabidopsis thaliana is associ-

ated with mitochondrial energy metabolism. Possibly they

may also control the synthesis of auxins or proteins

involved in their transport, or they may be responsible for

regulating cellular response to auxin action. In rice, sirtuins

are necessary for the protection against genomic instability

and cell damage that guarantee their growth. They also take

part in a defensive response against Pseudomonas syr-

ingae. They may also be involved in the ripening of fruits.

Moreover, their functions are associated with photosyn-

thetic activity and aging of leaves.

Keywords Sirtuins � SIR2 � SIRT � Aging � Plant sirtuin-

like proteins

Introduction

Sirtuins (SIR2 proteins—silent information regulator)

belong to the third family of NADH-dependent deacety-

lases from the HDAC group (histone deacetylases). These

enzymes catalyze the deacetylation reaction by recognizing

lysine residues in e-N-acetylated protein sequences, which

results in the formation of deacetylated lysine. This lysine

is located within the N-terminal domains of histone H3 and

H4, and its deacetylation increases folding of these pro-

teins, which assume more compact structure. The conse-

quence is the formation of genetically inactive

heterochromatin. In addition, sirtuins catalyze specific two-

stage type of deacetylation of non-histone proteins, in the

initial step of which, the hydrolysis of the glycosidic bond

takes place, which links nicotinamide with ADP-ribose

residue present in the NAD? molecule. In the next step, the

acyl group is transferred from the bound substrate protein

to the ADP-ribose residue with a parallel formation of the

20-and 30-O-acetyl-ADP-ribose and release of the nicoti-

namide metabolite. Additionally, sirtuin belongs to the

class of mono-ADP-ribosyltransferases that transfer ADP-

ribose residues on protein substrates (Siedlecka and

Bogusławski 2005; Shoba et al. 2009; Wang et al. 2010).

Sirtuins were discovered for the first time in yeasts and

described as regulators of transcriptional gene silencing

involved in conjugation as well as telomere and ribosomal

DNA activation (rDNA) (Houtkooper et al. 2012). The role
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of SIR2 in yeasts is associated with the regulation of aging

rate, and thus with extending the life span. This is related to

the fact that sirtuins prevent recombination of genetic

material, leading to a reduction of stem cell divisions,

which is a factor limiting the life span of these organisms.

Subsequent studies have shown that sirtuins are also pre-

sent in bacteria, plants and animals (Siedlecka and

Bogusławski 2005; Busconi et al. 2009) and play various

functions. In eukaryotes, they affect cellular metabolism by

engaging in transcription repression, recombination, cell

cycle, and microtubule organization (Busconi et al. 2009;

Mulligan et al. 2011). They are also involved in DNA

repair by non-homologous end joining (NHEJ).

Classification, structure and function of sirtuins

Sirtuins have been described in various organisms, i.e.,

bacteria (e.g., Sulfolobus solfataricus L. major), yeasts

(Saccharomyces cerevisiae), nematodes (e.g., Caenorhab-

ditis elegans), fruit flies (Drosophila melanogaster),

humans (Homo sapiens), and among plants in rice (Oryza

sativa), thale cress (Arabidopsis thaliana), vine (Vitis

vinifera L.) and tomato (Solanum lycopersicum). The name

SIR2 is used in case of sirtuins which are enzymes present

in S. cerevisiae, Drosophila and Ascaris, while mammalian

sirtuin homologs are named SIRT1, SIRT2, SIRT3, etc., in

plants these proteins are abbreviated SRT.

All the above-listed sirtuins are interconnected by a

significant amino acid sequence similarity, which is

expressed in the presence of a similar sequence motif that

is flanked by N- and C-terminal extensions. This motif is

conservative, consisted of 275 amino acids, which form the

core of the catalytic NAD?-binding domain (referred to as

PF02146), and mutations within it can lead to inhibition of

the enzymatic activity of sirtuins (Grozinger et al. 2001). In

turn, extensions are variable in length and sequence, and

they are the target of post-translational protein modifica-

tions, during which sirtuin provides them with different

functions and their subcellular localization is determined.

The larger sirtuin domain has a conformation called the

Rossmann fold, a structure characteristic of proteins binding

NAD?. The smaller sirtuin domain is formed by connecting

two modules located in the Rossmann fold domain: zinc finger

motif and a variable a-helical region (Moniot et al. 2012).

SIR2 eukaryotic proteins as well as the genes encoding

them have been divided into four main classes (I–IV) based

on the phylogenetic analysis of the conserved catalytic

domain. The fifth class has been also distinguished, specific

only for prokaryotes; however, the majority of prokaryotic

sirtuins are classified as class I and III proteins (Pandey

et al. 2002). The yeast SIR2 belongs to class I and is

involved in chromatin silencing, DNA damage repair and

chromosome condensation during meiosis (Huang et al.

2007). In D. melanogaster, it was demonstrated that the

increased expression of genes encoding sirtuins may affect

the length of their life cycle (Whitaker et al. 2013). In C.

elegans, four genes have been identified, encoding proteins

related to yeast sirtuins. The nucleotide sequence of the

SIR2.1 gene present in nematodes showed 31 % similarity

to the yeast SIR2 sequence, encoding conserved catalytic

domain of sirtuin protein family. Other nematode genes

(SIR2.2–SIR2.4) showed 10–20 % similarity to the yeast

counterparts with respect to the analyzed sequence (Tis-

senbaum and Guarente 2001). Presumably, the function of

SIR2 proteins in nematodes may be related to the level of

food availability. Most probably, they are involved in the

regulation of insulin-like signaling pathway. Seven mem-

bers of the SIR2 protein family (SIRT1–SIRT7) have been

distinguished in mammals. SIRT1, SIRT2, SIRT3 belong

to class I, SIRT4 to class II, SIRT5 to III and SIRT6 and

SIRT7 to class IV (Frye 2000; Houtkooper et al. 2012).

They differ in cell localization, tissue localization, enzy-

matic activity, substrates and biological implications

(Huang et al. 2007; Shoba et al. 2009; Houtkooper et al.

2012; Whitaker et al. 2013; König et al. 2014; Kupis et al.

2016) (Table 1).

So far, there are few reports concerning plant sirtuins. The

research on this family of proteins in plants carried out thus

far allowed to classify them into two of the four sirtuin

classes previously determined in animals, namely II and IV.

SRT1, a protein SIRT4-like clustered in class II, and SRT2, a

protein SIRT6/SIRT7-like clustered in class IV. It was

shown that both SRT1 and SRT2 have deacetylase activity.

The fact that so few plant sirtuins have been discovered,

while they possess multiple functions, might suggest that

during the process of evolution some sirtuin genes have been

lost, and their loss could have been compensated by the

acquisition of new functions by the remaining members of

the plant sirtuin family members. In addition, the multiplicity

and diversity of such different functions played by the plant

sirtuins can be explained by an example of Arabidopsis, in

which different variants of the AtSRT2t gene are formed as a

result of alternative splicing.

Moreover, in plants a unique family of HD2 proteins has

been distinguished, which is absent in fungi or animals.

These proteins have deacetylase activity, thus it cannot be

ruled out that the HD2 protein took over part of the func-

tions found in animal sirtuins, and perhaps this is the reason

why in plants only two of the four classes of these proteins

occurring in animals are found.

As animal proteins, plant sirtuins, in addition to the

various functions, are also characterized by a different

cellular localization. Huang et al. (2007) showed that SRT1

was present in mitochondria, while the study of Wang et al.

(2010), Cucurachi et al. (2012) and Zhao et al. (2015)
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demonstrated its nuclear localization; SRT2 in all plant

species studied was localized mostly in mitochondria (in-

ner mitochondrial membrane). However, the study by Zhao

et al. (2015) indicated that the homolog of Arabidopsis

SRT2 in tomato was localized in both the nucleus and the

cytosol. In turn, Cucurachi et al. (2012) in vine showed the

presence of SRT2 in the stroma of chloroplasts and mito-

chondria (Table 2).

Sirtuins in animals

Sirtuins in animals are called proteins or enzymes of

longevity. They are believed to be crucial in the regulation

of life span, cell survival, apoptosis and metabolism in a

variety of organisms. Hence, sirtuins act as factors that

regulate the rate of aging, and thus they can affect the life

span.

The best known sirtuins belongs to the first class, while

the function of class II enzymes is the least known. The

role of SIRT1 has been analyzed, i.a., during a calorie

deficit, protection against old age diseases and in metabolic

homeostasis (Houtkooper et al. 2012). Initially, it was

discovered that SIRT1 exhibits histone deacetylase activ-

ity, but later studies showed that this activity is also

directed towards other non-histone proteins, e.g., p53 or

NFjB. It was shown that SIRT1 could delay aging pro-

cesses by deacetylation of peroxisome proliferator-acti-

vated receptor gamma co-activator 1 alpha (PGC-1a),

which is the main regulator of mitochondrial biogenesis.

This protein is also involved in DNA damage repair. In

neurons, it plays a role in DSBR (double-strand break

Table 1 Localization and function for mammalian sirtuins Adapted from Shoba et al. (2009), Houtkooper et al. (2012) and Kupis et al. (2016)

Cell

localization

Tissue/organs localization Enzymatic activity Substrates Functions

SIRT1 Nucleus,

cytoplasm

Liver, muscle, pancreas,

ovary, and adipose tissue

Deacetylase activity Including

FOXO, p53,

NFjB, Ku70,

PGC-1a,

HIF1a

Epigenetic regulation, affects

metabolism, cell life span, DNA

damage repair, insulin secretion,

glucose and lipid homeostasis, as well

as resistance to stress

SIRT2 Cytoplasm Brain, testes, heart, skeletal

muscle

Deacetylase and

demyristoylase

activity

Tubulin,

FOXO1,

PEPCK,

PAR3

Affects cell cycle control

SIRT3 Mitochondria Brain, testes, heart, skeletal

muscle, liver, kidney,

adipose tissue

Deacetylase activity Including

AceCS2,

PGC1a,

UCP-1,

SOD2

Affects metabolism and thermogenesis

SIRT4 Mitochondria All tissues, the highest levels

were observed in heart,

brain, pancreas and liver

ADP-

ribosyltransferase

activity

GDH Affects metabolism and insulin secretion

SIRT5 Mitochondria,

cytoplasm,

nucleus

Connective tissue, especially

fibroblast cell

Deacetylase and

demalonylase and

desuccinylatase and

deglutarylase

activity

CPS1, UOX Urea cycle, fatty acid metabolism, amino

acid metabolism

SIRT6 Nucleus All tissues, the highest levels

were observed in heart,

brain, pancreas and liver

Deacetylase and ADP-

ribosyltransferase

activity

DNA Polb,

H3K9,

H3K56,

HIF1a

Affects DNA repair and glucose

homeostasis, role in chromatin

regulation, regulate genomic stability,

affects mitochondrial homeostasis and

tumor suppression

SIRT7 Nucleus

(nucleolus)

Intensified activity in

proliferating tissues of

organs, such as ovaries,

testes, spleen, thyroid or

liver

Deacetylase activity Pol I GABPb1 Affects rDNA transcription, ribosome

biogenesis, affects mitochondrial

homeostasis

AceCS2 acetyl-CoA synthetase 2, CPS1 carbamoyl phosphate synthetase 1, DNA Polb DNA polymerase b, FOXO forkhead box O, GABPb1
GA-binding protein b1, GDH glutamate dehydrogenase, HIF1a hypoxia-inducible factor 1a, NFjB nuclear factor-jB, PAR3 partitioning

defective 3 homologue, PEPCK phosphoenolpyruvate carboxykinase, PGC1a peroxisome proliferator-activated receptor-c-co-activator, SOD2

superoxide dismutase 2, UCP-1 uncoupling protein 1, UOX urate oxidase
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repair) via NHEJ, while in proliferating cells, SIRT1 is

involved in homologous recombination and base excision

repair (BER) (Fang et al. 2016). Yamamori et al. (2010)

proved that human AP endonucelase 1 (APE1) is a target

for deacetylation by SIRT1, a protein that is directly

involved in the repair of damaged DNA. Moreover, SIRT1

stimulates endonuclease activity of cellular activate protein

(AP).

Further, Li et al. (2008) showed that its activity is

connected with a genetic disease known as a syndrome of

premature aging (Werner syndrome). In animals, SIRT1

can activate autophagy by deacetylation of light chain 3

(LC3). They can also influence the mitophagy through the

regulation of mitochondrial membrane potential by main-

taining the integrity of PTEN-induced putative kinase 1

(PINK1) (Fang et al. 2014).

SIRT3 is a major mitochondrial deacetylase, the activity

of which has been observed in LCAD proteins (acyl-CoA

dehydrogenases), involved in fatty acid b-oxidation. SIRT3

deacetylases are components I, II and III of the respiratory

chain complex, in which they are involved in oxidative

phosphorylation. It was also shown that SIRT3 proteins are

involved in oxidative stress defense by protecting cells

against reactive oxygen species (ROS). Moreover, during a

caloric deficit, SIRT3 activate the key antioxidant mito-

chondrial enzyme—superoxide dismutase 2 (SOD2)—

which increases mitochondria metabolism. In addition,

SIRT3 activation prevents mitochondrial apoptosis (Sikora

2014).

Little is known about the function of other sirtuins in

comparison with SIRT1 and SIRT3. SIRT2 play a role in

homeostasis through the deacetylation of phospho-

enolpyruvate carboxykinase, involved in gluconeogenesis.

In contrast, the mitochondrial protein SIRT4 is responsible,

among other, for the regulation of fatty acid b-oxidation in

hepatocytes and myocytes. Interestingly, SITR3 and SITR4

play an opposite role in regulating the glutamate dehy-

drogenase (GDH), and fatty acid b-oxidation. SIRT5 pro-

tein causes deacetylation of carbamyl phosphate synthetase

(CPS1), leading to more rapid detoxification of ammonia

during the urea cycle. SIRT6 in turn is involved in stabi-

lization and genomic DNA repair. They can also exert an

anti-aging effect. Both of these functions may be related to

the fact that SIRT6 are involved in the inhibition of

retrotransposition of long interspersed nuclear elements 1

(LINE1) belonging to the non-LTR retrotransposons. LINE

transposition damages cells and tissues causing their pre-

mature aging (Van Meter et al. 2014). Moreover, knockout

mice, lacking the gene encoding SIRT6, were characterized

by shorter life cycle, reduced insulin-like growth factor 1

(IGF-1) levels, the consequence of which was hypo-

glycemia (Mostoslavsky et al. 2006). In mouse cancer

Table 2 Localization and function for plant sirtuins

Species Class

of SIR2

proteins

Gene

name

Cell

localization

Tissue/organs localization Enzymatic

activity

Functions

Oryza sativa IV OsSRT1 Nucleus Rapidly dividing young

tissues/organs such as

buds, seedlings, and

developing panicles

Deacetylase Transcriptional repression of transposable

elements and apoptosis-related genes,

involved in the safeguard against genome

instability and oxidative stress, involved

in metabolic regulation

II OsSRT2 Mitochondria Coleoptiles, roots, leaves,

flag leaves, and flowers

Deacetylase Unknown

Arabidopsis

thaliana

IV AtSRT1 Mitochondria Reproductive tissue Deacetylase A role in auxin signaling

II AtSRT2 Mitochondria

(nucleus)

All tissues Deacetylase Energy metabolism and metabolite

transport, negatively regulates plant basal

defense against the pathogen

Pseudomonas syringae

Vitis vinifera II VvSRT1 Nucleus Root, leaf, flower and fruit Deacetylase A role in plant development

IV VvSRT2 Chloroplast

and

mitochondria

Leaf, flower and fruit Deacetylase Probably maintain the chromatin structure

and regulate the transcription of genes,

indirectly linked to the photosynthetic

activity of the cell or to the activity of the

chloroplast, and leaf senescence

Solanum

lycopersicum

IV SlSRT1 Nucleus Mainly cotyledons, bud

and flowers

Deacetylase Probably play a role in the early stages of

fruit development as well as in early

gamete development

II SlSRT2 Mitochondria,

nucleus

Flower and fruit Deacetylase Involved later in both fruit ripening and in

gametogenesis
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models, SIRT6 deficiency leads to increased tumor growth

and aggressiveness (Sebastián et al. 2012). Although

SIRT6 were localized in the nucleus, it was shown that

they had an effect on mitochondrial homeostasis and

affected the metabolism of cancer cells. In mitochondria,

they enhanced intracellular respiration by inhibiting

hypoxia-inducible factor-1 alpha (HIF1a), which in turn

inhibited the transcription of key glycolytic enzymes. In

tumor cells, they prevented the Warburg effect otherwise

known as aerobic glycolysis (Zhong et al. 2010, 2013).

SIRT7 activates RNA polymerase transcription; it is

believed that it can also deacetylate p53 (Vakhrusheva

et al. 2008; Houtkooper et al. 2012; Parihar et al. 2015).

The study of Barber et al. (2012) indicates that SIRT7 is a

nuclear regulator of both chromatin and mitochondria

functions. It increases chromatin-dependent repression of

genes involved in epigenetic stabilization of ‘‘oncogenic

transformation’’. It is assumed that SIRT7 may regulate

mitochondrial homeostasis through deacetylation of GA-

binding protein b1 (GABPb1) (Fang et al. 2016). Tsai et al.

(2014) showed that SIRT7 are involved in ribosome bio-

genesis and protein synthesis. Researchers indicated that

SIRT7 regulates rDNA transcription and modulates PolIII

functions. SIRT7 may also regulate transcription of PolIII

through mTOR kinase and TFIIIC2 complex.

Regulation of activity

The expression of SIRT1 varies depending on physiological

parameters. It is induced by lowering the energy state of the

cell. For example, nutritional deficit enhances SIRT1

expression, while the high-fat diet reduces it. Within the

promoter sequence of the SIRT1 gene, there are regions that

bind transcription factors, such as forkhead box protein O1

(FOXO1), cAMP response element-binding (CREB) or

carbohydrate response element-binding protein (CHREBP),

suggesting that these factors regulate the transcription of

SIRT1. At a higher level of expression regulation, micro-

RNA (miRNA) affects the level of mRNA through degra-

dation of pre-mRNA transcripts or translation inhibition.

Less is known about the transcription control by other sir-

tuins. Studies in mice show that expression of STAT3 is

activated by estrogen receptor a (ERRa), which is a nuclear

receptor regulating the activity of mitochondria.

Regulation of SIRT1 activity at the level of post-trans-

lational modifications is the least understood. Studies on

cell cultures, induced with ultraviolet rays or hydrogen

peroxide, indicated SIRT1 inactivation, leading to cell

death. Sirtuin activity is also controlled by the formation of

protein complexes. AROS (active regulator of SIRT1) is a

protein that regulates SIRT1 by forming complexes with it,

leading to inhibition of its activity (Kim et al. 2007). LCD1

(histone methyltransferase, lysine-specific demethylase 1)

also interacts with SIRT1 catalytic domains, thereby

reducing the expression of genes encoding Notch receptor

proteins (Mulligan et al. 2011).

It is also believed that the expression of SIRT6 may be

dependent on SIRT1 through the formation of transcription

complex (SIRT1-FOXO3A-NRF1) on the promoter of the

gene encoding SIRT6. Furthermore, there are physical

interactions between SIRT1 and SIRT7, which are impor-

tant in the regulation of EMT-like process (the epithelial–

mesenchymal transition) during tumor progression and

metastasis (Fang et al. 2016).

The expression of sirtuins is also affected by the avail-

ability of the NADPH cofactor, as some of them require it

for activation (Cantó et al. 2013).

Activation of SIRT1 can be enhanced by an increase in

the level of NADH?. NADH precursors, i.e., nicotinamide

riboside or nicotinamide mononucleotide (NMN) can also

increase the activity of SIRT1. For example, in 22-month-

old mice, weekly NMN supplementation caused the mito-

chondrial indicators to resemble indicators in young mice

(Fang et al. 2016).

Naturally occurring compounds may also activate sir-

tuins. For example, in vitro studies demonstrated that

several plant polyphenols, and resveratrol in particular,

activate the expression of gene encoding the Sir2 protein,

thereby leading to the deacetylation of p53 protein; treating

the yeasts with this compound leads to a longer life cycle.

Furthermore, studies in mice showed that resveratrol

enhances SIRT1 activity in the mitochondria, thereby

increasing their metabolism. Increased mitochondrial

activity protects mice against obesity and strengthens their

cold resistance. Mice treated with resveratrol, although fed

a high-calorie diet, lived longer (Baur et al. 2006). In

humans, resveratrol was also shown to increase mito-

chondrial activity and metabolic control (Timmers et al.

2011).

Sirtuins in plants

Sirtuins in plants are very poorly understood. Huang et al.

(2007), among others, studied the function of genes coding

for these proteins. They demonstrated that these genes are

essential for protection against genomic instability and

damage, guaranteeing cell growth in rice.

Plant genomes contain significantly less SIR2 homologs

compared to other eukaryotes. The first plant genes

encoding sirtuins were analyzed in rice (Oryza sativa) and

were described as similar to genes encoding SIR2. Thus

far, physiological function of plant SIR2 has not been

determined. Huang et al. (2007) analyzed the function of

genes similar to SIR2 in rice and they named them OsSRT1

and OsSRT2. OsSRT1 and other plant SRT1 homologs
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belong to class IV, while OsSRT2 to class II of genes

related to SIR2. In plants, sirtuins belonging to class I and

III have not been identified. OsSRT1 belongs to class IV of

SIR2 proteins, likewise human SIRT6 and SIRT7; how-

ever, structurally it is more similar to SIRT6. Considering

the fact that in humans, as mentioned above, SIRT6 pro-

teins play a role in DNA damage repair and genomic

instability, scientists speculate that the function of this

protein in rice may be related (Mostoslavsky et al. 2006;

Huang et al. 2007).

The plant SRT1 proteins exhibit a high degree of con-

servation. Only their N terminus is homologous to the

animal sirtuins. Northern blotting analysis demonstrated

that these proteins are active in a variety of tissues; how-

ever, a significant increase in the activity was observed in

dividing cells, i.e., bud, seedling or inflorescence cells.

Nuclear localization of these proteins has been also iden-

tified. Studies on the function of the protein encoded by the

OsSRT1 gene using RNAi, decreasing its expression,

showed an increase in the acetylation level and a decrease

in H3K9 demethylation (lysine 9 in histone 3). Further-

more, the activation of mobile elements was found and

increased expression of programmed cell death (PCD)

marker genes, which was associated with the induction of

apoptosis in the leaves and in consequence—premature

aging. On the other hand, overexpression of OsSRT1

reduced H3K9 acetylation, thereby strengthening tolerance

to oxidizing agents, which resulted in the enhanced toler-

ance to oxidative stress. Demethylation of H3K9 is asso-

ciated with chromatin inactivation. The study results of

Huang et al. (2007) suggest that OsSRT1 are involved in

histone deacetylation necessary for transposon silencing. In

summary, molecular analysis has shown that the function

of OsSRT1 is associated with lysine deacetylation of his-

tone-3 (H3), which is required for transcriptional repres-

sion of mobile elements and genes associated with

apoptosis. Zhong et al. (2013) extended the study by Huang

et al. (2007). The researchers decided to identify OsSRT1

binding sites. They did this by comparing genome-wide

H3K9 acetylation profiles between wild-type and OsSRT1

down-regulated plants. Subsequently, they used the chro-

matin immunoprecipitation (ChIP) technique to investigate

genomic binding sites. Analyses showed that H3K9Ac

[acetyl-histone H3 (Lys 9)] was mostly associated with

active genes in rice. Moreover, the OsSRT1 binding was

found to be enriched over the gene bodies. It is also

expected that OsSRT1 may be responsible for the regula-

tion of genes related to the response induced by H3K9

deacetylation. In addition, the results indicate that OsSRT1

may be involved in metabolic regulation in plants and

silencing transposable elements in rice. Chung et al. (2009)

analyzed the subcellular location of histone deacetylases in

rice. Scientists have compared the amino acid structure of

these proteins and demonstrated that there was 39 %

homology to the human OsSRT2 SiR3 (hSIR3) within the

conserved domain. Furthermore, the scientists have local-

ized this protein in the mitochondria, which suggests that

OsSRT2 and hSIRT3 affect the metabolism of these

organelles. Busconi et al. (2009) and Cucurachi et al.

(2012) conducted research on sirtuins in Vitis vinifera L.

Researchers have identified two genes encoding proteins

similar to sirtuins in Vitis vinifera L. Both genes were

localized in the nucleus. The first was mapped to chro-

mosome 7, and nucleotide sequence of this gene was

similar to mammalian SIRT4, which allowed to classify it

to class II SIR2-like genes. The second gene was mapped

to chromosome 19, and in terms of nucleotide sequence

similarity, the genes correspond to class IVb of sirtuin-like

genes. The results of subcellular localization studies indi-

cated that the protein encoded by the VvSRT1 gene was

also located in the nucleus and the protein encoded by

VvSRT2 was most likely located in the stroma of chloro-

plasts and mitochondria. Comparative analysis of the

coding sequences of these genes with other genes available

in the database, i.e., in Arabidopsis thaliana and Oryza

sativa, Ricinus communis, Populus trichocarpa or

Brachypodium distachyon showed that their structure was

highly conservative. Both proteins exhibited characteristics

that allowed to classify their proteins into the SIR super-

family. Cucurachi et al. (2012) also performed an analysis

of VvSRT1 and VvSRT2 gene expression, which demon-

strated that VvSRT2 were characterized by higher expres-

sion changes in different tissues/organs, and particularly in

the leaves when compared to VvSRT1, which expression

level was substantially lower. It is possible that such a

variable level of expression is caused by the different

location of the proteins encoded by these genes, and thus

their different functions. Probably, the photosynthetically

active cells, i.e., leaf cells, contain many chloroplasts,

which to function properly require a high level of sirtuins

encoded by VvSRT2 genes, which in turn stabilize the

chromatin structure and/or regulate the transcription of

other chloroplast genes. These scientists supported their

hypothesis by the research of Aquea et al. (2010), who

observed VvSRT2 expression in the leaves, flowers and

fruits. It was not detected only in the roots, which might

indicate that a high level of the VvSRT2 gene expression

was correlated with the activity of the photosynthetic cells.

The analysis of Arabidopsis thaliana genome sequence

showed that only two SIR2 families (AtSRT1 and AtSRT2)

are present in this species, while the phylogenetic analysis

of SIR2 homologs showed that they also belong to two of

the four classes of that family. AtSRT1 belongs to class IV

and AtSRT2 to class II (Pandey et al. 2002; Hollender and

Liu 2008). König et al. (2014) showed that AtSRT2 has the

function of mitochondrial lysine deacetylase. The
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mitochondrial genome only contains genes encoding the

AtSRT2, the presence of genes encoding AtSRT1 have not

been detected. The AtSRT2 gene probably encodes seven

isoforms of the RT2 protein. The study of König et al.

(2014) showed the presence of two isoforms (AtSRT2A

and AtSRT2B) that contained pre-sequences on the

N-terminal corresponding to the mitochondrial SIR2; they

corresponded to SRT2.1/SRT2.2/SRT2.3/SRT2.5 and

SRT2.7 isoforms. Studies using C-terminal GFP fusion

with AtSRT2 and Western blots showed mitochondrial

localization of these isoforms. There was no evidence of

nuclear localization of AtSRT2, although it was detected

by Wang et al. (2010). The amino acid comparative anal-

ysis of AtSRT2 proteins with mammalian sirtuins revealed

high similarity of these proteins to human SIRT4 (42 %),

slightly lower to SIRT3 (31 %) and SIRT5 (25 %). It is

believed that the AtSRT2 protein is associated with the

inner mitochondrial membrane through protein–protein

bonds. Probably, the activity of AtSRT2 as lysine

deacetylase in mitochondria relates to specific proteins

differing from those found in mammals. These include

proteins associated with the inner mitochondrial mem-

brane, i.e., ATP synthase and ATP/ADP carriers. Since the

ATP synthesis is a regulator of energy metabolism in

mitochondria, changes in the activity of this enzyme can in

consequence alter the mitochondrial metabolism (König

et al. 2014). Van Der Kelen et al. (2013) showed that

reducing the expression of AtSIR2 decreased the response

to salt stress. The analysis of intracellular interactions using

tandem affinity purification (TAP) showed that AtSRT

interact with chromatin remodeling factors in the nucleus,

and are responsible for the deacetylation of histones, sub-

units of mitochondrial respiratory complex and cytoplas-

mic proteins. Wang et al. (2010) demonstrated that

AtSRT2 is a negative regulator of the basal resistance in

plants. AtSRT2 causes deacetylation within the promoter

regions of PAD4 genes (phyto alexin deficient 4), EDSS

(enhanced disease susceptibility) and SID2 (salicylic acid

induction deficient), which results in their decreased

expression, while it should be increased in response to

pathogens, as they are classified among the pathogen-re-

lated (PR) genes.

Grozinger et al. (2001) analyzed the effect of various

inhibitors on the expression of sirtuins and demonstrated

that the inhibition of SRT2 expression in Arabidopsis

through the use of sirtinol (a cell-permeable inhibitor of

sirtuin NAD?-dependent deacetylases) changed the struc-

ture of the leaves, and also led to a distortion of plant

symmetry axis. In addition, vascular system formation in

seedlings was disturbed. It was suspected that SRT2-like

proteins are responsible for the growth and development of

plants (Grozinger et al. 2001). Plants treated with sirtinol

were characterized by thick, short hypocotyls and the lack

of major roots, as well as abnormal cotyledon venation.

Similar disorders are observed in the plants with impaired

auxin transport. These authors hypothesized that sirtuins

might control the synthesis of auxins or proteins involved

in auxin transport or they could regulate the cellular

response to auxin action (Grozinger et al. 2001).

Cigliano et al. (2013), and later Zhao et al. (2015),

analyzed histone deacetylases in tomato (Solanum lycop-

ersicum). Of the gene pool belonging to the HDAC family,

they found two proteins similar to SIR2—SlSRT1 and

SlSRT2. SRT2 was found in the nucleus (Zhao et al. 2015).

Cigliano et al. (2013) analyzed the expression of both

genes. They observed increased expression of the SlSRT1

gene in the buds and 1-cm fruits and SlSRT2 in flowers and

fruits. These authors by analyzing the results deduced that

SIRT1 proteins were probably involved in the development

of fruits, while SlSRT2 in their subsequent maturation and

also in gametogenesis.

In addition, the presence of genes encoding proteins

similar to sirtuins was found in the genomes of maize

(Chandler et al. 2004), wheat, rapeseed and lettuce, sor-

ghum or poplar. However, besides the sequences of those

genes deposited in the National Center for Biotechnology

(NCBI), further information is still missing about the

products of these genes, their function, location, etc., which

leaves an open space for researchers that investigate this

issue (Table 2).

Summary

Considering the above reports, and first of all, the fact that

animal sirtuins may affect the processes of aging, rejuve-

nation and regeneration, research expanding the current

knowledge on this subject is very important. All the more

that they are a promising molecular target for the treatment

of many diseases associated with old age. Increasingly,

more scientific reports indicate that the skillful control of

their activity using chemical activators, i.e., resveratrol or

proper diet can delay aging and prolong the life span. At

present, compounds that stimulate the activation of sirtuins

are widely used in beauty industry. Furthermore, it is

essential to expand the knowledge about plant sirtuins,

which probably affect the growth and development of

plants as well as protect against genomic instability. With

the increasing availability of molecular techniques and

bioinformatic tools, the knowledge of these yet still

vaguely known enzymes expands. More and more reports

indicate that the function of plant sirtuins is similar to those

found in animals. In addition to these listed above, they are

also believed to play a role in controlling the synthesis of

such an important phytohormone for plants such as auxin,

as well as in defensive responses against the virulent plant
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pathogen—P. syringae. It is also thought that they are

involved in the ripening of the fruits and gametogenesis.

Moreover, their function was also correlated with photo-

synthetic activity and aging of leaves. The increasing

knowledge about the plant sirtuins provides more and more

opportunities to discover plant sirtuin modulators. This

knowledge may be also found useful for breeding purposes

or gardening. It is possible that further research, especially

concerning the manipulation of sirtuin gene expression and

modulation of the activity of these enzymes will allow

scientists to affect the rate of maturation of plants, which in

turn would create both large economic and social benefits.
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Cantó C, Gerhart-hines Z, Feige JN, Lagouge M, Milne JC, Elliott PJ,

Puigserver P, Auwerx J (2013) AMPK regulates energy expen-

diture by modulating NAD? metabolism and SIRT1 activity.

Nature 458(7241):1056–1060

Chandler VL, Kaeppler SM, Kaeppler HF, Cone KC (2004)

Sequences from the Plant Chromatin Consortium NSF (Plant

Genome project 9975930) (unpublished)
Chung PJ, Kim YS, Parka S-H, Nahm BH, Kim J-K (2009)

Subcellular localization of rice histone deacetylases in orga-

nelles. FEBS Lett 583:2249–2254

Cigliano R, Sanseverino W, Cremona G, Ercolano MR, Conicella C,

Consiglio FM (2013) Genome-wide analysis of histone modifiers

in tomato: gaining an insight into their developmental roles.

BMC Genomics 14:57

Cucurachi M, Busconi M, Morreale G, Zanetti A, Bavaresco L,

Fogher C (2012) Characterization and differential expression

analysis of complete coding sequences of Vitis vinifera L. sirtuin

genes. Plan Physiol Biochem 54:123–132

Fang EF, Scheibye-Knudsen M, Brace LE, Kassahun H, SenGupta T,

Nilsen H, Mitchell JR, Croteau DL, Bohr VA (2014) Defective

mitophagy in XPA via PARP-1 hyperactivation and NAD(?)/

SIRT1 reduction. Cell 157(4):882–996

Fang EF, Scheibye-Knudsen M, Chua KF, Mattson MP, Croteau DL,

Bohr VA (2016) Nuclear DNA damage signalling to mitochon-

dria in ageing. Nat Rev Mol Cell 17(5):308–321

Frye R (2000) Phylogenetic classification of prokaryotic and eukary-

otic Sir2-like proteins. Biochem Biophys Res Commun

273(2):793–798

Grozinger CM, Chao ED, Blackwell HE, Moazed D, Schreiber SL

(2001) Identification of a class of small molecule inhibitors of

the sirtuin family of NAD-dependent deacetylases by phenotypic

screening. J Biol Chem 76(42):38837–38843

Hollender C, Liu Z (2008) Histone deacetylase genes in Arabidopsis

development. J Integr Plant Biol 50(7):875–885

Houtkooper RH, Pirinen E, Auwerx J (2012) Sirtuins as regulators of

metabolism and healthspan. Nat Rev Mol Cell Biol

13(4):225–238

Huang L, SunQ Qin F, Li C, Zhao Y, Zhou D-H (2007) Down-

regulation of a SILENT INFORMATION REGULATOR2-

related histone deacetylase gene, OsSRT1, induces DNA frag-

mentation and cell death in rice. Plant Physiol 144(3):1508–1519

Kim EJ, Kho JH, Kang MR, Um SJ (2007) Active regulator of SIRT1

cooperates with SIRT1 and facilitates suppression of p53

activity. Mol Cell 28(2):277–290

König A-C, Hartl M, Pham PA, Laxa M, Boersema PJ, Orwat A,
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