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The members of the Sir2 family, or sirtuins, are major regulators of the response to different types of stress. The members of the family have adapted
to increasing complexities throughout evolution and have become diversified by increasing their number, specificity, and localization and acquiring
novel functions. Sirtuins have been consistently implicated in the cross-talk between the genomic information and environment from the prokaryotes
onward. Evidence suggests that in the transition to eukaryotes, histones became one of the basic and most conserved targets of the family, to the
extent that in yeast and mammals, sirtuins were originally described as NAD*-dependent histone deacetylases and classified as class Ill histone
deacetylases. A growing number of studies have determined that sirtuins also target a wide range of nonhistone proteins. Many of these targets are
also directly or indirectly related to chromatin regulation. The number of targets has grown considerably in the last decade but has provoked an ill-
founded discussion that neglects the importance of histones as sirtuin targets. In this review, we summarize our knowledge regarding the range of
sirtuin targets described to date and discuss the different functional implications of histone and nonhistone targets throughout evolution.
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Introduction

During the last decade, the members of
the Sir2 family, also known as sirtuins,
have become firmly established as key
regulators of the response to stress of
various types, from metabolic to geno-
toxic stress. Sirtuins have been impli-
cated in the most important human
diseases such as cancer, cardiovascular
diseases, diabetes and other endocrine
pathologies, malaria, and neurodegener-
ative diseases, among others."”

Sirtuins were originally described as
NAD"-dependent histone deacetylases’
and were included in the superfamily of
histone deacetylase (HDAC) enzymes
as class III HDAC:S. In fact, there are 4
classes of HDAC:s: class I (HDACI, 2,
3, and 8), which are closely related to the
yeast transcriptional factor RPD3; class
II (HDACA4,5,6,7,9, and 10), which are
similar to another yeast deacetylase
HDAT1; class III, which includes sirtu-
ins; and class IV (HDACI11). In fact, the
process of deacetylation differs mark-
edly between sirtuins and all other
HDACs. While class I, II, and IV
HDAC: transfer the final acetyl group to
the aqueous solution and are sensitive

to the inhibitor trichostatin A (TSA), sir-
tuins require NAD" as an enzymatic co-
factor, transfer the acetyl group from the
substrate to an ADP-ribose molecule,
and are insensitive to TSA.* Interest-
ingly, ADP-ribosyltransferase activity is
also known in sirtuins, although our
knowledge about this is currently very
limited.>®

The members of the Sir2 family
have been present since they evolved
in prokaryotes. They have subsequently
undergone considerable functional diver-
sification during the course of evolution
in order to adapt to increased complexi-
ties. For instance, mammals harbor 7 dif-
ferent sirtuins (SIRT1-SIRT7) that differ
in their cellular localization, substrate
specificity, and functions.” The fact that
some sirtuins have common targets may
be a sign of sirtuin cooperation or
complementation according to different
stimuli.

Interestingly, sirtuins also target
many nonhistone proteins, which raises
questions regarding the significance of
histone or nonhistone targets in global
sirtuin function. Here, we provide a gen-
eral overview of the different histone
and nonhistone sirtuin substrates and

highlight their functional implications
and conservation during evolution.

The Members of the Sirtuin
Family

Sirtuins seem to have developed in some
types of bacteria as regulators of the
metabolic adaptation to energetic fluc-
tuations. Although we do not yet fully
understand all the implications of sirtuin
functions in prokaryotes, their ability to
deacetylate proteins may have first
appeared as a mechanism to catabolize
acetate before adapting specifically to
perform regulatory functions. In this
sense, one of the best-conserved sirtuin
functions is the regulation of the inter-
mediate metabolism through control of
the key enzyme acetyl-CoA synthetase
(ACS) (discussed below).
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Figure 1. Classification of sirtuin family. The representation includes a list of sirtuins from selected organisms (bacteria to humans) classified
phylogenetically according to Frye.® The schematic shows the general location of each sirtuin. The color each representing a sirtuin belongs to
a different class of sirtuins (I-IV), and their color intensity suggests their stage of evolution from light to dark (from lower to higher eukaryotes,
respectively). A = the current knowledge of their NAD*-dependent deacetylase activity; * = their known ADP-ribosyltransferase activity.

The Sir2 family members encompass
all the main phylogenetic domains of
living organisms, bacteria and archaea
(prokaryotes) and eukaryotes,® although
not all prokaryotes contain sirtuins. Phy-
logenetic studies have defined 5 lineages
or classes of sirtuins: classes I to IV and
U.® Classes 11, 11, and U are present in
prokaryotes, but only classes II and III
seem to have been transmitted to eukary-
otes (Fig. 1). Consistent with this, the
eukaryotic members of classes II and III
show mitochondrial localization and tar-
get mitochondrial proteins. Interest-
ingly, the 2 eukaryote-specific lineages
(I and IV) seem to have appeared in
early eukaryotes probably at the same
time as chromatin.

The number of sirtuins per organism
appears to have increased during evolu-
tion along with complexity, from the
presence of 1 member in prokaryotes to
2 in Plasmodium, 4 in Caenorhabditis
elegans, 6 in Drosophila, and 7 in mam-
mals. This probably reflects a constant
dynamic acquisition of new functions
associated with the response of meta-
bolic homeostasis to stress and regula-
tion. Since the evolution of the
prokaryotes, sirtuins seem to have been
involved in the cross-talk between the
genome and environmental changes. For
instance, in archaea in which the first
examples of the evolution of chromatin-
like structures are found, the sirtuin Sir2
is involved in deacetylating another

protein, Alba, that appears to control
gene expression and genome structure in
a manner similar to the way histones act
in eukaryotes.’

The functional diversification of Sir2
homologs during evolution is clearly
illustrated by their different cellular
locations. Three of them (SIRT1, SIRT6,
and SIRT7) are clearly localized in the
nuclear compartment; in particular,
SIRT7 is mostly restricted to the nucleo-
lar region. However, SIRT1 is known to
shuttle to the cytoplasm.'®'' Meanwhile,
SIRT3 to SIRTS proteins are mitochon-
drial proteins with well-known mito-
chondrial substrates, although full-length
SIRT3 is also found in the nucleus under
normal conditions.'” SIRT2 is the only
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mammalian sirtuin localized mainly in
the cytoplasm,” and according to its
relationship to the cell cycle, it shuttles
to the nucleus during G 2/M transition.'*

The high degree of conservation
among Sir2 family members between
bacteria and humans is restricted to their
catalytic domain, a region of approxi-
mately 250 residues."> Eukaryotic sirtu-
ins have developed amino (N)- and
carboxy (C)-terminal extensions that
are divergent among the members of the
family'® and that have allowed the
acquisition of specific new functions
and substrates during evolution. This
variety of terminal regions has been pro-
posed as explaining the diversity of sir-
tuin functions, including the regulation,
recruitment, and differential activity of
each of the family members.'”'®

The Sir2 family structure is based on
an NAD' binding Rossmann-fold
domain and a Zn*" binding domain. The
catalytic site is situated inside a hydro-
phobic channel formed between these 2
binding domains, so that the end of the
acetyllysine chain is located close to the
nicotinamide ribose of NAD"." As
expected, mutations in the conserved
residues along the NAD' binding
domain disrupt HDAC activity.”’

However, in contrast to other classes
of HDACsS, sirtuins do not use Zn>' in
their catalytic center’' but instead has a
structural role. Indeed, the SIRT2 zinc
module has a similar topology to the
RING finger motif, which in general
mediates protein-protein interactions.*’
The mechanistic similarities and signifi-
cant conservation of the catalytic domain
between sirtuins and the superfamily of
poly (ADP-ribose) polymerases (PARPs)
strongly suggest that sirtuins are directly
related to these enzymes.

The Different Faces of Sirtuin
Activity

One of the most important aspects
of sirtuin biology is the dual enzymatic
nature of the family. Sirtuins harbor 2
types of related enzymatic activity:
deacetylase activity, which in some meta-
bolic contexts can also be defined more

generally as a deacylase activity, and
mono-ADP-ribosyltransferase (ADPRT)
activity. Both appear to derive from the
general enzymatic reaction of sirtuins,
proposed by Sauve ef al.** in 2001. First,
the enzyme binds to NAD' in the pres-
ence of a substrate. Second, it breaks the
NAD' molecule, releasing nicotinamide
and retaining the resulting ADP-ribose
molecule. Third, in the case of deacety-
lation, the enzyme transfers the acetyl
group from the substrate to the ADP-
ribose molecule, releasing O-acetyl-
ADP-ribose  (OAADPr). Alternatively,
the ADPRT is active when, similarly to
what occurs with PARPs, instead of
transferring the acetyl group from an
acetylated-lysine substrate, the enzyme
transfers the ADP-ribose molecule to
another protein. The OAADPr molecules
generated in the deacetylation reaction
are themselves a potential second mes-
senger. The exact molecular functions
of OAADPr remain elusive, although
studies have suggested several targets
whose activity may be influenced, such
as histone macroH2A,” cation channel
TRPM2,** and yeast Sir2p-containing
complexes themselves.”>  Therefore,
OAADP1/ADP-ribose promotes path-
ways that suppress ROS accumulation.
At present, we do not completely
understand the nature of this catalytic
duality. Our current knowledge suggests
that the preeminence of any of these
activities or the existence of both in a
given sirtuin may be related to specific
differences between lineages. For
instance, the best-studied class II sirtuin,
SIRT4, appears to be mainly an ADP-
ribosyltransferase, while the vast major-
ity of class I sirtuins, such as mammalian
SIRT1 to SIRT3 or yeast sirtuins, show
robust deacetylase activity.® Evidence
suggests that class Il and IV sirtuins may
generally exhibit both activities (SIRT6,
pfSir2A, CobB), depending on the sub-
strate and functional context. However,
given our currently limited knowledge of
sirtuin substrates outside mammals, these
conclusions are not definitive and
will require periodic reconsideration.
For instance, we cannot rule out the pos-
sibility that all sirtuins may harbor both

enzymatic activities, using one or the
other in different contexts and with the
appropriate substrates. Some early stud-
ies by Frye' and Tanny ez al.*® suggested
that a majority of sirtuins, if not all, may
conserve the ability to ADP-ribosylate
certain proteins such as histones, BSA, or
even themselves, although the activity
might be relatively weak. This may have
important functional implications, given
the involvement of mono-ADP-ribosyl-
ation in regulating transcription, apopto-
sis, and protein translation as well as a
role in the signaling of the immune sys-
tem.”” Other groups have suggested that
this general activity is more likely to be
an inefficient side effect associated with
the deacetylase activity.® However, the
fact that an acetylated residue is not
required for ADPRT activity,” and that
certain point mutations in the conserved
catalytic domain of SIRT6 can stop its
deacetylation activity without altering its
ADPRT activity and vice versa,” sug-
gests that the 2 enzymatic activities are
different. This matter is still open to
debate.

Some recent studies performed in
class III sirtuins have also revealed 2
previously unknown enzymatic activi-
ties that recall the original direct involve-
ment of sirtuins in metabolism. First, the
mitochondrial SIRTS was identified as
an efficient desuccinylase and demalo-
nylase.’® The second activity, identified
in pfSir2A, is an NAD" glycohydro-
lase,”’ which is surprising since it sug-
gests an alternative use of NAD' by
sirtuins and may represent another regu-
latory level of metabolic control.

Many questions remain unanswered
concerning this matter. How is the dual
activity regulated in sirtuins harboring
both enzymatic activities? Could a sin-
gle substrate be the target of both activi-
ties? What makes one activity more
important than the other for a specific
substrate? Future studies should clarify
these issues.

The Diversity of Sirtuin
Substrates

Sirtuins were originally identified in
1996, as ADP-ribosyltransferases, when
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Table 1. Selected Sirtuin Substrates

HAT(s) Sirtuin(s) HAT(s) Sirtuin(s)
Chromatin related Metabolism
p300 p300 SIRTAH ACS1 n.d. SIRTA
SIRT2
MOF MOF SIRTH ACS2 n.d. SIRT3
Suv39h1 n.d. SIRTH PGC-1a GCN5 SIRTA
EZH2 n.d. SIRTA LXR n.d. SIRTA
Tip60 Tip60 SIRTH FXR p300 SIRTA
Stress related SREBP-1c CBP/p300  SIRT1
p53 CBP/p300  SIRTH LKB1 n.d. SIRTA
PCAF SIRT2
Tip60 SIRT3
FOXO1 CBP Sir2o PEPCK1 p300 SIRT2
(SIRTAH)
FOXO3a CBP/p300  SIRTH ALDH2 n.d. SIRT3
SIRT2
FOX04 CBP/p300  SIRTH Ndufa9 GCN5 SIRT3
NF-xB p300 SIRTA SdhA n.d. SIRT3
SIRT2
c-Fos n.d. SIRTH CPS1 n.d. SIRT5
c-Jun p300 SIRTH GDH n.d. SIRT3
SIRT4
c-Myc PCAF SIRT1 Other
Tip60 SIRT2
p300
HIF-1a p300 SIRTH CDH1 n.d. SIRT2
SIRT6
E2F1 PCAF SIRTH CDC20 n.d. SIRT2
Tip60
p300
DNA repair CyclophilinD n.d. SIRT3
Ku70 PCAF SIRTH RIP1 p300 SIRTA
CBP SIRT3
XPA CBP SIRTAH a~tubulin o-TAT SIRT2
p300
CtIP n.d. SIRT6 Cortactin PCAF SIRTAH
NBS1 PCAF SIRTH RAR- n.d. SIRTH
p300
PARP1 p300/CBP  SIRTH Tau p300 SIRTAH
PCAF

Note: These are classified into chromatin-related, stress-related, DNA repair, metabo-
lism, and other substrates. The sirtuins in charge of their deacetylation are indicated

in the third column. The table also includes the histone acetyltransferases (HATs), also
known as lysine acetyltransferases, responsible for the acetylation of each sirtuin substra

te 92,96,98,102,103,106,113,114,122,125,152,155,175,182,184,192-201

the Salmonella typhimurium protein
CobB was found to compensate for the
absence of CobT in the synthesis of
cobalamin (vitamin B12).**** In 2000,
NAD -dependent histone deacetylase
activity was reported in yeast Sir2p, the
founding member of the family, and was
shown to be essential for the role of Sir2p
in silencing. With the study of the mam-
malian members of the family, SIRT1 to
SIRT7, it soon became clear that sirtuin

n.d. = not determined.

deacetylase activity was not restricted to
histones, encompassing a whole new
world of nonhistone substrates. The first
of these substrates, identified for mam-
malian SIRT1, was the tumor suppressor
p53.2*® Since then, the list of nonhis-
tone substrates of the members of the
family has grown so long—to include
metabolic enzymes, chromatin machin-
ery (enzymes and structure) factors, key
transcription factors, cytoskeleton, and

many others (Table 1)—that it is difficult
to comprehend in its entirety.

A puzzling aspect of sirtuin activity is
that there does not seem to be a defined
consensus sequence in the regions they
target, as a group or individually. Pep-
tide library screening studies that aimed
to identify a common pattern for SIRT1
deacetylation substrates concluded that
the amino acid sequence around e-
Ac-lysine does not have any clear effect
on target selection.’’ Other enzymatic
studies have suggested that sirtuins pref-
erentially recognize acetyllysine in
unstructured regions within proteins.*®
In the case of ADP-ribosylation, no clear
consensus has been reached, although
some peptide studies suggest that there
may be some loose patterns favoring this
modification.’

In higher eukaryotes, sirtuins have
acquired important specific roles in dif-
ferent tissues, in many cases related to
metabolism and closely linked to the
endocrine system. They participate
actively in expression programs such as
those of development,’** differentia-
tion from specific tissues such as skele-
tal muscle,"’ WAT,* and the nervous
sys‘[em.43

Histone and Nonhistone
Chromatin Substrates

Despite its prokaryotic origin, the devel-
opment of chromatin in eukaryotes
appears to have been a milestone in sir-
tuin history since they underwent major
adaptation that enabled them to signal
stress conditions to the genome. For
this purpose, 2 new lineages intimately
related to chromatin, classes I and IV,
seem to have arisen in the early stages of
eukaryote evolution. Analysis of the
available data on the path that sirtuins
followed from lower to higher eukary-
otes reflects a very important and con-
sistent role for them in the control of
different processes through the direct
regulation of chromatin structure and
expression. This included not only the
new sirtuin lineages but also some of
the members of the original prokaryote
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lineages (such as the sirtuin class III
Plasmodium pfSir2A).***

The functions regulated by this “chro-
matin adaptation” range from the control
of metabolism homeostasis and survival
upon stress to the protection of genome
stability. Sirtuins perform these chroma-
tin functions through 3 mechanisms.

The main mechanism involves the
transcriptional silencing of a particular
region, which may encompass a single
gene, a defined set of genes, or a whole
locus. In most of the cases studied, the
silencing established by sirtuins is epi-
genetic and involves the formation of
compacted heterochromatin structures.
Two loci have been found to be consis-
tently epigenetically regulated by sirtu-
ins in early eukaryotes onwards:
nucleolar rDNA transcription and sub-
telomeric regions. Both seem to reflect
functional adaptations of sirtuins for
regulating different types of stress
through chromatin. In the first case, it
appears to be linked to the response to
metabolic and energetic stress in order
to control ribosome expression and
thereby protein production. This is a
very significant regulatory process since
it is an energetically expensive process
that is key to regulating proliferation.***’
Other important examples of sirtuin-
dependent silencing are the epigenetic
silencing of mating-type loci by the
yeast Saccharomyces cerevisiae Sir2p
and its ortholog Schizosaccharomyces
pombe spSir2p*® and the involvement in
antigenic variation through silencing of
certain sets of var genes of certain sirtu-
ins in protists such as Plasmodium.*">°

The second case, the subtelomeric
region, is mainly related to genotoxic
stress and is directly associated with a
second conserved mechanism of sirtuin
in chromatin: the regulation of chroma-
tin structure and organization in order to
maintain genome stability. The most
obvious cases are the conserved regula-
tion of telomere structure by sirtuins
from unicellular protozoa and yeast to
humans. Sirtuins have also adapted
to regulate the other great structural
chromosomal region or constitutive

heterochromatin, the pericentromeric
area. Constitutive  heterochromatin
refers to the regions that tend to have a
structural role and never decompact,
such as centromeres and telomeres, in
contrast to facultative heterochromatin,
which corresponds to regions that can be
compacted in response to certain pro-
grams or stimuli, such as development,
stress response, or differentiation, and
that can decompact when required.’’
Thus, in fission yeast S. pombe and
mammals, spSir2p and SIRT1 are
required for the formation and mainte-
nance of pericentromeric heterochroma-
tin structure.’*™

Another functional aspect closely
associated with the role of sirtuins in
protecting genome integrity is their con-
served role in signaling DNA damage
and DNA repair, as we discuss below.”**
Finally, another interesting aspect of sir-
tuins in chromatin is associated with the
global control of cell cycle progression,
as has been shown for mammalian
SIRT?2 (see below).

Histone substrates

Sirtuin chromatin—associated functions
are largely realized through the modula-
tion of epigenetic information by direct
deacetylation of specific histone acety-
lation marks (Fig. 2). In this regard, 2
modifications have been widely con-
served during evolution and are func-
tionally relevant to the function of
sirtuins: acetylation of histone H4 in
lysine 16 (H4K16Ac) and acetylation of
histone H3 in lysine 9 (H3K9Ac).
H4K16Ac has exclusive properties
due to its unique role in regulating chro-
matin structure.”® Its presence inhibits
the folding of the chromatin fiber in vitro
and therefore, as has been suggested,
also inhibits the formation of higher
orders of chromatin compaction. Acety-
lation/deacetylation of H4K16 has been
associated with epigenetic phenomena
throughout evolution, from silencing in
S. cerevisiae, through X-chromosome
dosage compensation in Drosophila, to
silencing in mammals.”” H4K16Ac has
also been linked to the regulation of cell

cycle progression,”® transcription, DNA
repair,”” and DNA replication.” More-
over, hypoacetylation of H4K16 has
been proposed as a hallmark of cancer.’'
The functional link between sirtuins and
H4K16Ac is mainly restricted to the
class I sirtuins, including yeast Sir2p and
mammalian SIRT1 to SIRT3.'>°%6*

The behavior of the other silencing-
related mark, H3K9, is very different
from that of H4K16. Deacetylation of
H3K9 is a requirement for subsequent
methylation in the same residue,
H3K9me?2/3, a hallmark of higher orders
of chromatin compaction or heterochro-
matin conserved from amoeba to
humans.” Among mammalian sirtuins,
class I SIRT1 and class IV SIRT6 are the
most functionally important H3K9Ac
deacetylases. SIRT6 H3K9Ac deacety-
lase activity is important for modulating
telomere structure and DNA repair of
double-strand breaks (DSBs).**

In the case of mammalian SIRTI,
deacetylation of H4K16Ac and H3K9Ac
is directly associated with the capacity of
SIRT1 to coordinate the formation of
constitutive and facultative heterochro-
matin.’**® Mammalian SIRT3 is mainly
a mitochondrial protein that acts as the
primary protein deacetylase.”” However,
a small SIRT3 subpopulation localizes in
the nucleus, where it participates in the
repression of key stress-related genes
through deacetylation of their promoters
in H3K9Ac and H4K16Ac.>® 1t is of
particular note that H4K16Ac deacety-
lation by SIRT2 is related to cell cycle
control and not to heterochromatin for-
mation.” The cytoplasmic protein SIRT2
and its yeast ortholog Hst2p show a very
strong preference for H4K16Ac. During
G 2/M transition, SIRT? is shuttled to the
nucleus, where it deacetylates H4K16Ac
globally before entering mitosis.**

Recently, a newly identified modifi-
cation involved in transcriptional regu-
lation, H3K18Ac, has been linked to
another class IV sirtuin, SIRT7.%” SIRT7
deacetylation and the consequent silenc-
ing of a specific set of genes were shown
to be crucial for maintaining the trans-
formed phenotype in cancer cells.”’
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Heterochromatin

Figure 2. Sirtuin functions and targets in the cell. The figure mainly shows sirtuin chromatin-related functions that complement each other or

differently regulate the same process.

Additionally, the enrichment of SIRT7
in nucleoli also underlines the positive
function of SIRT7 activity in regulating
RNA polymerase I transcription and cell
growth.®® Conversely to SIRTI, which
silences rDNA by additionally deacety-
lating H4K16Ac and H3K9Ac,” SIRT7
binds directly to the RNA polymerase I
complex, exerting a positive effect on
transcription. However, no deacetylation
substrate of the RNA polymerase I com-
plex has been identified.*®

Sirtuins have also been linked to
DNA damage signaling and DNA repair
through the deacetylation of another
mark, H3K56Ac. This is involved in
DNA damage signaling during S phase”

and is targeted by mammalian SIRT6"'
and the yeast sirtuins Hst3p and Hst4p."
Mammalian SIRT1 and SIRT2 are
also believed to deacetylate H3K56Ac
upon DNA damage.””” Histones H3
and H4 are not the only sirtuin
substrates among the core histones since
TrypanosomabruceiSir2PP1showsH2A-
and H2B-specific ADP-ribosyltransfer-
ase activity.”*

Another interesting functional rela-
tionship between histones and sirtuins
involves the linker histone H1. Mamma-
lian SIRT1, the ortholog of S. cerevisiae
Sir2p, has been shown to bind directly
and deacetylate the histone H1 isoform
H1.4 in lysine 26 (H1K26)*® during the

formation of facultative heterochroma-
tin in mammals. One of the contexts
in which HIK26Ac deacetylation by
SIRT1 may be also important is the for-
mation of heterochromatin by the
H3K27me3-specific histone methyl-
transferase EZH2 during development.*’
The SIRT1 ortholog, SIR-2.1, deacety-
lates H3K9Ac at subtelomeric regions
and induces the H3K27 methylation in
the germline and modulates the subcel-
lular localization of the linker histone
HIS-24 (H1.1) as part of heterochroma-
tin maintenance.”>’® Recently, Li ez al.”’
described a perfect protein co-localiza-
tion between SIRT1, histone H1 isoform
H1.5 (very similar to H1.4), and H3K9
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methylation in the genome of differenti-
ated mammalian cells.

SIRT1 is also responsible for the pro-
motion of 2 other heterochromatin-asso-
ciated marks: H3K9me3, leading to
constitutive and facultative heterochro-
matin, and H4K20mel, forming faculta-
tive heterochromatin.”>® Other studies
have linked SIRT1 and histone deacety-
lation activity to DNA methylation by
Dnmtl at a number of genomic loci,
such as nucleolar rDNA and some tumor
suppressor genes.”>” It should be noted
that Dnmtl activity is enhanced by
SIRT1 deacetylation.*

Nonhistone Chromatin
Substrates

Histones were the first acetylated pro-
tein to be identified,®’ and in 1996, his-
tone acetyltransferases (HATs) and
HDACs were found to be responsible
for their acetylation and deacety-
lation.** However, 1 year later, lysine
modification of a nonhistone protein
was confirmed with p53.** Since then,
many nonhistone proteins have been
found to be subject to acetylation/
deacetylation (Table 1 and Fig. 2).%
One of the most important features of
sirtuins in chromatin regulation is that
they have adapted to performing their
role in chromatin through the coordina-
tion of simultaneous events. These
events are not only based on direct his-
tone deacetylation but also on its inter-
play with other chromatin-associated
machinery, such as histone-modifying
enzymes and structural and transcription
factors (discussed below). This interplay
implies an interaction with, and in many
cases deacetylation of, many of these
factors in order to modulate their spe-
cific enzymatic activity and function. A
good example of this is the formation of
facultative heterochromatin by mamma-
lian SIRT1. The formation of compacted
chromatin depends not only on the direct
deacetylation of H3K9Ac and H4K16Ac
and the recruitment and deacetylation of
K26 in H1.4 (H1K26)*® but also on
the close functional relationship with

Suv39hl, the main H3K9me3-specific
activity in mammalian cells involved in
constitutive and facultative heterochro-
matin formation.*® SIRT1 promotes
Suv39h1 function through a sequence of
events. First, SIRT1 binds to Suv39hl,
increasing its protein stability.’ Next,
SIRT1 recruits Suv39hl to chromatin.
Finally, it promotes Suv39hl activity
through 1) deacetylation of H3K9Ac to
allow H3K9me3 methylation by
Suv39hl; 2) a conformational change
induced by the binding, which increases
the specific activity of Suv39hl; and 3)
deacetylation of Suv39hl in the cata-
lytic SET domain residue K266.* The
link between SIRTI and Suv39hl is
very important for the formation of con-
stitutive (pericentromeric and probably
telomeric) and facultative heterochro-
matin. In this context, a complex,
eNoSC, which contains SIRTI,
Suv39h1, and nucleomethylin, has been
identified.*® The complex forms under
stress conditions and contributes to the
production of silent chromatin in the
rDNA locus.”*™

Another interesting histone methyl-
transferase linked to SIRT1 is EZH2, a
Polycomb factor that is fundamental in
development and differentiation. SIRT1
and EZH2 are both components of the
PRC4 complex during development in
mammals, Drosophila, and possibly C.
elegans.***"" Although we have no evi-
dence that EZH2 is a deacetylation tar-
get of SIRTI, the high degree of
conservation of K266 in the SET domain
of EZH2 homologs suggests that this
may be the case.

Surprisingly, sirtuins target not only
other enzymes that work synergistically
with them to promote a function but also
very different types of enzymes, includ-
ing chromatin-related antagonists of sir-
tuin functions, such as HATs (Fig. 2).
These mechanisms probably ensure an
efficient fine-tuning response when sir-
tuins are activated upon stress. An
important example is the p300 HAT,
which has a preference for H3K9Ac,
H3K27Ac, H3K36Ac, H3K37Ac, and
H3K56Ac, among others,*** and acts as

a transcriptional co-activator required
for a wide range of important cellular
processes, such as those regulated by
Forkhead box class O (FOXO) factors,
p53, PARP1, and NF-kB. The close con-
trol of the p300 function is critical to
ensure the activation/repression of many
pathways and the maintenance of het-
erochromatin structure. Therefore, sir-
tuin family members regulate both p300
histone and nonhistone substrates and at
the same time inactivate p300 enzymatic
activity through deacetylation. This
mechanism has been most thoroughly
characterized in mammals with SIRT1
and SIRT2, but it is also known to be
conserved in yeast with Hst2p.”'™?
Another notable example is the antago-
nism between some sirtuins and the
MYST family of HATs. One member of
this family, MOF (also known as
MYST1), is the main H4K16Ac HAT in
mammals.”*** As described for p300,
SIRT1 deacetylates MOF and represses
its  enzymatic  activity (reducing
H4K16Ac even further), protein levels,
and chromatin localization.”® MOF is
not the only MYST family member
whose activity is negatively regulated
by SIRT1 deacetylation. Tip60, another
p300 substrate, involved in DNA dam-
age response (signaling and repair), is
also deacetylated by SIRT! in order to
regulate its protein levels and
activity.”*%®

A completely different type of inter-
play is established by sirtuins in the sig-
naling and regulation of DNA damage
and DNA repair. To date, the sirtuin
known to be most closely involved in
DNA repair is the human SIRT6.% This
has been implicated in DSB repair,
although it also participates in ssDNA
repair pathways, such as base excision
repair.”’ It is involved in the homologous
recombination repair pathway through
the deacetylation of CtIP'*'"" and in
nonhomologous end joining (NHEJ)
through the recruitment of DNA-PK to
damaged regions, where SIRT6 deacety-
lates H3K9Ac.”

Another important DNA damage
sensor, regulated by sirtuins, is the
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MREI11-RADS50-NBS1 nuclease com-
plex, which regulates cellular responses
to DNA DSBs. In this case, SIRT1 asso-
ciates with this complex and maintains
NBSI in the hypoacetylated state that is
required for its phosphorylation after
exposure to ionizing radiation.'” SIRT1
also participates in nucleotide excision
repair (NER), the major repair pathway
for ultraviolet (UV)—induced DNA dam-
age. In this case, SIRT1 interacts with
XPA mainly after UV irradiation and
deacetylates it as a requirement for the
optimal function of the NER pathway.
This deacetylation enhances XPAl
interaction with RPA.'” Consistent
with this, SIRT1 downregulation signifi-
cantly sensitizes cells to UV irradiation.

Sirtuin members can also show func-
tional antagonism. For instance, under
stress conditions, SIRT1 deacetylates
p300-acetylated PARP1 and blocks its
enzymatic activity,'™ inhibiting its abil-
ity to regulate NF-kB—dependent gene
transcription.'”'" Another example of
a DNA repair—associated substrate is
Ku70. Mammalian SIRT1 and SIRT3
promote survival by DNA repair by
deacetylating the DNA repair factor Ku
(Ku70 in mammals), which is involved
in the NHEJ pathway.'"”'"” The interac-
tion between yeast Sir2p and the Ku pro-
tein (its ortholog in yeast) has also been
described in the multiprotein SIR com-
plex, although no deacetylation has been
reported.'"”

Nonhistone/Chromatin-
Unrelated Substrates

Sirtuins are involved in a plethora of
functions within the 3 phylogenetic
domains of organisms (Fig. 2). From
prokaryotes through yeast to humans,
Sir2p homologs chiefly regulate the effi-
cient adaptation to stress conditions,
employing a range of mechanisms: 1)
chromatin structure and expression regu-
lation, 2) survival mechanisms, 3) meta-
bolic homeostasis, and 4) maintenance
of gene integrity. To achieve this, sirtuins
modulate the activity of histone and non-
histone proteins. Among the most repre-
sentativenonhistonechromatin—unrelated

targets are specific transcription factors
involved in stress survival, apoptosis
inhibition, cell proliferation, metabo-
lism, and many others.

Stress-related transcription
factors. One of the most important roles
of sirtuins is to promote survival under
stress conditions. This conserved role
is mainly realized through chromatin
regulation but involves several key
transcription factors that are directly
related to the main survival pathways.
Sirtuins not only promote silencing
of the gene targets directly regulated
by these transcription factors but also
selectively modulate, through specific
deacetylation, some of their functional
features, such as their DNA binding
affinity or their localization.

As mentioned above, p53 was the
first nonhistone substrate described for
sirtuins.**>° Acetylation at different p53
protein sites is correlated with its stabili-
zation and increases the recruitment of
p53 to target promoter regions for gene
activation in response to various cellular
stresses.!' !> These residues are acety-
lated by several acetyltransferases, but
SIRT1 only targets 2 of these modifica-
tions (K381 and K382), which are spe-
cifically acetylated by p300."*"* It is of
particular note that the residues targeted
by sirtuins are located in the C-terminal
regulatory domain, which is not con-
served throughout evolution.'” Mam-
malian  SIRT1  deacetylates p53,
promoting the cell survival and inhibi-
tion of senescence and apoptosis.***°
Supporting these observations, SIRT1
knockout mice show high levels of
apoptosis  in  thymocytes  upon
y-irradiation.'' Interestingly, SIRT2 and
SIRT3 also target p53. However, given
the different cellular locations of the 3
sirtuins (nuclear for SIRT1, cytoplasmic
for SIRT2, and mainly mitochondrial for
SIRT3), it is likely that the p53-specific
functions of each of them are determined
by their location."'*'* As it happens
with SIRT1, SIRT2 deacetylation activ-
ity seems to be necessary to reduce p53
activity and thereby promote cell sur-
vival."'” Interestingly, SIRT3 binds to

mitochondrially located p53 and deacet-
ylates it, inhibiting p53-dependent
growth arrest and senescence.''®

The members of the superfamily
FOXO of stress-related transcription
factors are among the best studied of the
nonhistone sirtuin substrates. However,
the regulatory effect of some sirtuins in
the functional regulation of these factors
is still controversial. For instance, SIRT1
deacetylates several of the mammalian
FOXO members but in some cases with
opposite effects, which suggests that the
functional context, such as the cell type
or the type of stress, is important for
determining the role of the FOXO-
related response."”'** In mammals,
SIRT1, SIRT2, and SIRT3 interact
and deacetylate the C-terminal domain
of FOXO proteins in the nucleus,
cytoplasm, and mitochondria, respec-
tively.'*'*12% This functional relation-
ship seems to have been conserved
throughout evolution. In fact, the
FOXO3a ortholog in yeast (Hemlp)
interacts with Sir2p and shuttles from
the cytoplasm to the nucleus during late
G, and early S phase or in response to
oxidative stress, although no deacety-
lation effect has been demonstrated.'”’
Therefore, Hcmlp nuclear localization
depends on the activity of Sir2p. This
regulation is actually conserved in
higher eukaryotes since the acetylation/
deacetylation of FOXOs in mammals
regulates, along with other translational
modifications, the location and activity
of these transcription factors.'*>'?%!
Similarly to yeast, the ortholog of Sir2p
and SIRT1 in C. elegans, SIR-2.1, regu-
lates the FOXO ortholog Daf-16, but no
acetylation has been described.*® This
may suggest that the conserved link
between sirtuins and FOXO does not
involve direct deacetylation in organ-
isms other than mammals. However, the
fact that the known SIRT1 lysine target
K262 in FOXOI1 is conserved in other
mammalian members of the FOXO fam-
ily, such as FOX0O3a and FOXO4, in
yeast Hcmlp, and in C. elegans Daf-16
suggests the opposite.'?""*° Further stud-
ies are required to resolve this apparent
contradiction.
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The c-Myc oncogene is another inter-
esting sirtuin substrate. In mammals,
SIRT1 and SIRT2 regulate the levels of
oncogene proteins. Both proteins
increase c-Myec stability, enhancing acti-
vation of its transcription targets.">'"**
Once again, sirtuin substrates and activi-
ties overlap, suggesting a higher level of
modulation, possibly as a result of dif-
ferent stimuli.

Some members of the basic leucine
zipper (bZIP) family, c-Fos and c-Jun,
are also SIRT1 substrates. SIRT1 nega-
tively modulates cell proliferation, dif-
ferentiation, inflammation, and
apoptosis by binding and deacetylating
their bZIP domain, repressing AP-1
transcriptional activity.”’* NF-kB is
another transcription factor that is regu-
lated by acetylation patterns that depend
on p300 and sirtuin activity. NF-xB con-
trols the expression of genes that affect
important cellular processes, such as cell
cycle, angiogenesis, adhesion, and apop-
tosis.*>"*® The p65 subunit is acetylated
in several lysine residues, some of which
are deacetylated by SIRT1 in the nucleus
and SIRT2 in the cytoplasm."”” These
lysines are not conserved throughout
evolution. This is of particular note since
NF-xB has been considered a metazoan-
specific transcription factor until the
recent discovery of orthologs in cnidari-
ans and the single-celled eukaryote Cap-
saspora owczarzaki."®

Hypoxia-inducible factors (HIFs) are
also important stress-related factors reg-
ulated by sirtuins. SIRT1 deacetylates
and inactivates HIF-1a, so that during
hypoxia, SIRT1 is downregulated,
allowing the acetylation and activation
of HIF-1a.."* SIRT6 also represses HIF-
la transcriptional activity, in this case
by deacetylating H3K9 at HIF-1a. target
gene promoters. In this case, SIRT6-
dependent HIF-1a regulation maintains
the efficient flow of glucose into the
TCA cycle under normal nutrient condi-
tions.'*’ Therefore, once again, different
sirtuins regulate the same substrates in
response to different stimuli.

The last of the representative stress-
related transcription factors is E2F1,

which is important for regulating cell
cycle progression and apoptosis. In the
absence of p53, E2F1 is a significant
mediator of the apoptotic response to
DNA of p53 damage, and its deacety-
lation by SIRT1 negatively influences
its transcription activity.'*! In the C.
elegans germline, it has been reported
that the retinoblastoma gene homolog
lin-35 and the E2F-like transcription
factor components efl-2 and dpl-1 are
required for irradiation-induced germ
cell apoptosis,'* but no link to SIR-2.1
has been described.

Metabolism

Since the pioneer studies in 1996 that
linked prokaryotic sirtuins with metabo-
lism,” the number of sirtuin targets has
been  increasing  markedly.>*'?"*
Eukaryote sirtuins have a degree of
redundancy as several members regulate
the activities that the single sirtuin found
in prokaryotic cells is claimed to govern
in bacteria.'**'* With the evolution of
eukaryotes, the cell had to adapt to regu-
late more than one cellular compart-
ment, which gave rise to enzyme
diversification with partially overlap-
ping functions.

ACS seems to be the best-conserved
and most frequently targeted sirtuin sub-
strate in metabolism, ranging from the
bacterial CobB'**'** to the mammalian
SIRT1 and SIRT3 deacetylases.'*
Although there is no evidence of the
existence of nonhistone substrates for
yeast Sir2p and its orthologs, it has been
hypothesized that Hst3p and Hst4p are
required for acetyl-CoA production due
to their capacity to grow on acetate or
propionate growth media.'*’ Recently, it
has been proposed that the ACS acetyla-
tion/deacetylation mechanism controls
energy homeostasis when cells are
growing on an acetate carbon source.'*

SIRT1 is involved in metabolic regu-
lation at different levels. As mentioned
elsewhere, an obvious mechanism is
that of direct deacetylation of nuclear
metabolic enzymes, such as the nuclear
ACS isoform (AceCS1)."*® However,
the main mechanism by which SIRT1

regulates metabolic homeostasis is chro-
matin regulation, which it achieves by
promoting tissue-specific silencing or
activation of a different set of metabo-
lism-related genes. Intimately linked to
the endocrine system, SIRT1 partici-
pates in the expression program of a
wide variety of nuclear hormone recep-
tors and other master regulators of
metabolism such as PGC-la or
PPAR-y.**'*"% " These mechanisms
involve binding of SIRT1 to the factor
and probably deacetylation. In some of
these cases, such as PGC-la, SIRT1
seems to participate directly in the acti-
vation of its gene targets,'*’ while in oth-
ers such as PPAR-y, SIRT1 represses its
activity by interfering with the binding
of the master regulator with its co-
repressor complex (such as SMRT or
NcoR).*? As an example, SIRT1 coordi-
nates lipid metabolism by 1) deacetylat-
ing nuclear receptors; 2) deacetylating
transduction signaling enzymes, such as
the liver X receptor (LXR) and the
farnesoid X receptor (FXR); 3) repress-
ing SREBP-1c in the context of hepatic
lipid synthesis; and 4) activating AMPK
(via deacetylation of LKB1),'4¢-13!-134

SIRT2, the cytoplasmic sirtuin, is
also involved in metabolism. This mem-
ber of the family regulates the gluconeo-
genesis pathway through another p300
substrate, the enzyme PEPCK1. SIRT2
deacetylates and stabilizes the protein.
Indeed, downregulation of SIRT2
expression in the liver of mice decreases
blood glucose levels.'*

As expected, mitochondrial sirtuins
are mainly involved in metabolic regula-
tion. For instance, SIRT3 regulates
metabolism processes based on promot-
ing energy production and is the main
mitochondrial deacetylase."® Among
the known mitochondrial substrates,
some of its most significant deacety-
lation targets are the mitochondrial ACS
isoform (AceCS2), the TCA cycle—
related enzyme glutamate dehydroge-
nase (GDH), mitochondrial ALDH2, the
detoxifying MnSOD,"’” some subunits
of the NADH dehydrogenase (complex
I), and the succinate dehydrogenase
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(complex II) of the electron transport
chain. 158162

The other mitochondrial sirtuin with
deacetylase activity is SIRTS5, which
upregulates the catabolism of ammonia
in the urea cycle by deacetylating car-
bamoyl phosphate  synthetase 1
(CPS1).'® Although SIRT5 has a weak
deacetylase activity against the histone
H4 peptide,'® its activity against CPS1
is robust, suggesting that other specific
substrates may exist.'” As mentioned
above, SIRTS is also an efficient desuc-
cinylase and demalonylase.'®® Lysine
malonylation and succinylation occur on
several mammalian proteins; indeed,
many mitochondrial proteins were found
to contain lysine malonylation and suc-
cinylation. Interestingly, lysine succi-
nylation of proteins was also found in
bacteria,'®'"” but protein lysine malo-
nylation had not been reported
previously.*

SIRT4 regulates amino acid catabo-
lism through repression of the enzymatic
activity of GDH by mono-ADP-
ribosylation.”>'**1%1% The effect on
this substrate is the opposite to that of
SIRT3 activity, suggesting that the 2
activities are antagonistic in some other
contexts. Indeed, the SIRT4 knockout
mouse phenotype shows the opposite
features to those observed in SIRT3
deficiency. Moreover, SIRT4 requires
SIRTI to regulate fatty acid oxidation,
respiration, and AMPK phosphoryla-
tion,'”” which also implies that SIRT4
has a role in the sirtuin-dependent coor-
dinated response in metabolism. There
is evidence that SIRT4 can also regulate
insulin secretion in response to glucose
through the insulin-degrading enzyme
and the subunits ANT2 and ANT3 of the
ATP/ADP translocase. However, no
ADP-ribosylation has been described,
despite evidence that they interact.'”

Other unrelated targets. Further
sirtuin targets are involved in other
important functions, such as signal
transduction, cellular structure and
integrity, and cell cycle regulation,
among others. For instance, SIRT2

participates in cell cycle control through
H4K16Ac regulation and probably also
through its functional relationship with
p53.9'"2 However, SIRT2 has also been
associated with the control of mitotic
exit by regulation of the APC/C regula-
tory complex. SIRT2 deacetylates and
activates APC/C co-activators CDHI
and CDC20.'” SIRT1 has also been
treated as an antitumorigenic sirtuin due
to its inhibitory effect on the B-catenin
pathway.'”*

Other remarkable sirtuin substrates
are cyclophilin D and RIP1. Both are
involved in necrotic cell death but are
activated by the deacetylation activity of
SIRT3 and SIRT2, respectively.'>'"®

Sirtuins are also related to the
maintenance of cytoskeleton dynamic
structure. North er al.'® were the first
to report the relationship between
SIRT2 and the o-tubulin acetylation
level. SIRT2-mediated o.-tubulin deacet-
ylation seems to be important for
mitotic entry, mitosis progression,'””'"®
and axonal degeneration.'” However,
there is still some controversy about
this function'® since no acetylation/
deacetylation processes have been
described in yeast in which Sir2p plays
an important regulatory role. Indeed, the
a-tubulin acetylation pattern was previ-
ously related to microtubule destabiliza-
tion by HDACS6, first reported by
Hubbert et al."®' SIRT1 is also involved
in cytoskeleton regulation. Indeed, this
sirtuin deacetylase inhibits cortactin, a
cytoskeletal protein that promotes actin
polymerization and stabilizes actin
branching.'®

SIRT1 functions are involved in sev-
eral diseases, such as Alzheimer disease,
in which SIRT1 deacetylates 2 impor-
tant neural proteins, the retinoic acid
receptor B (RAR-B) and the microtu-
bule-associated protein tau. In the first
case, SIRT1 acts to stimulate the RAR-3
protein and  therefore increases
ADAMIO transcription and o-secretase
production.'® In the second case, SIRT]1
deacetylation of the tau protein prevents
the accumulation of phosphorylated
tau.'™ Both types of regulation have a

protective effect on neurons and may act
in a complementary way.

Histone Versus Nonhistone
Substrates

The study of sirtuins has progressed rap-
idly in the past decade. From the initial
isolated studies in organisms such as
yeast, we have now started to assemble
an integrated, overall picture of the role
of sirtuins based on the study of all the
functions associated with the different
family members and their trajectories
through the course of evolution. The dis-
covery that nonhistone proteins can also
be targets of reversible lysine acetyla-
tion/deacetylation revealed a whole new
regulatory layer to what had been con-
sidered for a long time a territory exclu-
sive to histones.

The number of known nonhistone sir-
tuin substrates in mammals has grown
considerably since 1997 and currently
numbers more than 50. The contrast
between this figure and the limited list
of histone targets has given rise to an ill-
founded discussion in the field that
implies a preeminence of nonhistone
over histone substrates in sirtuin-associ-
ated functions. It should be stressed that
most of our knowledge comes from the
best-studied sirtuin to date, SIRTI.

Several lines of evidence indicate the
seminal involvement of histones in
eukaryotic sirtuin function. A first
important issue is the degree of conser-
vation of histones as substrates. If we
exclude some metabolic enzymes, his-
tones are the only group of sirtuin sub-
strates completely conserved in all
eukaryotes (Fig. 3). Consistent with this,
the vast majority of members of the
eukaryote-exclusive sirtuin lineages,
classes I and IV, appear to be exclusively
histone-modifying enzymes,” suggest-
ing that this was their original basal
function. One of the best examples of
the chromatin-oriented behavior of sir-
tuins during evolution is found in the
Alba protein of archaea. In this organ-
ism, the only sirtuin member regulates
chromatin compaction through the
deacetylation of the major nonhistone
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Figure 3. Protein alignments using ClustalW. (A) Histone H3 alignment: alignment among eukaryotes versus archaea H3. (B) Alignment between
archaea Alba protein and human histone H4. As it is shown, the sequence around the K16 residue is conserved in both cases. (C) FOXO protein
alignment (fragment) from S. cerevisiae (Hcm1p) and C. elegans (Daf-16) to human homologs. The lysines known to be deacetylated by sirtuins in any
of them are highlighted. (D) Alignment of p300 using S. cerevisiae (Rtt109p), Ostreococcus, C. elegans (cpb-1), and human homologs. Alignment of
2 different regions of the p300 homologs containing SIRT1 and SIRT2 lysine targets.

architectural DNA binding protein,
Alba.’ Interestingly, archaea histone
proteins are organized in octamers, with
significantly shorter tails that do not sus-
tain posttranslational modifications.'® It
has been suggested that Alba is a struc-
tural linker chromatin protein similar to
eukaryotic histone H1, but it actually
has a strong similarity with the histone
H4 sequence around K16 (Fig. 3)."® In
fact, although Alba seems to be con-
served in all eukaryotes (Fig. 3), its
function in archaea is only relatively
conserved in some lower eukaryotes,
such as protozoa. In contrast, in the
rest of the eukaryotes, Alba has become
specialized to participate in RNA
metabolism.'*

Analysis of all sirtuin substrates iden-
tified so far suggests that most of these

nonhistone substrates have been
acquired relatively recently and proba-
bly reflect the increased complexity, cell
differentiation, and wide variety of
physiological environments found in
higher eukaryotes. Two examples of this
adaptation are p53 and NF-xB. p53 is
conserved from invertebrates, such as
Drosophila and C. elegans, to humans.
NF-kB also seems to have been acquired
in the lower eukaryotes. In both cases,
there is no evidence of any acetylation/
deacetylation event in nonmammalian
orthologs. In fact, the protein sequence
of these orthologs is poorly conserved
throughout evolution, including the
known acetyllysines targeted by the
mammalian sirtuins (Fig. 3). On the
other hand, members of the FOXO
superfamily show a high level of

conservation of the acetylated lysines
that are targeted by sirtuins in mammals.
Although this family’s functions are not
conserved among the different ortho-
logs, all FOXO members appear to be
regulated by sirtuins. However, no sir-
tuin-dependent deacetylation has been
reported in organisms other than mam-
mals. This may not indicate a conserved
role but suggests the possible existence
of a conserved target sequence. In other
cases, a conserved functional link of
sirtuin-dependent deacetylation from
lower to higher eukaryotes is clear. This
is the case for p300, which nevertheless
does not show conservation of the lysine
residues targeted by sirtuins in different
organisms. Taken together, these obser-
vations suggest that many sirtuin-
dependent regulatory  deacetylation
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events may have appeared later in evolu-
tion. Another interesting example of the
recent specialization of sirtuins is the
case of mammalian SIRT3 and its role as
the main mitochondrial deacetylase.'®’
SIRT3 and SIRT2 share an ortholog
from early eukaryotes to Drosophila.
However, mammalian SIRT2 localizes
mainly in the cytoplasm, has identical
H4K16Ac specificity, and regulates
global levels of H4K16Ac during the
cell cycle,” as does its yeast ortholog
Hst2p. This suggests that SIRT2 is the
functional ortholog of Hst2p. Therefore,
mammalian SIRT3 and its mitochon-
drial functions may be a very recently
evolved functional adaptation.

A substantial proportion of nuclear
substrates identified for sirtuins are actu-
ally chromatin-related factors and are
involved in the 3 main roles of sirtuins in
chromatin: regulation of compacted het-
erochromatin, transcriptional silencing,
and protection of genome integrity.
These substrates include structural pro-
teins such as linker histone H1, chroma-
tin-modifying enzymes such as histone
and DNA methyltransferases (Suv39hl,
Dnmtl), HATs (p300, MOF, Tip60),
repair factors (XPA, NBS1), and spe-
cific transcription factors involved in
a wide range of functions, such as
stress survival, development and differ-
entiation,  metabolic =~ homeostasis,
and endocrine activity, among others.
Remarkably, most of these cases also
require previous direct deacetylation of
histones by sirtuins, as has been noted
for SIRT1 and SIRT6. Together, these
observations suggest that histones are at
the core of sirtuin functions, to which
many different regulatory layers have
been added. A likely explanation is that
the larger genome size and its packing
capacity'®® evolved to coordinate chro-
matin machinery that includes nonhis-
tone proteins.

Finally, it is important to note that this
discussion is not restricted to sirtuins
exclusively but represents a complete
change in the paradigm that has been
accepted for more than 40 years and that
has regarded these enzymes basically as
histone enzymes and not more generally

as protein enzymes. Today, we know that
more than 2,000 proteins are acetylated
in mammalian cells"*'* and therefore
that acetylation is a much more signifi-
cant and frequent regulatory mechanism
than we previously appreciated. For
instance, the number of targets of the
other HDAC:s is probably as important as
that of the sirtuins, at least among nuclear
proteins. The importance of histone
methylation may be about to receive due
recognition, albeit probably not on such
a large scale, thanks to the growing list
of proteins that are known to be
methylated."”’

Final Remarks

In the last decade, extraordinary prog-
ress has been made in the field of sirtuin
research towards defining the basic
mechanisms that account for the conser-
vation of sirtuins throughout evolution.
Some of the most important matters
regarding this family of enzymes remain
unexplained, such as the nature of
the enzymatic duality and the targets
and functional implications of ADP-
ribosylation activity. Considerable effort
will be required in the coming years to
complete our integrated and global pic-
ture of sirtuin biology.
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