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B Abstract The yeast SIR protein complex has been implicated in transcription
silencing and suppression of recombination. The Sir complex represses transcription
at telomeres, mating-type loci, and ribosomal DNA. Unlike SR3 and SIR4, the SIR2
geneishighly conserved in organisms ranging from archaea to humans. Interestingly,
Sir2 is active as an NAD *-dependent deacetylase, which is broadly conserved from
bacteria to higher eukaryotes. In this review, we discuss the role of NAD™, the
unusual products of the deacetylation reaction, the Sir2 structure, and the Sir2
chemical inhibitors and activators that were recently identified. We summarize the
current knowledge of the Sir2 homologs from different organisms, and finaly we
discuss the role of Sir2 in caloric restriction and aging.
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THE DISCOVERY AND IDENTIFICATION OF SIR2

Studies in yeast have led to the identification of cellular factors that are required
for transcriptional silencing. Among these are the proteins encoded by the yeast
SIR genes, which are responsible for silencing at repeated DNA sequences in
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yeast: mating-type loci, telomeres, and rDNA. SR2, SR3, and S R4 genes are
required for silencing at mating-type loci (1) and telomeres (2), whereas the
SR2, but not the SIR3 and the SIR4, is required for silencing in the rDNA (3, 4).
Silencing causes a closed, inaccessible regional chromatin structure, as assayed
by various probes of DNA accessihility (5, 6). Silencing requires particular lysine
residues in the amino-terminal tail of histones H3 and H4 (7-9). These and other
lysine residues of the tail are acetylated in active chromatin but deacetylated in
silenced chromatin (9, 10). The deacetylated histones can fold into a more
compact, closed nucleosomal structure (11). Due to global deacetylation of yeast
histones observed when the SIR2 was overexpressed (10), Sir2 was suggested to
be a histone deacetylase. However, early attempts to demonstrate histone
deacetylase activity for Sir2 were not successful.

Unlike the SR3 or SR4, the SR2 gene is highly conserved in the organisms
ranging from archaea to humans (12). Studies on a bacterial homolog, cobB, led
to the conclusion that this gene could substitute for another bacterial gene, cobT,
in the pathway of cobalamin synthesis (13). The cobT encodes an enzyme that
transfers a ribose-phosphate moiety from nicotinic acid mononucleotide (NMN)
to dimethyl benzimidazole. Thus, it seemed possible that Sir2 proteins might
catalyze a similar but different reaction because the cobalamin pathways are not
present in yeast or mammals. Frye (14) showed that Sir2 proteins from bacteria,
yeast, and mammals were able to transfer an ADP-ribose group from NAD™ to
a protein carrier. Subsequent work by others proved that the Sir2 protein was
indeed an ADP-ribosyltransferase in vitro, and its activity was essentia for
silencing in vivo (15). Imai et a. (16) discovered that the amino-terminal tails of
histone H3 or H4 peptides could accept ADP-ribose from NAD™, but only if the
peptides were acetylated. Through mass spectrometry, they showed that the
relative molecular weight of the product was actually smaller than that of the
substrate by 42 Da, indicating that the major modification catalyzed by Sir2 was
deacetylation and not ADP-ribosylation. When NAD™* was omitted from the
reaction, Sir2 exhibited no deacetylase activity. NADH, NADP, and NADPH
could not substitute for NAD™ in this reaction. Landry et al. (17) characterized
the role of SIR2 and HST2 in a nicotinamide-NAD™ exchange reaction. HST2
had NAD " -dependent deacetylase activity (17). Smith et al. (18) also character-
ized SIR2 and HST genes as an NAD*-dependent deacetylase. They also first
showed that mutation, which lowered NAD " synthesisin vivo, compromised the
silencing activity of SIR2p.

CATALYTIC MECHANISM

The Sir2-dependent deacetylation reaction is different from other HDACs. Here
we review the role of NAD™ and the unusual reaction products. Finaly, we
discuss the possible biological role of those products.
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Figure 1 Coupling of deacetylation to NAD cleavage and acetyl transfer from substrate
to ADP-ribose by Sir2 and Sir2-like proteins. (A) The overall reaction scheme. (B)
Structures of NAD™ and 2'-O-acetyl-ADP-ribose, the novel compound produced by Sir2
and Sir2-like proteins, are shown. NAM = nicotinamide.

An important clue for the molecular mechanism of Sir2 activity came from the
stoichiometry between deacetylation and NAD™ breakdown. For each acetyl
lysine that was deacetylated by Sir2, one NAD* molecule was cleaved (17, 19,
20) to produce unexpected products, nicotinamide and O-acetyl-ADP-ribose,
instead of the predicted nicotinamide and ADP-ribose (Figure 1) (19, 20). The
O-acetyl-ADP-ribose was generated from the transfer of an acetyl group from
substrate to the ADP-ribose moiety of NAD™ (19, 20). It was clear that Sir2 has
two coupled enzymatic activities, deacetylation and NAD™ breakdown, that
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produce a new compound, O-acetyl-ADP-ribose. These two enzymatic activities
and the novel enzymatic reaction product raise important questions: Why is an
energetically favorable reaction (deacetylation) coupled to NAD™ hydrolysis,
and what is the biological role of O-acetyl-ADP-ribose?

The NAD™ dependence of deacetylation by Sir2 may possibly provide
regulation of the biological functions of the Sir2, such as gene silencing,
metabolism, and aging. It was proposed that O-acetyl-ADP-ribose has a unique
cellular function that may be linked to the Sir2 gene-silencing effect, raising the
possibility that this product had an important signaling role as a cofactor for its
catalytic activity (20). In support of this notion, a quantitative microinjection of
exogenous O-acetyl-ADP-ribose into starfish oocytes delayed oocyte maturation
(21). Interestingly, a group of enzymes, the Nudix hydrolase family, can
hydrolyze O-acetyl-ADP-ribose (22).

STRUCTURE OF THE SIR2 FAMILY PROTEINS

The structures of Sir2 homologs have been determined (archaeal Sir2 homolog
sir2-Afl, human SIRT2, and archaeal sir2-Af2). Here, we discuss the Sir2
structure and the implications of the structure in our understanding of the Sir2
family.

The structure of an archaeal Sir2 homolog sir2-Afl reveaed that the protein
consists of alarge domain of a classical open o/B, Rossmann-fold structure and
asmall domain of « three-stranded antiparallel B-sheet, two a-helices, and along
loop (23). The structure of the human SIRT2 was later solved and compared to
that of the sir2-Af1l. The two enzymes shared a similar domain architecture. The
large domains had an identical topology but only part of the Rossmann folds
could be aligned (24). One NAD™ molecule was bound in a pocket between two
domains, and it adopted an extended conformation, which was found in Ross-
mann-fold NAD*-bound proteins. Moreover, the NAD* molecule was oriented
in an inverted orientation in contrast to other NAD *-bound proteins. In the open
conformation, the large domain formed the floor, and the small domain formed
the ceiling of the NAD™-binding pocket. The majority of the SIR2 family
members contain a motif of Cys-X-X-Cys-(X)15-20-Cys-X-X-Cys in the con-
served domain, which binds to Zn™ ion (23).

The structure of archaeal sir2-Af2 complexed with an acetylated p53
peptide was solved. The p53 peptide lies in the large groove between the
Rossmann fold and the small domain. The N terminus of the peptide was
close to the zinc-binding domain, and the C terminus was close to the flexible
loop region (Figure 2) (25). The key Sir2-Af2 peptide-binding residues were
conserved in other Sir2 proteins. The side chain of the acetyl-lysine residue
(K-Ac382) fits into a tunnel that led to the NAD™ binding site. Two amino
acids at the N terminus from the Ac-Lysine and five amino acids C-terminal
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Figure 2 Cartoon representation of the overal structure of the Af2 and p53
acetylated peptide complex. The reverse Rossmann fold is shown in green and
orange. The helical module is shown in yellow, and the disordered region represented
as small circles. The zinc-binding module is shown in dark blue, the FGE loop in
cyan, and the p53-KAc382 peptide in red.

to the Ac-Lysine of p53 peptide were included in the electron density map.
The dominant role of peptide backbone hydrogen bound in substrate binding
and the limited extent of substrate side chain buria result in only weak
selectivity for certain side chains (25).

In conclusion, the Sir2 solved structure adds to our understanding of the Sir2
family. One issue that has not been explained by the structure is the substrate
specificity of the Sir2 enzyme. To understand this issue, other techniques, such
as identification of the in vivo substrate by two-dimensional acetylated gels or
peptide library screening, may be utilized.
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INHIBITORS AND ACTIVATORS

Severa different chemical compounds have been shown to inhibit the deacety-
lase activity of the Sir2 family. One inhibitor, splitomicin, was identified in a
6000 chemical compound screen. Treatment with splitomicin disrupted silencing
at the HML, HMR, and telomeric loci of the budding yeast. Interestingly,
transcriptional profiles of splitomicin-treated cells mimic those of a sir2 mutant.
Splitomicin inhibits the NAD " -dependent deacetylase activity of Sir2 in vitro
(26).

Another inhibitor was identified in a high-throughput phenotypic screen. This
inhibitor, sirtinol is derived from 2-hydroxy-1-napthaldehyde. Sirtinol interferes
with body axis formation in Arabidopsis (27).

Nicotinamide, a product of the Sir2 deacetylation reaction, is an inhibitor of
Sir2 activity both in vivo and in vitro. In yeast cells, exogenous nicotinamide
derepresses al three Sir2 target loci, increases recombination at the rDNA loci,
and shortens life span, comparable to that of the sir2 mutant (28). Nicotinamide
has been shown to inhibit a Sir2 homolog, SIRT1, a negative p53 regulator,
promoting p53-dependent apoptosis in mammalian cells (29, 30). To prove that
Sir2 was regulated by the changes in nicotinamide levels, Anderson et al. (31)
showed that the PNC1, which encodes an enzyme that deaminates nicotinamide,
was both necessary and sufficient for life span extension by depleting nicotin-
amide (Figure 3, yeast). Characterization of the base-exchange reaction revealed
that nicotinamide regulates Sir2 activity by switching between deacetylation and
base exchange (32).

Small molecules that stimulate the SIRT1 deacetylase activity were recently
identified. Two of these activators, quercetin and piceatannol, are structurally
similar to each other. These compounds stimulate SIRT1 activity by more
than severalfold. A secondary screen within the quercetin and piceatannol
family identified 15 additional SIRT1 activators. The most potent activator
was resveratrol, a polyphenol found in red wine, which is implicated in a
number of health benefits. In vitro, resveratrol lowers the K, values for the
acetylated peptide and NAD™ by 35 and 5 times, respectively. At a low
concentration, resveratrol increased the yeast life span by 70%, whereas a
high concentration had only partial effect. Resveratrol did not further extend
the life span of caloric restricted yeast, indicating that they probably act
through the same pathway. In human cells, treatment with a low concentra-
tion of resveratrol increased cell survival following DNA damage. Moreover,
alow resveratrol concentration decreased the acetylation of p53 at the lysine
residue 382, a known SIRT1 substrate; however, a high concentration caused
the opposite (33).

In conclusion, a large number of chemical activators and inhibitors were
identified in the recent years. Those compounds may help us to further under-
stand Sir2 biology.
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Figure 3 Model showing how Sir2 may extend the life span of yeast, Caenorhabditis
elegans, and humans. The role of Sir2 in these organisms is discussed in the text.

CELLULAR LOCALIZATION, PROTEIN INTERACTIONS
AND PROTEIN SUBSTRATES

The amount of data on the cellular localization, protein interactions, and sub-
strates of the Sir2 family members are rapidly increasing. In Table 1, we
summarize the current knowledge of the most important Sir2 family members. In
Figure 4, we aligned the sequences of Sir2 substrates, in order to find a consensus
sequence.

Yeast Sir2

Sir2 AS A DEACETYLASE ~ Since Sir2 was discovered to be an NAD *-dependent
deacetylase, significant progress in the Sir2 substrates and Sir2 chromatin binding
sites has been made. In this section, we summarize the recent discoveries. To learn
more about the yeast Sir2, you may read other recent reviews (34-37).

The Sir2 enzymatic activity is not required for the initial binding, but it is
important for the association with the regions distal to the nucleation sites. At the
rDNA sites, histone H4 was hypoacetylated in a Sir2-dependent manner (38).

With a genome-wide acetylation microarray, Gruastein and colleagues (39)
showed that a SR2 deletion leads to hyperacetylation of subtelomeric regions,
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TABLE 1 Sir2 family members

Subcellular
Gene localization Interactors Targets Activity
Sir2 (yeast) Nucleolus (86) RAP1 (87) Histone H3 Deacetylase (16)
(K9) (K14)
Telomeres (77) SIR4 (88) H4 (K16) (16)
Netl (89)
CobB Acetyl-CoA Deacetylase (44)
synthetase
(44)
Archaeal Sir2 Alba (46) Alba (46) Deacetylase
ADP ribosyl
transferase (46)
dsSIR2 Nucleus (47) Hairy (48) Histone H4 Deacetylase (47, 48)
(Drosophila) (K5) (K8)
(K12) (K16)
SIRT1 Nucleus (29, 30) p53 (29, 30)  Histone H3 Deacetylase (16)
PML bodies (57) PML (57) (K9 & 14)
PCAF/GCN5  H4 (K16) (16)
(53) p53 (k382)
CTIP2 (63) (29, 30)
HES1 (62) TAFI68 (61)
PCAF/MyoD
(53)
SIRT2 Cytoplasm (68, 69) HDACS6 (68) Tubulin (68) Deacetylase (68, 69)
SIRT3 Mitochondria Deacetylase (72, 90)
(72, 90)
SIRT4 Not active (68)
SIRT5 Deacetylase (68)
SIRT6 Not active (68)
SIRT7 Not active (68)

less than 4 kb from the telomeric ends, the mating-type loci (HML and HMR),
and the rDNA loci.

Deletion of SR2 caused an increase in histone H3 and H4 acetylation within
the rDNA region. The largest increase in acetylation occurred on histone H3 (40).

Two Sir2-containing protein complexes were identified via biochemical puri-
fication. One complex includes Sir4 and is active as an NAD " -dependent histone
deacetylase, whereas another complex contains Net1, which isapart of nucleolar
silencing and the telophase exit (RENT) complex and recruits Sir2 to the rDNA
loci, and possesses a deacetylase activity that is only partialy dependent on
NAD™. Both complexes efficiently bind to nucleosomes (41). All of these data
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Sir2 deacetylation consensus sequences

H3(9) ARTKQTARKSTGGKAPRKQLATKAA
H3(14) ARTKQTARKSTGGKAPRKQLATKAA

H4(16) AGGKGGKGMGAKVGAKRHS

P53(382) HLKSKKGQSTSRHKKLMFKTEGPDSD

TUBULIN MERLSVDYGKKSKLEFSIYP
Alba MSSGTPTPSNVVLIGKK
Consensus K(v/s)(vm)GGKKXXK

Figure 4 Sir2 family deacetylation target consensus sequences. The amino acid
sequence of the Sir2 targets are shown: H3(9), histone H3 lysine 9; H3(14), histone
H3 lysine 14; H4(16), histone H4 lysine 16; p53(382), p53 lysine 382; TUBULIN,
tubulin; and Alba, alba. The Sir2 target consensus sequence is indicated.

indicate that, in budding yeast, the histone deacetylation is the major biological
function of Sir2.

SCHIZOSACCHAROMYCES POMBE Sir2  The Schizosaccharomyces pombe Sir2 is
the closest Sir2 homolog. Similar to Saccharomyces cerevisiae Sir2, it is an
NAD™-dependent deacetylase with histone H3 lysine 9 and H4 lysine 16 as
substrates. In vivo the S pombe Sir2 regulates silencing at the donor mating-type
loci, telomeres, and the inner centromeric repeats but not at the rDNA loci. These
results suggest that the molecular function of the Sir2-dependent silencing
involves the deacetylation of histone H3 lysine 9 in chromatin (42).

Bacterial Sir2

It is remarkable that SIR2 genes are conserved not only in all eukaryotic
organisms examined, but also in prokaryotes and archaea. Below we describe
features of the noneukaryotic SIR2 proteins.

SALMONELLA Sir2 (CobB)  CobB complements the lack of phosphoribosyltrans-
ferase activity in a cobT mutant. CobB catalyzes the synthesis of N-(5-phospho-
a-p-ribosyl)5,6-dimethylbenzimidazole, a cobalamin biosynthetic intermediate,
from nicotinate mononucleotide and 5,6-dimethylbenzimidazole (13). Recently,
CobB was shown to be required for the acetate and propionate activation via the
high-affinity acyl-CoA synthetase pathway. The acyl-CoA synthetase is acety-
lated on lysine 609 (43), which is an essential residue for catalysis (44). CobB
deacetylates the acyl-CoA synthetase in an NAD " -dependent manner to activate
the enzyme.
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ARCHAEAL Sir2  The archaeal Sulfolobus solfataricus P2 encodes a single Sir2
homolog, ssSIR2 (45). The ssSIR2 is an active NAD " -dependent deacetylase as
well as a mono-ADP-ribosyl transferase (46). The archaeal protein Alba, which
is a major ulfolobus chromatin protein, interacts with the ssSir2. Alba was
doubly acetylated at the a-amino group of the N terminus and at either lysine 16
or 17 of the protein. Lysine to alanine mutations at these residues resulted in a
significant decrease in the DNA hinding affinity of Alba and less repression of
the transcription in vitro. The acetylated Alba also has a lower DNA affinity in
vivo. ssSIR2 deacetylates Alba, which increases DNA affinity and thereby
represses transcription (46).

Drosophila Sir2

Five Drosophila genes belong to the Sir2 family. Of these, dSir2 is the closest
homolog of the yeast Sir2. dSir2 is an active deacetylase in vitro, capable of
deacetylating histone H4 (47—49). In vivo dSir2 was shown to be a requirement
for hetrochromatic silencing. Moreover, dSir2 genetically and physicaly inter-
acted with Hairy, abHLH euchromatic repressor and key regulator of Drosophila
development (48). The dSir2 mRNA was detected during the first 2 h of
embryogenesis, indicating that the transcripts are maternally derived (49). In the
adult fly, the protein is primarily nuclear (49). In the embryo, prior to nuclear
cycle 12, it is detected both in the nucleus and in the cytoplasm. By the syncytial
blastoderm stage (cycle 13), dSir2 was only in the cytoplasm. As cellularization
begins (cycle 14), it appeared again both in the nucleus and the cytoplasm (48).
Contrary to what had been reported previously (48), Astrom et a. (50) found that
adsir2 knockout fly has no effect on viability, developmental rate, and sex ratio.
In agreement with the previous report, they observed a modest effect on position
effect variegation (50). Notably, they showed that dSir2 knockout results in the
shortening of the fly life span (50).

Mammalian Sir2

The mammalian Sir2 gene family is comprised of seven members. Each is
defined by a conserved core domain, and some contain additional N- or C-ter-
minal sequences. Whereas much is known about SIRT1, less is known about the
other six mammalian sir2 homologues.

SIRTI  The human Sir2 ortholog SIRT1 is an NAD " -dependent deacetylase
(16). The SIRT1 protein islocalized in the nucleus (29, 30). SIRT1 interacts with
and deacetylates a growing humber of proteins. A knockout mouse showed that
this protein is important for the embryonic development (51, 52), and recently it
was shown that it plays a role in muscle differentiation (53). Moreover, when
overexpressed, SIRT1 appears to increase the hTERT expression (54).



THE SIR2 FAMILY OF PROTEIN DEACETYLASES 427

p53 INTERACTION  Following DNA damage, p53 is acetylated and activated by
p300 acetyltransferase. (55). Moreover, the HDACL is capable of deacetylating
and repressing p53 (56). SIRT1 was hypothesized as playing a role in the p53
pathway as well. To test this possibility the physical interaction between SIRT1
and p53 was investigated. Vaziri et a. (29) and Luo et a. (56) showed that p53
and SIRT1 coimmunoprecipitate. DNA-damaging agents augment in vivo inter-
action (30). In vitro a p53 peptide, acetylated at lysine 382, served as a substrate
for SIRTL. Importantly, NAD™ was required for the deacetylation reaction (30,
57). Upon exposure of immortalized human fibroblast to ionizing radiation, a
marked increase in the p53 acetylation level was detected. The increase in the
acetylation levels was abrogated in the cells that overexpress the SSRT1 protein
(29). In vivo deacetylation of p53 was inhibited by nicotinamide (30). The
biological consequences of the deacetylation are the repression of the p53-
dependent transcription and apoptosis (29, 30, 57). Also, a SIRT1 point mutation
in the conserved deacetylase motif inhibited p53 deactylation as a dominant
negative and activated the p53-dependent apoptosis (29). Recently, a SIRT1
knockout mouse was shown to have highly acetylated p53, and it induced
apoptosis in thymocytes (52).

PML INTERACTION  The nuclear bodies (NB), often termed promyelocytic
leukemia protein (PML) NB, are distinct nuclear substructures that accumulate
PML proteins (58). A typica cell contains 10—30 PML NB per nucleus. The
PML interacts with CBP and HDAC1, which led the Kouzarides group (57) to
explore possible interactions between SIRT1 and PML4. Indeed, endogenous
SIRT1 interacts with PML4. When SIRT1 was overexpressed with PML4, it
localizesto the PML NB (57). Moreover, SIRT1 and PML4 colocalizes with p53
inthe PML NB. Overexpression of PML4 in primary cellsleads to an immediate
growth arrest. Interestingly, SIRT1 overexpression rescued the cells from the
growth arrest (57). Together, these results indicate that SIRT1 may be a positive
effector of cell growth that negatively regulates p53 and PML.

BCL6 INTERACTION  BCLG6 isanuclear protein, which belongs to the BTB/POZ
family of zinc finger transcription factors. It primarily functions as a transcrip-
tional repressor (59). BCL6 plays arole in the control of lymphocyte activation,
differentiation, and apoptosis. p300 binds to and acetylates BCL6, inhibiting its
activity as a transcriptional repressor. Inhibition of classes | and || HDACs by
trichostatin A and inhibition of SIR2 family (class Il HDAC) by nicotinamide
leads to an increase in the BCL6 acetylation levels (60). These results suggest
that one of the SIR2 family members deacetylates BCL 6, represses the transcrip-
tion of BCL6 target genes, and consequently inhibits B cell differentiation.

TAF,68 INTERACTION  TAF,68 is the second largest subunit of the RNA poly-
merase | complex that bindsto the TATA box and is acetylated by PCAF. In vitro
TAF,68 acetylation stimulates RNA polymerase transcription (61). The mouse
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SIRT1 deacetylates TAF,68 in vitro, and it may thereby repress the polymerase
| transcription apparatus (61).

HES1 INTERACTION  The Hairy related bHLH protein functions as a transcrip-
tional repressor and plays an important role in diverse aspects of development.
HES1 and the HEY 2 are human Hairy homologs. SIRT1 associates with both
HES1 and HEY2 in vivo. In vitro SIRT1 interacts with the bHLH domain
of HESL. However, SIRT1 augments only dightly the repression mediated by HES1
and HEY 2 (62). The biological implication of this interaction needs to be studied.

CTIP2 INTERACTION  CTIP2 is a sequence-specific DNA binding protein that
represses transcription viadirect DNA binding. In vivo and in vitro SIRT1 binds
to CTIP2 and is recruited to CTIP2 target promoters in a CTIP2-dependent
manner. SIRT1 stimulates the repression by CTIP2 and enhances the histone
deacetylation of CTIP2 target promoters (63). These data suggest that SIRT1 can
be recruited to promoters by specific transcription factors and function to repress
the transcription of specific genes.

KNOCKOUT MICE  Two different groups created two independent lines of the
SIRT1 knockout mice. Both groups showed that the SIRT1 knockout mice are
viable. However, the birth ratio of the homozygous knockout mice to other
animals was lower than expected. The lower surviva of the null animals at birth
reflects the immediate postnatal 1oss of abnormal fetuses. The mice were smaller
than the wild-type littermates, and most of them died during the first few months
after birth (51, 52). One of the most obvious developmental defects was the delay
in eyelid opening. In the SRT1 null mice, eyelids stayed closed for at least
several months after birth. Eyes of the SRT1 knockout mice were smaller and
irregularly shaped (52). This observation indicates that the SRT1 may have an
important role in eye development. McBurney et al. (51) found that the lung and
pancreas were affected in the mutant mice. The pancreas showed patchy atrophy
of the exocrine epithelia (51). The SRT1 knockout mice made by the Alt group
(52) showed a cardiac defect but did not show lung and pancreas defects. The
SIRT1 transcript is widely expressed in many tissues and particularly evident in
testis and ovary. Interestingly, both sexes of the null animals are sterile. The
female had smaller ovariesin which corporaluteawere conspicuously absent and
the wall of uterus was thin. The authors (51) showed that the sterility was due to
a hormonal inadeguacy. The male null mice had a dramatically reduced number
of mature sperms. Importantly, none of the SRT1 null sperms were motile nor
had a normal morphology (51). The level of p53 acetylation was much higher in
the knockout mice. In contrast to the previous reports, the hyperacetylation was
not specific to lysine 379 but also occurred at lysine residues 317 and 370.
Following DNA damage, the steady-state level of p53 was not induced, and p21
was not induced in knockout mouse embryonic fibroblasts (MEFs). However,
apoptosis in thymocytes was elevated in the mutant mice (52).
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REGULATION OF SKELETAL MUSCLE DIFFERENTIATION  The expression of muscle-
cell-specific genes is regulated by acetylation and deacetylation of transcription
factors (64). The muscle transcriptional regulator MyoD is an acetylated protein. In
a recent study, the Sartorelli group (64) showed that the mouse SIRT1 negeatively
regulates skeletal muscle differentiation. By using a battery of Sir2 family inhibitors,
they demonstrated that these inhibitors activated the transcription of muscle-specific
reporters. Furthermore, SIRT1 overexpression negatively regulated the transcription
of those genes and inhibits differentiation into muscle cells. SIRT1 directly interacted
with the PCAF/GCN5 acetyltransferasesin vitro and in muscle cells. PCAF mediated
the interaction between SIRT1 and MyaoD. In vitro SIRT1 deacetylates MyoD and
PCAF in an NAD " -dependent manner. With microarray experiments, the authors
(64) showed that myogenin and MEF2C expression were negeatively regulated by
SIRT1. They further showed that many genes that were activated by MyoD and
involved in myogenesis were repressed by SIRT1. In addition, by chromatin
immunoprecipitation, they found that the SIRT1 was recruited to the MyoD targets
and deacetylased histonesin thetarget promoters. Notably, they explored whether the
NAD/NADH ratio, which decreases during muscle differentiation, regulates
SIRT1 deacetylase activity. Indeed, they found that the change in the ratio
regulates SIRT1 enzymatic activity (53).

SIRT2  SIRT2 is another member of the Sir2 family. In the phylogenic tree, it is
localized to the same branch as Sir2 and SIRT1 (65). A Northern blot analysis
showed that IRT2 is highly expressed in heart, brain, testis, and skeletal muscle (66,
67). The protein is cytoplasmic (66—68), and its levels are regulated during the cell
cycle. The SIRT2 protein level increases dramatically during mitosis, and it becomes
phosphorylated at the G2/M transition (69). SIRT2 overexpression dramatically
prolongs the M phase. Moreover, SIRT2 is targeted for degradation by the protea-
some (69).

Reversible acetylation of tubulin had been implicated in the regulation of micro-
tubule stability and function (70). Interestingly, the HDAC6 was shown to deacety-
late tubulin (71). The Verdin group (68) showed that SIRT2 protein colocalizes with
microtubules. They showed that SIRT2 deacetylates lysine 40 of a-tubulin in vivo
and in vitro and that SIRT2 RNAI resultsin hyperacetylation of tubulin. They further
demonstrated that SIRT2 and HDAC6 coimmunoprecipitate in vivo (68). In contrast
to HDACS6, which regulates microtubule-dependent cell motility, the biological
implication of tubulin deacetylation by SIRT2 is not known.

SIRT3  SIRT3 is another member of the Sir2 family. In the phylogeny tree,
SIRT3 is localized to the same branch as Sir2 and SIRT1, and it is the closest
paralog of SIRT2 (65). A Northern blot analysis demonstrated that the gene is
highly expressed in brain, heart, liver, kidney, testis, and muscle (66, 72). The
SIRT3 protein is localized to the mitochondrial matrix (90). The N terminus of
the protein is proteolytically processed in the mitochondrial matrix to form a
mature product. The unprocessed SIRT3 is enzymatically inactive, but following
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signal peptide cleavage, it becomes active as a histone deacetylase (72, 90).
Biological targets of this protein are not yet known.

SIRT4  SIRT4 is another member of the Sir2 family. Other than SIRT5, SIRT4
isthe most distant from Sir2 and SIRT1 in phylogeny tree (65). RT-PCR analysis
of SIRT4 expression from adult and fetal tissues showed that the gene is broadly
expressed in al tissues, except leukocytes in the adult and thymus in the fetus
(14). SIRT4 may be enzymatically inactive as a histone deacetylase in vitro (68),
and a biological role is yet to be discovered.

SIRT5  SIRTS5 isis the closest homolog of the bacterial CobB and is the most
distant from Sir2 and SIRT1 (65). RT-PCR analysis of SIRT5 expression profiles
from adult and fetal tissues demonstrated that the gene is broadly expressed (14).
SIRT5 is enzymatically active as a histone deacetylase (68), and its biological
role is yet to be discovered.

SIRT6  SIRTG6 is another member of the Sir2 family, and it is the closest SIRT7
homolog (65). SIRT6 is enzymatically inactive as a histone deacetylase (68), and
its biological role is yet to be discovered.

SIRT7  SIRT7 is highly expressed in the spleen, ovary, and thyroid. SIRT7 is
also highly expressed in thyroid carcinomas when compared to normal thyroid
tissues. In contrast, its expression is almost undetectable in adenomas and normal
thyroid tissues (73, 74). SIRT7 is enzymatically inactive as a histone deacetylase
(68).

SIR2 AND AGING

The yeast Saccharomyces cerevisiae divides asymmetrically to give rise to a
larger mother cell and a smaller daughter cell. In this organism, life span can be
defined by the number of cell divisions undergone by amother cell beforeit stops
dividing (75). In a screen to isolate long-living mutants, Kennedy et al. (76)
found eight strains that exhibited extended life span. One of them, SIR4—42, was
a S R4 mutant that lacks a C-terminal domain (76). The life span extension by the
Sir4—42 allele was dominant, and mutations in the SIR2 or the SIR3 genes,
which are part of the SIR complex, abolished the life span extension by the
SIR4—42. In a further characterization, the SR4—42 gene product changed the
localization of the SIR complex from the telomeres to the nucleolus (77).
Interestingly, in old yeast mother cells, the Sir3 translocated from the telomeres
to the nucleolus (77), suggesting that something in the nucleolus might regulate
the yeast life span. Deletion of either the SR3 or S R4 resulted in a 20% decrease
in mean life span, and it was due to simultaneous expression of the two
mating-type genes. A sir2 mutant resulted in much shorter life span (approxi-
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mately 50% of the control) (78). The life span shortening by sir2 mutants was
due to the increase in homol ogous recombination at the rDNA loci, which results
in the formation of an extrachromosomal rDNA circle (ERC) in the nucleolus
(Figure 3, yeast). Interestingly, introduction of a second copy of the SR2 into the
yeast genome extended the replicative life span by 30% (78). Therefore, the Sir2
protein is a limiting factor of yeast life span. Mutations that abolish the Sir2
deacetylase activity shorten life span (16). Interestingly, SIR2 is the only yeast
Sir complex member that is conserved through evolution.

Tissenbaum & Guarente (79) decided to look at the effect of overexpression
of a Sir2 homolog on Caenorhabditis elegans life span. The cross of a sir-2.1
overexpression strain with a daf-16 mutant strain, a downstream target of the
insulin pathway that shortens life span when mutated, abolished the life span
extension by the sir-2.1. Also, a cross with a daf-2 mutant, an insulin receptor,
resulted in no further extension of life span (79) (Figure 3, C. elegans). Thus,
sir-2.1 overexpression significantly extended the life span for C. elegans (79).
The life span extension by the sir-2.1 overexpression is via the insulin pathway,
which was already established in regulating its life span [for review, see (80)]. It
is remarkable that both replicative aging in yeast and postmitotic aging in the
worm are regulated by Sir2. It will be interesting to determine whether Sir2
regulates the aging process in higher eukaryotes as well.

CALORIC RESTRICTION

Caloric restriction (CR) refers to a dietary regime, low in calories without
undernutrition. CR extends the life span in many organisms, which include
rotifers, spiders, worms, fish, mice, and rats (81). Recent data suggest that it may
be true for primates as well (82). Although it has been suggested that CR might
work by reducing the levels of reactive oxygen species during respiration, the
mechanism of life span extension was uncertain. Lin et al. (83) showed that yeast
cells exhibited a longer life span on 0.5% glucose-containing media than on 2%
glucose-containing media, suggesting that CR in yeast extends life span. Limit-
ing the availability of glucose by mutating a glucose transporter or blocking its
downstream signaling pathway also extends the life span. Thus, reduction in
glucose concentration extends life span and provides a model for CR in yeast
(83). By using a mutant strain that mimics reduction in glucose concentration,
Lin et al. demonstrated that the yeast life span extension by CR requires SR2 (83,
84) (Figure 3, yeast). As mentioned before, Sir2 isan NAD " -dependent enzyme.
NAD™ may be a sensor that activates Sir2 during CR. In fact, NPT, involved in
de novo synthesis of NAD™, was required for CR-dependent life span extension.
The life span extension by CR in yeast is likely caused by the reduction in rDNA
circles by Sir2 (83).

Next, the mechanism by which CR increases Sir2 activity and extends life
span was explored. A clue came from the glucose metabolism. Glucose is
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metabolized to pyruvate, where the pathway flows into either respiration or
fermentation, depending on O, availability. Respiration generates 36 ATP
molecules per glucose, whereas fermentation generates only two ATP molecules.
Indeed, respiration was activated during CR (84). The shift toward respiration
was necessary for life span extension (84). Following this shift, the NAD™/
NADH ratio widely changes to favor the activation of Sir2, resulting in the
inhibition of recombination at the rDNA locus and the extension of life span
(Figure 3, yeast).

CONCLUSION

How do these findings relate to human aging? In mammals, the Sir2 enzymatic
activity may be regulated by changes in the steady-state protein levels, the
NAD:NADH ratio, or the nicotinamide (NAM) levels (Figure 3, human). The
Sartorelli group (53) showed that the NAD"/NADH ratio decreases during
muscle differentiation and thus regulates SIRT1 deacetylase activity (Figure 3,
human). Activation of SIRT1 could then inhibit cell senescence by repressing
p53 (29, 30, 57), repressing PML (57), and activating hTERT (54) (Figure 3,
human). In addition, active SIRT1 would stall differentiation of muscle by
repressing MyoD (53) (Figure 3, human) and perhaps exert similar effects on
other tissues. It will be fascinating to observe additional functions of the
mammalian SIR2 homologs when they are discovered.
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