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Abstract

Fungi, including yeasts, molds, and mushrooms, proliferate on decaying
matter and then adopt quiescent forms once nutrients are depleted. This
review explores how fungi use sirtuin deacetylases to sense and respond ap-
propriately to changing nutrients. Because sirtuins are NAD+-dependent
deacetylases, their activity is sensitive to intracellular NAD+ availability.
This allows them to transmit information about a cell’s metabolic state on to
the biological processes they influence. Fungal sirtuins are primarily known
to deacetylate histones, repressing transcription and modulating genome
stability. Their target genes include those involved in NAD+ homeostasis,
metabolism, sporulation, secondary metabolite production, and virulence
traits of pathogenic fungi. By targeting different genes over evolutionary
time, sirtuins serve as rewiring points that allow organisms to evolve novel
responses to low NAD+ stress by bringing relevant biological processes un-
der the control of sirtuins.
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Sirtuin: a member
of a family of
NAD+-dependent
deacetylases; named
after S. cerevisiae Sir2

NAD+ (nicotinamide
adenine
dinucleotide): a
coenzyme required by
many redox enzymes
and by sirtuins
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INTRODUCTION

The fungal kingdom includes unicellular yeasts, molds, and mushrooms. These organisms are
among the major decomposers in many ecosystems and can also parasitize animals and plants. As
such, fungi experience cycles of boom, when nutrients are plentiful, and bust, once those nutrients
are depleted. Consequently, fungi must sense and respond to nutrient availability to survive lean
times.

One regulatory mechanism sensitive to nutrient availability is deacetylation by sirtuins. This
family of deacetylases is notable because NAD+ is required for catalytic activity. Consequently,
the biological processes regulated by sirtuin deacetylation are responsive to intracellular NAD+

levels and hence a cell’s metabolic state. In this review, we explore how sirtuins are used by fungi
to modulate their responses to low nutrient availability and more generally to regulate gene ex-
pression and genome stability. We take an evolutionary approach, comparing the functions of
orthologous proteins in multiple species when possible. The relationships of the species discussed
are presented in Figure 1.
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Nicotinamide: one of
the two bases in
NAD+ and a form of
vitamin B3;
nicotinamide inhibits
deacetylation by
sirtuins

Cryptococcus neoformans

Schizosaccharomyces pombe

Aspergillus nidulans

Magnaportha oryzae

Candida albicans

Kluyveromyces lactis

Saccharomyces cerevisiae

Candida glabrata

Clavispora lusitaniae

Torulaspora delbrueckii

Basidiomycota

Ascomycota

Saccharomycotina
(budding yeasts)

Pezizomycotina
(molds)

Taphrinomycotina
(fission yeasts)

Sa
cc

ha
ro

m
yc

et
ac

ea
e

CU
G

-S
er

1

WGD

Figure 1

Relationships of species discussed in this review. Cladogram is not to scale. Abbreviation: WGD,
whole-genome duplication.

REACTIONS CATALYZED BY SIRTUINS

Most sirtuins are deacetylases (59, 80), although some catalyze related deacylation reactions such
as demalonylation and desuccinylation (30). Each deacetylation cycle (Figure 2) consumes one
NAD+ molecule. Nicotinamide is released, and the remaining ADP-ribose is joined to the acetyl
group to generate O-acetyl-ADP ribose (79, 125). Consequently, NAD+ is a required cofactor
for deacetylation. In contrast, its reduced form, NADH, does not promote catalysis (59). The
consumption of NAD+ by sirtuins has long intrigued researchers because it is not energetically
necessary—other families of deacetylases do not consume high-energy molecules. Therefore, it is
widely thought that the requirement for NAD+ enables sirtuins to sense and respond to fluctua-
tions in intracellular NAD+ levels.

Sirtuin

NAD+

Acetylated
protein

Deacetylated
protein

Nicotinamide
(NAM)

Ac-ADP-ribose

N N

NH
O

Ac

NH3
+

Figure 2

Deacetylation by sirtuins consumes NAD+ and releases nicotinamide (NAM). Abbreviation: Ac, acetyl.
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Lysine acetylation:
addition of an acetyl
group (CH3CO) to the
terminal nitrogen of a
lysine within a protein

Heterochromatin:
condensed chromatin
in which histones are
hypoacetylated and
transcription is
blocked; also called
silenced chromatin

Salvage pathway: A
pathway that recycles
nicotinamide and
nicotinic acid to
generate NAD+

Niacin: a collective
term for precursors of
NAD+, including
nicotinic acid,
nicotinamide, and
nicotinamide riboside

HISTONES AND NUCLEOSOMES

In eukaryotes, genomic DNA is packaged into nucleosomes, each consisting of ∼150 base pairs of DNA wrapped
around a core of eight histone proteins. Each nucleosome has two molecules of each of the four core histones: H2A,
H2B, H3, and H4. The sirtuins discussed here primarily deacetylate lysines on the N-terminal tails of histones H3
and H4, resulting in condensed chromatin and lower transcription. In addition, Hst3 and Hst4 deacetylate Lys-56
of histone H3 (H3K56), which stabilizes the nucleosome.

Sirtuins deacetylate lysine side chains within proteins. Lysine acetylation can alter a protein’s
function by influencing its conformation or interactions. This occurs because an acetylated lysine
is bulkier and has a neutral charge, whereas an unacetylated lysine is positively charged at physi-
ological pH (Figure 2). Lysine acetylation can also compete with other modifications of lysines,
including methylation and ubiquitination. The first acetylated proteins studied were histones. In
general, acetylated histones are found in open chromatin that is permissive to transcription (eu-
chromatin), whereas unacetylated histones are found in condensed chromatin that inhibits tran-
scription (heterochromatin). Thus, deacetylation of histones by sirtuins represses transcription
(see the sidebar titled Histones and Nucleosomes). In addition to histones, other proteins are
also acetylated. Some, including transcription factors and metabolic enzymes, are deacetylated by
sirtuins (36, 87).

NAD+ HOMEOSTASIS IN FUNGI

NAD+ is not only required for the sirtuin deacetylation reaction. It is also an essential cofactor
for many enzymes, including a fourth of oxidoreductases (113). For many of these enzymes, the
nicotinamide base of NAD+ is a redox carrier, converting between its oxidized (NAD+) and re-
duced (NADH) forms.Moreover, in metabolic pathways, NADH carries reducing equivalents. In
particular, the breakdown of sugars, fatty acids, and other compounds reduces NAD+ to NADH.
This NADH is then oxidized back to NAD+ by the electron transport chain, generating an elec-
trochemical gradient to produce ATP. Yet another role of NAD+ is to serve as the precursor of
NADP+, a redox carrier involved in biosynthetic reactions. Thus, NAD+ is a critical metabolite
that must be maintained in sufficient quantities. Moreover, NAD+ levels could be affected by
abrupt shifts in metabolic flux.

NAD+ is a dinucleotide with two bases—nicotinamide and adenine.To generateNAD+, nicoti-
namide can be synthesized de novo from tryptophan (kynurenine pathway), or it can be extracted
from the environment through salvage pathways (Figure 3). In many fungi, synthesis is carried
out by the BNA genes.However, some yeast species lack these genes and rely exclusively on salvage
pathways. In these pathways, high-affinity transporters scavenge nicotinamide and related com-
pounds (nicotinic acid and nicotinamide riboside) from the environment. These compounds are
collectively called niacin or vitamin B3. In Saccharomyces cerevisiae, NAD+ levels are higher when
niacin is available than when cells rely solely on de novo synthesis (12), indicating the importance
of salvage in setting NAD+ levels.

The intracellular NAD+ concentration is determined by a dynamic network of metabolic
pathways. NAD+ production is offset by its consumption by enzymes including sirtuins, ADP-
ribosyltransferases, and hydrolases.NAD+ is also depleted by its reduction to NADH and its con-
version to NADP+. Although the mechanisms that regulate NAD+ levels are incompletely under-
stood, sirtuins contribute to this process. Some participate directly in feedback loops that induce
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Calorie restriction:
restriction of calorie
intake without
malnutrition; a
treatment that can
increase life span in a
variety of organisms

Sir2 (silent
information
regulator 2):
S. cerevisiae Sir2 is the
founding sirtuin; its
deacetylase activity was
discovered 20 years
after it was described

Nicotinic acid
mononucleotide (NaMN)

Nicotinic acid
adenine

dinucleotide
(NaAd)

Tryptophan

NAD+

NAD+-consuming enzymes
(including sirtuins)

Precursors
(niacin)

De novo synthesis Salvage pathways

Nicotinamide
riboside (NR)

Nicotinamide
(NAM)

Nicotinic
acid (Na)

Cell wall

O
O

O

N

N

N

N

Pnc1

O

Adenine

Ribose

Phosphate

Figure 3

NAD+ is produced in two ways. The de novo (kynurenine) pathway generates nicotinic acid (Na) from
tryptophan. Salvage pathways incorporate precursors [nicotinamide riboside (NR), nicotinamide (NAM),
and nicotinic acid (Na)] into nucleotides. The dashed arrow indicates breakdown of NAD+.

expression of biosynthesis genes when NAD+ levels fall (11). Other sirtuins modulate metabolic
pathways that utilize NAD+ (57).

REGULATION OF SIRTUIN ACTIVITY IN VIVO

The activity of sirtuins can be regulated by the metabolic state of a cell through changes in NAD+

availability and by signaling pathways that sense nutrient availability. Moreover, nutrient regi-
mens such as calorie restriction have been proposed to affect sirtuin activity. Such regulation en-
ables sirtuins to transmit information about a cell’s metabolic state to the biological processes they
influence.

Regulation of Sirtuins by NAD+ and Related Compounds

Because sirtuins require NAD+ for deacetylation, intracellular NAD+ levels influence their ac-
tivity. For example, in S. cerevisiae the activity of the sirtuin Sir2 (silent information regulator 2)
is affected by supplemental nicotinic acid or nicotinamide riboside (12) or by genetic perturbations
of the enzymes and transporters that maintain intracellular NAD+ (5, 12, 122). However, sirtuins
are not thought to sense the NAD+:NADH ratio, because the nuclear-cytoplasmic concentration
of free NAD+ is tens to hundreds of times greater than that of free NADH (3, 19).

Although sirtuin activity is enhanced by supplementing cultures with the NAD+ precursors
nicotinic acid or nicotinamide riboside (12), nicotinamide has the opposite effect (13, 79). As a
product of the deacetylation reaction (Figure 2), nicotinamide inhibits sirtuins by reversing the
formation of a covalent intermediate between acetyl-ADP-ribose and acetyllysine (62, 112). Con-
sequently, sirtuin activity can be increased by boosting expression of Pnc1 (7), the enzyme that
converts nicotinamide to nicotinic acid (Figure 3).

Regulation of Sirtuins by Phosphorylation

In keeping with the expectation that sirtuins are sensitive to nutrient availability, sirtuin activity
can be modulated by two pathways that signal nutrient status—the cAMP/protein kinase A (PKA)
(47, 67) and target of rapamycin complex 1 (TORC1) (28) pathways. The cAMP/PKA pathway
is activated by glucose and the TORC1 pathway is primarily activated by nitrogen-containing
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Paralogs: related
genes in the same
organism that arose
through duplication of
an ancestral gene

Orthologs: related
genes in different
species that are derived
from a common
ancestral gene

Sir (silent
information
regulator) proteins:
a group of unrelated
proteins in budding
yeast that act together
to form
heterochromatin at
telomeres and
mating-type loci

molecules such as amino acids. In S. cerevisiae, both pathways activate casein kinase 2 (CK2), which
phosphorylates a conserved serine in the NAD+-binding pocket of the Sir2 catalytic domain (28,
67). A phosphomimetic mutation of ScSir2 (S473E) had reduced activity to repress genes, in-
cluding ribosomal protein genes and PMA1 (encoding a plasma membrane proton pump). Thus,
sirtuin activity can be modulated by altering the phosphorylation state of this serine. Although
this serine is highly conserved, its phosphorylation has not been studied in most sirtuins.

Regulation of Sirtuins by Calorie Restriction

Because both sirtuins and calorie restriction influence life span, the effect of calorie restriction on
sirtuin activity has been extensively examined. However, there are conflicting reports on this mat-
ter. For yeasts, calorie restriction is achieved by lowering the glucose concentration in the growth
medium. It was originally proposed that for S. cerevisiae under calorie restriction,metabolism shifts
from fermentation to respiration, which increases the reoxidation of NADH to NAD+ and hence
elevates NAD+ levels (86). However, contrary to this model, NAD+ levels do not change under
calorie restriction (7). Instead, calorie restriction increases expression of PNC1, which in turn re-
duces nicotinamide (6), a sirtuin inhibitor. However, another study found that, regardless of how
calorie restriction affects Sir2 activity, its effect on life span is independent of Sir2 (64). Thus,
studies of how calorie restriction affects sirtuins and how it affects life span have diverged.

SIRTUIN SUBFAMILIES

Most fungal species encode multiple sirtuins, which fall into five subfamilies (Supplemental
Figure 1). The Sir2/Hst1, Hst2, and Hst3/Hst4 subfamilies have been studied primarily in the
model yeast S. cerevisiae (the designation Hst derives from “homolog of Sir two”). In contrast, the
SirT4 and SirT5 subfamilies, which are not represented in S. cerevisiae, have not been examined in
fungi. All S. cerevisiae sirtuins deacetylate histones, with Sir2 and Hst1 acting at specific genomic
loci and the other sirtuins deacetylating histones genome-wide. It is expected that these sirtuins
also deacetylate nonhistone proteins, and a few such proteins have been identified. However,
additional work is needed to uncover the full set of sirtuin substrates. Here, we describe how
representatives of these sirtuin subfamilies, primarily from S. cerevisiae, influence gene expression
and genome stability through histone deacetylation.

Sir2/Hst1 Subfamily

The Sir2/Hst1 subfamily is orthologous to mammalian SirT1 and is represented by the paralogs
Sir2 and Hst1 in S. cerevisiae. These two sirtuins arose in a whole-genome duplication that oc-
curred in the Saccharomyces lineage. Therefore, both are equally related to Sir2 orthologs in fungi
that did not undergo this duplication.Members of this subfamily deacetylate histones, particularly
histone H4 Lys-16 (H4K16) and histone H3 Lys-9 (H3K9). They are recruited by DNA-binding
proteins to specific genomic locations, where they generate condensed, repressive chromatin.

Heterochromatin formation. In both S. cerevisiae and Schizosaccharomyces pombe, Sir2 contributes
to the formation of heterochromatin that extends over thousands of base pairs and represses tran-
scription. However, distinct mechanisms are used in the two species.

In S. cerevisiae, Sir2 and other Sir proteins form heterochromatin at telomeres and silent
mating-type loci. At telomeres, this SIR chromatin is thought to stabilize the ends of chromo-
somes. At the silent mating-type loci, it confers cell-type identity by repressing extra copies
of cell-type-specific transcription factors. The assembly of SIR chromatin occurs through the
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rDNA (ribosomal
DNA): DNA
sequences that code
for ribosomal RNA;
multiple rDNA genes
are typically arranged
in tandem head-to-tail
arrays

Recombination:
rearrangement and
exchange of DNA
strands, often at
homologous sequences

cooperation of Sir2 and a nucleosome-binding protein, Sir3 (55, 91, 110). First, the Sir proteins
are recruited to silenced loci through DNA-binding proteins. Next, Sir2 deacetylates adjacent
nucleosomes. Multiple histone lysines are affected, but H4K16 is a preferred and important
target (59). These deacetylated nucleosomes are then bound by Sir3, which has higher affinity
when H4K16 is unacetylated (8, 102). Finally, the nucleosome-associated Sir3 attracts additional
Sir2 molecules, which then deacetylate nucleosomes farther from the recruitment site. Multiple
cycles of deacetylation and nucleosome binding enable the formation of an extended chromatin
structure. A similar mechanism generates silenced chromatin in related budding yeast, including
Candida glabrata (25), Kluyveromyces lactis (52), and Torulaspora delbrueckii (33).

In S. pombe, Sir2 generates heterochromatin through a distinct mechanism that resembles
mammalian heterochromatin formation. This heterochromatin occurs at centromeres, silent
mating-type loci, and telomeres (39, 114). The contribution of Sir2 is best understood at cen-
tromeres (2, 18) and includes two assembly steps: nucleation and spreading. In the nucleation
step, deacetylation of H3K14 and H3K9 by Sir2 creates a permissive environment for recruit-
ment and methylation by Clr4. Clr4 methylates H3K9 and is an ortholog of mammalian SUV39.
Methylated H3K9 is then bound by Swi6, a structural component of heterochromatin that is an
ortholog of HP1. In the spreading step, Sir2 acts cooperatively with another deacetylase, Clr3, to
facilitate H3K9 methylation by Clr4 and subsequent binding of Swi6.

In Candida albicans, Sir2 also contributes to silencing at telomeres (4) but not at centromeres
or silent mating-type loci, which are absent. Although Sir2 deacetylates histones (42, 107, 109),
other mechanistic details of silencing at telomeres are unknown. C. albicans lacks orthologs of the
S. cerevisiae Sir proteins and S. pombe Clr4 and Swi6 heterochromatin proteins.

Suppression of rDNA recombination.Discussions of Sir2-mediated silencing in S. cerevisiae
typically mention three genomic loci: telomeres, mating-type loci, and ribosomal DNA (rDNA).
However, rDNA silencing is mechanistically distinct, as it does not involve Sir3 or Sir4.Moreover,
although the action of Sir2 at the rDNA locus can be evaluated by measuring transcriptional
silencing of reporter genes (121), the main biological role of Sir2 is to suppress recombination
(48). This is critical because the repetitive rDNA array is a major site of genomic instability.

In S. cerevisiae, the rDNA locus consists of ∼150 tandem repeats that encode ribosomal RNA
(rRNA). Maintaining a consistent number of these nearly identical repeats is critical for produc-
ing sufficient ribosomes, and therefore multiple mechanisms exist to suppress recombination and
to amplify rDNA arrays that become too short. A key feature in these mechanisms is a recom-
bination hot spot that coincides with a unidirectional replication fork barrier at the end of the
rRNA gene (72). This barrier prevents DNA replication from occurring in the opposite direc-
tion to transcription. However, the barrier also causes stalled replication forks, which can lead to
double-strand breaks that in turn trigger recombination. Typically, recombination does not alter
the number of repeats because sister chromatids are kept in register by cohesin (73). However, if
cohesin is displaced, unequal sister chromatid recombination can lead to amplification of the array
(71). Such displacement occurs when a nearby polymerase II promoter is transcribed. Ordinarily,
Sir2 represses this promoter (81).However, when the rDNA array becomes critically short, a feed-
back mechanism represses transcription of the SIR2 gene and hence availability of Sir2 to suppress
recombination (58, 101). Specifically, the UAF transcription factor, which normally binds to the
rRNA promoter, is in excess due to the low number of rDNA repeats. It is therefore available to
bind to and repress the SIR2 promoter. Sir2 recruitment is also regulated by nutrient availability.
When nutrient levels are low, the target of rapamycin (TOR) pathway is inhibited, which increases
Sir2 association with the rDNA (49). In addition to influencing the distribution of cohesin, a sec-
ond way in which Sir2 influences recombination is by influencing initiation of DNA replication
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Secondary
metabolite: small
molecule that is not a
core metabolite but
helps an organism kill
or communicate with
other species or
scavenge nutrients

and hence the number of stalled forks. This is achieved through Sir2-mediated repression of a
second polymerase II promoter adjacent to the origin of replication within each repeat (38).

The role of Sir2 in regulating rDNA recombination has received little attention in other
species. Sir2 orthologs are associated with the rDNA in S. pombe (135), C. albicans (42, 109), and
Clavispora lusitaniae (43).Curiously, in C. albicans, although CaSir2 can silence transcription within
the rDNA repeats, it may not repress recombination (41).

Promoter-targeted repression. In S. cerevisiae, Hst1 is a paralog of Sir2. However, rather than
generating extended chromatin structures, Hst1 acts locally at target promoters to repress tran-
scription. Target genes include midsporulation genes and NAD+ biosynthesis genes (11, 138).
Hst1 is recruited to these promoters as part of the SUM1C repressor complex, which contains
the DNA-binding protein Sum1 (138). A similar complex containing Sum1 and Hst1 has also
been described in related species, including C. glabrata (93, 103) and K. lactis (53, 57).

In other fungal species, sirtuins of the Sir2/Hst1 subfamily can also carry out promoter-specific
repression. For example inAspergillus nidulans, SirA represses genes required to produce secondary
metabolites (61, 117).However, it is not known how SirA is recruited to its target loci, as theDNA-
binding protein Sum1 is only found in the Saccharomycetaceae family of budding yeasts.

Hst2 Subfamily

The Hst2 subfamily is orthologous to mammalian SirT2 and is represented by Hst2 in S. cere-
visiae. The best-characterized role of S. cerevisiae Hst2 is to promote chromosome condensation
in preparation for mitosis. This process begins with activation of the kinase Aurora B (Ipl1 in
S. cerevisiae), which regulates many aspects of mitosis. For chromosome condensation, a key target
of the Aurora B kinase is H3S10 (56). Phosphorylated H3S10, in turn, recruits ScHst2 to nu-
cleosomes, where it then deacetylates H4K16 (130, 131). The deacetylated tail of histone H4 is
thought to interact with the acidic patch of a neighboring nucleosome, thereby promoting fiber
condensation. This short-range mode of chromosome condensation is independent of axial com-
paction mediated by condensin, which occurs later in anaphase (76). The interaction of ScHst2
with nucleosomes occurs predominantly at G2/M phase, in part because this is when H3S10 is
phosphorylated. In addition, the interaction requires phosphorylation of ScHst2 (S320 or S324),
which is enhanced at G2/M phase (63). This interaction between phosphorylated H3S10 and
ScHst2 is mediated by the 14–3–3 protein Bmh1 (63). It is not known whether Hst2 also con-
denses chromosomes in other fungal species.

One puzzling aspect of Hst2 is that it is localized to the cytoplasm in S. cerevisiae (105) as
well as S. pombe and C. albicans (31, 140), but its function in chromosome compaction occurs in
the nucleus. Moreover, the S. cerevisiae nucleus does not break down during mitosis. A potential
explanation is that Hst2 shuttles in and out of the nucleus (31, 132) and thus could be recruited
to chromosomes during its time in the nucleus.

Another unresolved issue is the extent to which Hst2 orthologs are also targeted to specific
genomic locations. For example, ScHst2 affects transcription of the subtelomeric FLO10 gene and
is proposed to be recruited through the transcription factor Sfl1 (51). Similarly, SpHst2 represses
genes involved in membrane function and transport (31). It is also expected that fungal Hst2
orthologs deacetylate nonhistone proteins, particularly in the cytoplasm.

Hst3/Hst4 Subfamily

The Hst3/Hst4 subfamily does not have a mammalian ortholog. In S. cerevisiae, it is represented
by Hst3 and Hst4, which have overlapping roles. Other species, including C. albicans and S. pombe,

164 Zhao • Rusche

A
nn

u.
 R

ev
. M

ic
ro

bi
ol

. 2
02

2.
76

:1
57

-1
78

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 S
ta

te
 U

ni
ve

rs
ity

 o
f N

ew
 Y

or
k 

- B
uf

fa
lo

 o
n 

01
/1

0/
23

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Gene duplication:
production of extra
copies of a gene; may
be associated with
segmental or
whole-genome
duplication

encode a single member of this sirtuin subfamily. The best-studied function of Hst3/Hst4 sirtu-
ins is the genome-wide deacetylation of histone H3K56, which is necessary to maintain genome
stability. H3K56 is acetylated in newly synthesized histones before they associate with DNA, and
thus H3K56Ac is high during S phase (97). This modification is removed during G2/M by Hst3
and Hst4 (21, 94). Within the nucleosome structure, H3K56 falls at the points where DNA en-
ters and exits. Unacetylated Lys-56 interacts electrostatically with the DNA backbone, whereas
acetylation eliminates this interaction and allows a segment of DNA to peel off the nucleosome.
This loosening of nucleosomes by H3K56Ac is thought to facilitate chromatin disassembly and
reassembly during DNA replication and repair reactions and to make chromatin more permissive
to transcription initiation. Consequently, too much or too little acetylation at H3K56 leads to
genome instability. Accordingly, S. cerevisiae hst3� hst4� cells display hallmarks of DNA damage.
Similarly, in S. pombe, deletion of SpHST4 or mutation of H3K56 resulted in fragmented DNA
and sensitivity to DNA-damaging agents (31, 40, 50, 74). And in C. albicans, deletion of CaHST3
resulted in H3K56 hyperacetylation, increased sensitivity to genotoxic agents, and loss of cell vi-
ability (137).

To produce an oscillation of H3K56Ac with the cell cycle, Hst3 and Hst4 protein levels are
regulated. In S. cerevisiae, Hst3 peaks before Hst4. Its short half-life is due to two degrons in its
C terminus. Once these elements are phosphorylated, they are recognized by the ubiquitin ligase
Cdc4, leading to degradation by the proteasome (27, 32, 126). Several kinases have been implicated
in phosphorylating theHst3 degrons, including the cyclin-dependent kinase Cdk1 (27) andDNA-
damage-activated kinases Mec1 and Mck1 (32, 126). The latter allow H3K56Ac to accumulate at
genomic loci undergoing repair. Hst4 stability may be similarly regulated, but it has not been
studied extensively. In addition, Hst4 is regulated by the TOR pathway (136). TORC1 signaling
ceases upon nitrogen starvation, alleviating its inhibition of the phosphatase Sit4. The activation
of Sit4 results in the redistribution of Hst4 from the cytoplasm to the nucleus (136), although it
is unclear whether Sit4 directly dephosphorylates Hst4.

An important unresolved issue is how the expression patterns and functions of S. cerevisiaeHst3
and Hst4 differ and what advantage is conferred by having two related paralogs. As S. pombe and
C. albicans each encode a single sirtuin from theHst3/Hst4 subfamily, it is not essential to have two
forms of the protein. Another issue is whether Hst3/Hst4 proteins also target specific genomic
loci. One example of such behavior is SirE from A. nidulans, which represses metabolic genes as
the fungus transitions to stationary phase (60).

SirT4 and SirT5 Subfamilies

Some fungi encode homologs ofmammalian SirT4 and SirT5 (Supplemental Figure 1), but their
functions are unknown. In mammals, both SirT4 and SirT5 are mitochondrial proteins. SirT5
desuccinylate and demalonylate proteins involved in metabolism and reactive oxygen species
detoxification (77). The enzymology of SirT4 is less understood, but it regulates adipocyte differ-
entiation and insulin production (84, 139).

EVOLUTION OF FUNGAL SIRTUINS

Like other enzyme families, the sirtuin family has expanded over evolutionary time through gene
duplications followed by diversification of substrate specificity. Ancient duplications in the eu-
karyotic lineage produced the five subfamilies discussed above. More recent duplications gave
rise to paralogs, such as Sir2 and Hst1 in S. cerevisiae. On a shorter timescale, a specific sirtuin
may gain or lose deacetylation targets, including specific genomic targets or protein substrates.
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Together, these processes enable sirtuins to serve as rewiring points that allow organisms to evolve
novel responses to low NAD+ stress by bringing relevant biological processes under the control
of sirtuins.

Diversification of Sirtuins Through Gene Duplication and Loss

How sirtuins diverge after gene duplication has been examined in the case of Sir2 and Hst1 (44,
53, 99), which arose through a whole-genome duplication in the Saccharomycetaceae family of
budding yeasts. Two paths by which duplicated genes can diverge are neofunctionalization, in
which one duplicate gains a new function, and subfunctionalization, in which functions of the
ancestral protein are partitioned between the duplicates. Sir2 and Hst1 likely subfunctionalized
because the nonduplicated Sir2/Hst1 protein from K. lactis behaves like both ScSir2 (generates
heterochromatin at mating-type loci and telomeres) and ScHst1 (represses specific promoters)
(10, 53). Moreover, this subfunctionalization occurred through a duplication, degeneration, and
complementation route, as Sir2 and Hst1 acquired complementary mutations that reduced their
association with either the SIR or SUM1C repressive complexes (44). This type of process may
also have occurred after other sirtuin duplications.

A separate duplication of Sir2 occurred in the CUG-Ser1 clade of budding yeasts (109), which
includes C. albicans. The resulting paralogs have also been called Sir2 and Hst1, which is unfortu-
nate because there is not a biologically meaningful correspondence between the Sir2 proteins or
theHst1 proteins in C. albicans and S. cerevisiae. Interestingly, in the CUG-Ser1 clade, the Sir2 par-
alog has been lost multiple times, whereas Hst1 has been uniformly retained (109). This pattern
of loss implies that the function of Hst1 is advantageous, but it is unclear what this advantageous
function is. The only known function for Hst1 in C. lusitaniae, which lacks Sir2, is at the rDNA
array (43, 68).However, in C. albicans, it is Sir2 and not Hst1 that acts at the rDNA (41, 42), raising
the possibility that sirtuins can regain ancestral functions to compensate for gene loss (109).

Shifts in Sirtuin Targets

After sirtuins arise through duplication, they evolve with their host species and can acquire or
lose substrates. This may occur when their interactions with adaptor proteins shift, as in the case
described above for Sir2 and Hst1 from the Saccharomycetaceae family (44). Another mechanism
contributing to substrate shifts is a change in the target. For example, in the case of genes repressed
by sirtuins, a promoter may gain or lose a recognition site for a DNA-binding protein that recruits
a sirtuin. This process can result in orthologous sirtuins repressing different gene sets in different
species, as is seen for the genes repressed by SUM1C in S. cerevisiae compared to K. lactis (57) and
C. glabrata (103).

Sirtuins as Rewiring Points

Because sirtuins have a fixed requirement for NAD+ but shifting deacetylation targets, we have
proposed that sirtuins can serve as rewiring points (57). As sirtuins acquire new targets, the biolog-
ical processes associated with these targets will become responsive to intracellular NAD+ levels.
Thus, organisms can evolve potentially adaptive responses to low NAD+ stress by bringing new
processes under the control of sirtuins. In support of this rewiring hypothesis, we found that dis-
tinct sets of genes are regulated by the SUM1C repressor in S. cerevisiae and K. lactis (57). For
example, only K. lactis SUM1C regulates genes that detoxify arsenic. Thus, increased resistance
to arsenic is predicted to be a distinct response of K. lactis to low NAD+. Also consistent with this
hypothesis is the observation that the sets of SUM1C-regulated genes in S. cerevisiae and K. lactis
contain fewer broadly conserved genes than expected (57).
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Filamentous growth:
growth pattern of
fungi in which cells are
elongated and may be
connected in chains

Sporulation:
production of haploid
spores through
meiosis, often under
unfavorable
environmental
conditions

ROLE OF SIRTUINS IN FUNGAL RESPONSE TO LOW NUTRIENTS

Fungi occupy diverse ecological niches and utilize a variety of nutrients. Once these nutrients are
depleted, fungi must deploy survival strategies to persist until more nutrients are obtained. These
strategies include metabolic shifts to consume alternate nutrients, filamentous growth to access
distant nutrients, and sporulation for dispersal and long-term survival (reviewed in 54, 134). Envi-
ronmental stress also induces fungi to secrete secondary metabolites that modify the environment
(69, 128). Moreover, in the case of pathogens, these strategies are adapted to promote invasion
and survival within host tissue. Often, these survival strategies are only activated upon nutrient
depletion or other stresses, and cells integrate information about environmental conditions be-
fore committing to these developmental transitions. AsNAD+ sensors, sirtuins contribute to these
commitment decisions.

Maintaining NAD+ Pools

Cells respond to low NAD+ levels by upregulating genes involved in NAD+ synthesis and salvage
pathways. In S. cerevisiae, Hst1 participates in this induction (11).When intracellular NAD+ levels
fall, Hst1 is thought to be the first sirtuin affected due to its higher Km for NAD+ (11). Reduced
deacetylation by Hst1 leads to derepression of SUM1C target genes, including genes encoding
NAD+ biosynthesis enzymes and niacin transporters. Higher expression of these genes increases
NAD+ synthesis and niacin uptake. Once NAD+ levels are restored, Hst1 regains its deacety-
lase activity and again represses its target genes. This type of feedback mechanism is also seen in
C. glabrata and K. lactis (57, 92). However, both these species lack the BNA genes required for de
novo NAD+ synthesis, and therefore reduced sirtuin activity leads to induction of genes encoding
niacin transporters and salvage pathway enzymes. It is not known whether sirtuins contribute to
NAD+ homeostasis in fungal species that lack the SUM1C repressor complex.

Metabolic Shifts

When fungi deplete favored nutrients, such as glucose, they must adjust their metabolic flux to
utilize other nutrients. For example, when S. cerevisiae runs out of glucose and other sugars, it
undergoes a diauxic shift, switching from fermentation of glucose to respiration of the ethanol
and acetate produced during fermentation. Some genes that are upregulated during the diauxic
shift are repressed by Sir2 and Hst1 (57, 83), suggesting that lower NAD+ may be one signal that
promotes the shift.

A different role for a sirtuin in a metabolic shift is seen for the mold A. nidulans. The sirtuin
SirE, which is homologous to ScHst3 and ScHst4, binds to the promoters of primary metabolic
genes, including those involved in the glycolytic pathway, tricarboxylic acid cycle, and cell wall
synthesis (60). In the exponential growth phase, the promoters of these genes are acetylated and
transcription is high. However, during stationary phase when nutrients are limited, these promot-
ers are deacetylated by SirE and transcription is repressed. It remains unclear how the deacetylase
activity of SirE is regulated according to the growth phase.

Sporulation

For yeasts, sporulation is a response of diploid cells to starvation in which the cell undergoes meio-
sis and then encases each of the four daughter nuclei in a stress-resistant spore wall. Sporulation is
induced by a poor carbon source.However, during the early phases of sporulation, cells can return
to mitotic growth if they are refed. In contrast, once cells begin the first meiotic division, they are
committed to sporulation, even if nutrients are restored (134). Thus, commitment to sporulation
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requires a sustained nutrient starvation signal, and in S. cerevisiae low NAD+ may enhance such a
signal. This is because the commitment point corresponds with the expression of the transcription
factor Ndt80, which is regulated by the SUM1C repressor complex (106). The NDT80 promoter
serves as a genetic switch in which a single sequence, called the midsporulation element, can as-
sociate with either a repressor or an activator, but not both. The repressor is SUM1C, and the
activator is Ndt80 itself.When SUM1C dominates,NDT80 is repressed, and the switch is turned
off. However, as sporulation proceeds, Sum1p is phosphorylated, resulting in the release of Hst1p
and the weakening of repression (22). Once a little Ndt80 protein is produced, it displaces Sum1
from the promoter, increasing transcription and turning the genetic switch on.The cell then com-
mits to sporulation. Thus, regulatory mechanisms, such as low intracellular NAD+, that reduce
repression by SUM1C increase the probability of commitment to sporulation.

Secondary Metabolite Production

Fungi, particularly molds, are well known for producing secondary metabolites in response to
adverse environmental conditions. Secondary metabolites are compounds that are not part of cen-
tral metabolism but instead promote the organism’s survival by protecting it from environmental
stresses or diminishing competitor species. For example, melanin protects Cryptococcus neoformans
against UV radiation and oxidative stress, and penicillin kills bacteria that may compete with the
mold Penicillium rubens. In some cases, secondary metabolite production is regulated by sirtuins,
suggesting that it could be modulated by NAD+ availability or other factors that influence sirtuin
activity.

A. nidulans is an important model filamentous fungus that is renowned for its secondary
metabolite production, including the antibiotic penicillin G and the toxin sterigmatocystin (17,
95). Interestingly, the genes involved in penicillin G and sterigmatocystin biosynthesis are regu-
lated by the sirtuin SirA, which associates with their promoters and represses them via H4K16Ac
deacetylation (60, 117). Therefore, A. nidulans may factor NAD+ availability into the decision to
produce these metabolites, and artificially inhibiting SirA could be a strategy to induce secondary
metabolites (116, 117).

The budding yeast K. lactis produces the secondary metabolite pulcherrimin (75), which binds
iron. As iron is essential for the growth of microorganisms, iron sequestration by pulcherrimin
antagonizes microbes that lack a pulcherrimin transporter (119, 129). The two biosynthesis genes,
PUL1 and PUL2, are repressed by SUM1C and induced in its absence. Moreover, pulcherrimin
production is increased when NAD+ is low (57).

SIRTUINS AND LIFE SPAN

Arguably the most famous biological role of sirtuins is to slow aging, and this role was first iden-
tified in S. cerevisiae (66). Yeasts have served as model organisms for aging studies with the use
of two assays. Replicative life span is measured as the number of times a mother cell buds before
senescing, and chronological life span is determined as the length of time a nondividing cell re-
mains viable after nutrients are depleted. During replicative aging, damaged cellular components
are preferentially retained in the mother cell, leading to its ultimate senescence but resetting the
age of the daughter bud. These damaged components include extrachromosomal DNA (118),
oxidized and misfolded proteins (1), and dysfunctional mitochondria (98), which cumulatively de-
grade cellular health. Old mother cells also have reduced levels of Sir2 and Hst1 (24, 37) and
unstable rDNA (88). During chronological aging, metabolism is reconfigured and slowed (35).
S. cerevisiae cells first shift from fermentation of glucose to respiration of ethanol and acetate (di-
auxic shift) and eventually utilize storage molecules such as trehalose and glycogen. A successful
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transition requires reversal of the glycolytic pathway, which consumes sugar, to gluconeogenesis,
which produces sugar for storage.

Replicative life span is decreased in the absence of Sir2 and increased by extra copies of SIR2
in S. cerevisiae (66), as well as C. albicans (45) and C. neoformans (14). In S. cerevisiae, Sir2 primar-
ily influences replicative aging through its suppression of unequal sister chromatid recombination
within the rDNA,based on observations that loss of Sir2 has only amodest effect on life span when
the Sir2-regulated promoter within the rDNA is removed (111). Moreover, the rDNA is a major
QTL (quantitative trait locus) that influences aging (78, 124).Originally, the aging effect of rDNA
recombination was thought to be the production of extrachromosomal rDNA circles, which accu-
mulate in the mother cell and may sequester replication and repair proteins away from genomic
DNA (118). However, aging can occur without accumulation of extrachromosomal rDNA cir-
cles, leading to the hypothesis that it is the instability of rDNA that leads to aging by triggering
checkpoints and DNA repair (46). Similarly, in C. albicans deletion of CaSIR2 did not result in the
accumulation of extrachromosomal rDNA molecules (41). A second way Sir2 impacts replicative
life span is by promoting asymmetric segregation of toxic components through its effect on retro-
grade actin cable flow (1). In particular, a chaperone required for actin folding, CCT, is acetylated
and less active in the absence of Sir2 (89). However, it was not determined whether CCT is a di-
rect substrate of Sir2. In C. albicans, CaSir2 also promotes asymmetric distribution of oxidatively
damaged proteins during cell division (45). A third way Sir2 impacts replicative life span is by
maintaining appropriate H4K16 acetylation levels and subtelomeric silencing (24). However, it
remains unknown why elevated H4K16 acetylation shortens life span.

Chronological life span is influenced by Sir2 in the opposite direction of replicative life span.
Loss of Sir2 increases chronological life span (34). One way that Sir2 influences chronological
aging is by deacetylating Pck1 (87), a key enzyme required for gluconeogenesis but not glycolysis.
Deacetylation reduces the activity of Pck1, and hence Sir2 inhibits gluconeogenesis.Consequently,
in the absence of Sir2, stationary phase cells consume ethanol and acetate more quickly (20, 34),
which is beneficial because acetate in the spent medium contributes to cell death. In addition,
increased gluconeogenesis produces more of the storage molecule trehalose.

With an eye to extending life span pharmacologically, considerable effort has focused on
interventions that boost Sir2 activity and hence replicative life span. These interventions include
compounds that act directly on sirtuins, manipulation of intracellular NAD+ levels, inhibition
of signaling pathways that sense nutrients, and calorie restriction. A naturally occurring direct
regulator of sirtuin activity is the inhibitor nicotinamide, and indeed supplemental nicotinamide
reduces yeast replicative life span (13). Nicotinamide levels can be reduced by increasing Pnc1,
the enzyme that converts nicotinamide to nicotinic acid (Figure 3). Indeed, upregulating Pnc1
increases replicative life span (6). The second type of intervention, increasing intracellular NAD+

levels, can be achieved by supplementing the growth medium with niacin. Such treatment in-
creases replicative life span (12). The third intervention is to inhibit the TORC1 and cAMP/PKA
pathways that signal the presence of nutrients. Indeed, inhibition of either pathway increases life
span (65). However, it is not clear whether these pathways act through sirtuins. One potential
link is that the casein kinase CK2, which is activated by both pathways, phosphorylates Sir2 and
reduces its activity (28, 67). Another link is that inhibition of these pathways leads to activation
of transcription factors Msn2 and Msn4, which in turn upregulate PNC1, thereby decreasing
nicotinamide (100). The final intervention to increase life span is calorie restriction. For yeasts,
this is achieved by lowering glucose in the growth medium, which does increase replicative life
span. However, it is controversial whether calorie restriction activates sirtuins, as Sir2 is not
required for the effects of calorie restriction in replicative aging (127) or chronological aging
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Virulence traits:
factors, including
molecules and cellular
processes, that enable
microbial pathogens to
achieve robust
infection

(120). Nevertheless, calorie restriction does reduce signaling through TORC1, and hence leads
to upregulation of Pnc1 and phosphorylation of Sir2.

SIRTUINS AND VIRULENCE TRAITS IN PATHOGENIC FUNGI

In pathogenic fungi, sirtuins have evolved to influence virulence traits that help the organism
respond appropriately to changes in the host environment.

Candida glabrata

C. glabrata is the second-most common cause of human yeast infections, after C. albicans. Although
it is more closely related to S. cerevisiae than other pathogenic yeasts are (96) (Figure 1), it has
gained traits necessary for a commensal lifestyle (108). Compared to S. cerevisiae, C. glabrata is
more adhesive to surfaces and has higher resistance to drugs and stresses such as reactive oxygen
species and nutrient starvation.C.glabrata is unable to synthesize NAD+ via the de novo pathway,
so environmental niacin availability dramatically affects intracellular NAD+ levels and thus sirtuin
activity (93). In low niacin, inhibition of both CgSir2 and CgHst1 induces expression of genes that
promote virulence.

CgSir2 regulates the expression of subtelomeric genes in response to changes in NAD+ levels
(29). Some of these genes (EPA) encode adhesins that mediate adherence to host epithelial cells, an
important virulence trait (23, 26).When C. glabrata enters the urinary tract, which is a niacin-poor
environment, intracellular NAD+ level drops, compromising the activity of CgSir2. The resulting
loss of subtelomeric silencing permits expression of EPA genes, leading to increased adherence to
epithelial cells and promoting urinary tract infection (29).

The CgSUM1C repressor, containing Hst1, is also important for regulating virulence traits
in response to NAD+ levels (103). In the absence of CgHst1, C. glabrata is more resistant to flu-
conazole, due to increased expression of the multidrug transporter CDR1, and more resistant to
hydrogen peroxide, due to increased expression of catalase CTA1. In contrast, in S. cerevisiae the
deletion of ScHST1 did not affect susceptibility to fluconazole or hydrogen peroxide. This finding
suggests that CgSUM1C gained the ability to regulate CDR1 and CTA1 in the C. glabrata lineage,
which may have helped it adapt as a human commensal.

Candida albicans

C. albicans is a major opportunistic human fungal pathogen that diverged from S. cerevisiae around
240 million years ago (115). In healthy individuals, it is often a benign member of the skin and
mucosal microbiome. However, in people with compromised immune systems, C. albicans can
switch to a pathogenic state and causes severe superficial and life-threatening systemic infections.
One important virulence trait is the ability to switch between yeast and filamentous forms. Yeast
cells can disseminate throughout the body, whereas elongated hyphal cells can penetrate host
tissue.

CaSir2 influences filamentous growth. An early study suggested that inactivation of CaSir2
increased filamentous growth in both solid and liquid media (104). However, these findings have
not been reproduced, and a recent study reached the opposite conclusion, demonstrating that
formation of hyphae was reduced in the absence of CaSir2 (140). Consistent with this finding,
other studies showed that CaSIR2 is upregulated as hyphae develop and that garlic compounds
inhibit yeast-to-hypha transition by downregulating SIR2 (70, 85, 90). Importantly, the regulation
of hypha formation by Sir2 is dependent on its deacetylase activity (140), suggesting that if CaSir2
is compromised by low intracellular NAD+, cells will be less likely to filament. Thus, information

170 Zhao • Rusche

A
nn

u.
 R

ev
. M

ic
ro

bi
ol

. 2
02

2.
76

:1
57

-1
78

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 S
ta

te
 U

ni
ve

rs
ity

 o
f N

ew
 Y

or
k 

- B
uf

fa
lo

 o
n 

01
/1

0/
23

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



about the cell’s metabolic state may influence the decision to filament. In the future, it will be
important to identify the proteins or genomic loci whose deacetylation by CaSir2 influences
filamentous growth.

Another potential contribution of CaSir2 to virulence is its regulation of the subtelomericTLO
genes (4), which encode variants of a mediator subunit involved in transcriptional regulation. The
action of CaSir2 in subtelomeric regions leads to cell-to-cell variation in the expression of TLO
genes, which may generate phenotypic diversity among cells and hence promote adaptation to
environmental changes.

CaHst3 has been considered as an antifungal drug target because it is critical for viability
and differs from human sirtuins (137). CaHst3 retains the well-conserved function of Hst3/Hst4
subfamily members in maintaining genome stability by deacetylating H3K56. In addition, loss
of CaHst3 induces hyperfilamentation, but with abnormally shaped filaments; sensitizes cells to
genotoxic and antifungal agents; and impairs C. albicans infection in a mouse model (123, 137).

Cryptococcus neoformans

C. neoformans is a pathogenic yeast that causes severe infections in immunocompromised people,
especially those suffering from AIDS. Unlike the other species discussed here, it belongs to the
phylum Basidiomycota. CnSir2 promotes virulence in two ways. First, lack of Sir2 causes a growth
defect that results in reduced virulence in both murine and wax moth (Galleria mellonella) infection
models without modulating virulence traits (9, 14). Second, because CnSir2 modulates replicative
life span and old cells are more virulent (16), studies have examined how drugs that alter Sir2
activity affect virulence (14). Treatment with Sir2 agonists, which prolonged replicative life span,
decreased virulence of C. neoformans in G.mellonella, whereas treatment with Sir2 antagonists had
the opposite effect. However, the outcome of these treatments varied with the strain (15), and
further investigation is needed.

Magnaporthe oryzae

M. oryzae infects cultivated rice and other grains and is one of the most significant agricultural
pathogens (133). To establish an infection,M. oryzae must withstand reactive oxygen species pro-
duced by the plant (36). The sirtuin MoSir2 (MGG_10267), which belongs to the Hst2 subfamily,
assists in this defense by indirectly promoting the expression of the superoxide dismutase Sod1.
MoSir2 deacetylates the transcriptional repressor Jmjc, thereby blocking its association with the
promoter ofMoSOD1 and enabling transcription. MoSir2 levels are regulated via ubiquitination
(82). The E3 ubiquitin ligases Grr1 and Upl3 directly interact with MoSir2 and have opposite
roles in regulating MoSir2 levels. In the absence of oxidative stress, Grr1 contributes to MoSir2
turnover. In contrast, in response to oxidative stress, Upl3 promotes MoSir2 accumulation.

SUMMARY POINTS

1. Sirtuins deacetylate histones,which represses transcription and impacts genome stability.

2. Because sirtuins are NAD+-dependent deacetylases, their activity is sensitive to intra-
cellular NAD+ availability.

3. NAD+ is a critical metabolite that must be maintained in sufficient quantities and whose
levels could be affected by abrupt shifts in metabolic flux.
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4. The regulation of sirtuins by NAD+ levels and nutrient-sensing signaling pathways al-
lows them to transmit information about a cell’s metabolic state on to the biological
processes they influence.

5. The sirtuin family has expanded over evolutionary time through gene duplications fol-
lowed by diversification of substrate specificity.

6. Sirtuins serve as rewiring points that allow organisms to evolve novel responses to low
NAD+ stress by bringing relevant biological processes under the control of sirtuins.

7. Fungi integrate information about environmental conditions before committing to
metabolic and developmental transitions. Sirtuins contribute to these commitment de-
cisions by sensing NAD+ levels.

8. In pathogenic fungi, sirtuins influence virulence traits that help the organism respond
appropriately to changes in the host environment.

FUTURE ISSUES

1. To understand the specific functions of each sirtuin, its deacetylation targets should be
elucidated. These include the genomic loci where it acts and the nonhistone proteins it
deacetylates.

2. To understand how sirtuins associate with their genomic and protein targets, their in-
teracting partners should be identified.

3. To understand how sirtuin activity is regulated, information is needed on (a) how nutri-
ent fluctuation and other environmental changes affect intracellular NAD+ levels and
(b) how sirtuin activity responds to fluctuating NAD+ levels.

4. Additional regulatory mechanisms should also be investigated, including phosphoryla-
tion, subcellular localization, and protein turnover of sirtuins.

5. To understand how sirtuins serve as rewiring points, the targets of orthologous sirtuins
should be compared in multiple species.
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