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Reinventing Heterochromatin in Budding Yeasts: Sir2 and the Origin
Recognition Complex Take Center Stage"
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The transcriptional silencing of the cryptic mating-type loci in Saccharomyces cerevisiae is one of the
best-studied models of repressive heterochromatin. However, this type of heterochromatin, which is
mediated by the Sir proteins, has a distinct molecular composition compared to the more ubiquitous type
of heterochromatin found in Schizosaccharomyces pombe, other fungi, animals, and plants and character-
ized by the presence of HP1 (heterochromatin protein 1). This review discusses how the loss of important
heterochromatin proteins, including HP1, in the budding yeast lineage presented an evolutionary oppor-
tunity for the development and diversification of alternative varieties of heterochromatin, in which the
conserved deacetylase Sir2 and the replication protein Orcl play key roles. In addition, we highlight how
this diversification has been facilitated by gene duplications and has contributed to adaptations in

lifestyle.

In Saccharomyces cerevisiae, repressive chromatin forms at
the cryptic mating-type loci, HMRa and HML«, and pre-
vents the expression of extra copies of the genes that deter-
mine mating-type (reviewed in reference 99). These two loci
enable mating-type switching but must remain silenced to
maintain cell type identity and the capacity to mate. A
related type of repressive chromatin forms at the telomeres,
where it serves a structural role and represses subtelomeric
genes. The tandem rDNA array is also embedded in a dis-
tinct type of chromatin that serves to suppress unequal sister
chromatid exchange. However, the molecular composition
of this chromatin is distinct from the cryptic mating-type loci
and telomeres.

Silencing is initiated at specific DNA sequences termed
silencers. HMRa and HMLa are each flanked by silencers,
termed E and I, which have binding sites for the origin
recognition complex (ORC), as well as Rap1, Abfl, or both
(Fig. 1). Together, these silencer binding proteins recruit
the main structural components of silenced chromatin, the
Sir (silent information regulator) proteins. At telomeres,
Rapl binding sites embedded in the degenerate telomeric
repeat sequence recruit the Sir proteins. The Ku complex
also stabilizes the association of Sir proteins with telo-
meres.

The assembly of Sir proteins into silenced chromatin in-
volves two phases, nucleation and spreading. First, the Sir
proteins assemble at the mating-type silencers or chromo-
some ends through interactions with silencer binding pro-
teins. Subsequently, Sir2, Sir3, and Sir4 spread along the
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chromosome via interactions with histones (Fig. 1). Sirl is a
silencer-associated protein that stabilizes the other Sir pro-
teins at the mating-type silencers. Sir2 is a NAD"-depen-
dent deacetylase, and its enzymatic activity is required for
the spreading of the Sir proteins (60, 98). Sir3 and Sir4 bind
preferentially to deacetylated histones H3 and H4 (20, 52,
79, 89). Sir4 also serves as a scaffold, interacting with Sir2,
Sir3, and silencer-associated proteins. These observations
inspire a sequential deacetylation model in which Sir2
deacetylates nearby nucleosomes, creating new high-affinity
binding sites for Sir3 and Sir4, which in turn recruit addi-
tional Sir2 to the newly deacetylated nucleosome (Fig. 1).
However, recent studies suggest that spreading may not
always occur in a linear fashion. Instead, assembly may be
focused in regions of the chromatin fiber brought together
by silencers (75, 76, 118).

THE SUBPHYLUM SACCHAROMYCOTINA

Given that the molecular composition of heterochromatin
in S. cerevisiae is distinct from that of other well-studied
organisms, it is important to understand when and how this
unique silencing mechanism evolved. Thus, we focus on the
fungal subphylum Saccharomycotina, which consists primar-
ily of budding yeasts. These species are also referred to as
hemiascomycetes. Comparisons of average protein sequence
identity suggest that the diversity within this subphylum is
slightly greater than that among the chordates (33). The
phylogenetic relationships of the species discussed in this
review are illustrated in Fig. 2. The family Saccharomyceta-
ceae includes S. cerevisiae and is punctuated by a whole-
genome duplication that occurred approximately 100 mil-
lion years ago. The CTG clade, which includes the
opportunistic human pathogen Candida albicans, is charac-
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FIG. 1. Functions of Sir proteins. (A) The silencer binding proteins
ORC, Rapl (R), and Abfl (A) recruit the Sir proteins (1 to 4) to the
silencer. Sir2 deacetylates neighboring nucleosomes, generating bind-
ing sites for Sir3 and Sir4. Reiterations of this cycle enable spreading.
(B) Conserved domains of the four Sir proteins in S. cerevisiae are
indicated. For each protein, the names of paralogs are listed.

terized by a change in the genetic code, such that CTG
encodes serine rather than leucine. The fission yeast Schizo-
saccharomyces pombe belongs to a different subphylum,
Taprhinomycotina, which is thought to have diverged from
Saccharomycotina around a billion years ago (53, 54).
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SACCHAROMYCOTINA SPECIES LACK KEY
COMPONENTS OF HP1-MEDIATED
HETEROCHROMATIN

S. pombe has been another important model organism for
studying heterochromatin formation (reviewed in reference
48), particularly because many key proteins are conserved be-
tween S. pombe and metazoans. In S. pombe, heterochromatin
forms at pericentromeric regions, telomeres, and the cryptic
mating-type loci. Two important heterochromatin proteins are
a methyltransferase, Clr4, which specifically methylates lysine 9
of histone H3, and a chromodomain-containing protein, Swi6,
which binds preferentially to H3-K9™¢. These proteins are
well-conserved among eukaryotes and are generally known as
SuVar3-9 (the methyltransferase) and HP1 (the chromodo-
main-containing protein). However, these proteins are missing
from the genomes of S. cerevisiae and other Saccharomycotina
species.

The formation of heterochromatin in S. pombe is often ini-
tiated via a mechanism that involves small, noncoding RNAs.
These RNAs are part of a protein-RNA complex known as
RITS (RNA-induced transcriptional silencing) that is related
to the RISC posttranscriptional silencing complex (88, 111).
Indeed, the RNA interference (RNAI) proteins argonaute and
dicer are required for heterochromatin formation in S. pombe.
However, argonaute and dicer are missing in S. cerevisiae and
many Saccharomycotina species (86), although argonaute and
noncanonical dicer proteins have recently been identified in a
few Saccharomycotina species, including Naumovozyma castel-
lii and C. albicans (31). These RNAI proteins have been sug-
gested to silence retrotransposons, but a potential role in nu-
cleating heterochromatin-like structures, as occurs in S. pombe
and metazoans, has not been explored.
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FIG. 2. Distribution of Sir proteins in species discussed. For each species, the presence (+) or absence (—) of silencing proteins is indicated.
The paralogs Sir2/Hst1 and Orc1/Sir3 are separated for clarity. In other cases, multiple paralogs are indicated by the number of + symbols. Species
in boldface have been subject to experimental investigations of silencing. Asterisks identify proteins known to function in silencing. The tree
represents the relative relationships of species and is based on the consensus in the field (18, 67, 68, 106).
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In summary, many of the key components of heterochroma-
tin in S. pombe and other eukaryotes are missing in the Sac-
charomycotina species. It is unclear what led to the loss of these
proteins, but their absence presented an evolutionary oppor-
tunity for the development and diversification of alternative
silencing mechanisms.

DISTRIBUTION AND FUNCTION OF Sir PROTEINS
AMONG BUDDING YEAST SPECIES

SIR2. The deacetylase Sir2 is the most widespread and well-
conserved of the Sir proteins (Fig. 2). In fact, unlike the other
Sir proteins, which are restricted to budding yeasts, Sir2 has
homologs among all domains of life, including eubacteria and
archaea (reviewed in references 47, 102, and 110). Further-
more, many species have multiple Sir2 family members. For
example, in S. cerevisiae there are five Sir2 deacetylases (SIR2
and HSTI to HST4 [HSTI-4]) (15), but only Sir2 functions in
silencing.

The Sir2 family is defined by a conserved catalytic domain
(Fig. 1), which employs a mechanism distinct from that of
other deacetylases. In particular, deacetylation is coupled to
the lysis of NAD™, potentially linking the activity of these
enzymes to the metabolic state of the cell. S. cerevisiae Sir2
(ScSir2) and its orthologs in the Saccharomycotina have a sec-
ond conserved domain, which likely enables these proteins to
interact with specific partners, such as Sir4.

Orthologs of ScSir2 have been identified in all examined
Saccharomycotina species (36, 97), and the silencing function
of these orthologs is conserved in the few species that have
been investigated, namely, Kluyveromyces lactis (5, 23, 57),
Candida glabrata (30, 94, 96), and Saccharomyces bayanus
(118). In fact, Sir2 has a role in silencing beyond the Saccha-
romycotina. In S. pombe, SpSir2 contributes to silencing at
centromeres, telomeres, and mating-type loci, where it
deacetylates H3-K9, thereby promoting methylation of this
lysine and the association of Swi6 (39, 103). In Drosophila
melanogaster, mutations in DmSir2 affect position effect varie-
gation mediated by HP1 (4, 87) and repression mediated by
polycomb group proteins (43). Moreover, in distant protozoan
species, such as Trypanosoma brucei and Plasmodium falcipa-
rum, Sir2 homologs are also associated with subtelomeric chro-
matin (2, 34, 40). Therefore, the Sir2 deacetylase most likely
had an ancient role in silencing that has gained prominence in
budding yeasts. In addition, Sir2 associates with the rDNA
independently of the other Sir proteins, and this function has
been conserved in other eukaryotes, including mammals (84).

SIR3. The histone-binding protein Sir3 arose in the whole-
genome duplication from ORCI, a subunit of the origin rec-
ognition complex found in all eukaryotes (12, 19, 28, 65). Con-
sequently, distinct Sir3 proteins are found only in species that
descended from the whole-genome duplication (Fig. 2).

Both Sir3 and Orcl have three conserved domains (Fig. 1).
The N-terminal BAH (bromo-adjacent homology) domain
binds nucleosomes and in ScSir3 is required for silencing in
vivo and the formation of SIR-nucleosome filaments in vitro
(12, 16, 89, 100). In addition, the BAH domain of ScOrc1 binds
ScSirl (108, 116). The AAA™ domain (4TPases associated
with diverse activities) belongs to a functionally diverse super-
family that hydrolyzes ATP and harnesses the released energy
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for assembly and disassembly of macromolecular complexes.
This domain is poorly conserved in Sir3 and lacks residues
critical for binding ATP but nevertheless can be aligned with
Orcl along its entire length, indicating that the integrity of the
domain is important. Finally, the winged helix domain is pre-
dicted to bind DNA. The AAA™ and winged helix domains of
ScSir3 overlap with regions of the protein shown to make
critical contacts with other silencing proteins, including histone
tails (20, 52), Sir4 (35, 82, 83, 91), and Rap1 (83).

Orthologs of Sir3 contribute to silencing of subtelomeric
domains in C. glabrata (21, 26) and associate with cryptic mat-
ing-type loci in S. bayanus (44, 118), indicating that the silenc-
ing function of Sir3 is conserved. Moreover, the nonduplicated
Orcl protein fulfills the role of Sir3 in K. lactis and perhaps in
Lachancea kluyveri (58, 109). However, it is unknown whether
Orcl acts with the deacetylase Sir2 to generate heterochroma-
tin outside the Saccharomycetaceae family. Therefore, Orcl
either acquired a Sir3-like role in silencing within the Saccha-
romycotina subphylum or already had such a role in hetero-
chromatin formation and became more critical in the absence
of HP1 and other heterochromatin proteins. As discussed be-
low, the second model is consistent with connections between
ORC and heterochromatin in a wide range of species.

SIR4. The scaffold protein Sir4 displays extremely low se-
quence conservation (36, 118), and in some genomes the iden-
tification of SIR4 is based on synteny rather than homology.
Consequently, SIR4 has been identified only in the Saccharo-
mycetaceae family and is either absent or highly diverged and
nonsyntenic in the CTG clade (36, 97) (our unpublished anal-
ysis). An unresolved yet important issue is how Sir2 is targeted
to silenced domains in species that apparently lack Sir4, as
ScSir4 is required for the recruitment of ScSir2 and ScSir3 to
silencers and telomeres (72, 98).

A consistent structural feature of Sir4 is a coiled-coil domain
(6, 36) (Fig. 1), which interacts with Sir3 and is essential for
silencing in S. cerevisiae (22, 85). A functionally defined PAD
(partitioning and anchoring) domain enables ScSir4 to associ-
ate with the nuclear periphery (3), and other less well-defined
regions of Sir4 interact with Sirl, Sir2, and Rap1. Orthologs of
Sir4 contribute to silencing in S. bayanus (44), C. glabrata (62)
and K. lactis (6, 57), indicating a conserved function. However,
ScSir4 appears to have lost an ancestral function, as it cannot
complement a sir4A mutation in the closely related species S.
bayanus (118), although both S. bayanus Sir4 (SbSir4) and K.
lactis Sir4 (KISir4) complement a sir4A mutation in S. cerevisiae
(6, 118).

SIRI. The silencer-associated protein Sirl has a restricted
distribution, with Zygosaccharomyces rouxii being the species
most distant from S. cerevisiae in which a Sirl-like protein has
been identified (Fig. 2). The SIR! gene family has undergone
dramatic expansions and contractions. Consequently, some
species, such as C. glabrata, have lost Sirl, whereas others, such
as S. bayanus, encode multiple Sirl-like proteins, termed Kos
(kin of Sirl) proteins (44). SIRI and many of the KOS genes
are located in subtelomeric regions, and this placement likely
contributed to the rapid gains and losses of the SIRI family.

ScSirl contains a functionally defined OIR (ORC-interact-
ing region) domain that associates with the ScOrcl BAH do-
main and with ScSir4 to stabilize the SIR complex at silencers
(45). This domain is conserved across species, and two-hybrid
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analyses confirm that it consistently interacts with Orcl (14).
Interestingly, a second OIR-like domain also occurs in Sirl
(Fig. 1), indicating that there was an internal duplication within
the SIRI gene.

In addition to S. cerevisiae, SIRI-like genes have been ex-
amined experimentally in S. bayanus (44), where there are four
family members, SIR1, KOS1, KOS2, and KOS3. All four para-
logs contribute to silencing at the cryptic mating-type loci.
However, the exact contributions of the different paralogs re-
main to be determined.

IMPACT OF GENE DUPLICATIONS ON
SILENCING PROTEINS

All four of the SIR genes, as defined in S. cerevisiae, have
undergone duplications within the Saccharomycetaceae family,
and it is important to understand how these duplications have
led to partitioning and specialization of the functions of the Sir
proteins. The duplications of SIR2 and SIR3 occurred in con-
junction with the whole-genome duplication (Fig. 2) (28, 65,
112, 113). Subsequent to this event, most genes returned to
single-copy status. However, about 10% of S. cerevisiae genes,
including SIR2 and SIR3, are retained paralogs. Consequently,
the nonduplicated orthologs of Sir2 and Sir3 have additional
functions, as outlined below.

Divergence of function after duplication can occur through
neofunctionalization or subfunctionalization (24, 50), and both
ScSIR2 and ScSIR3 are products of subfunctionalization. One
mechanism of subfunctionalization is duplication, degenera-
tion, and complementation, in which duplicated genes each
lose one of the original functions and together retain the entire
set of ancestral functions (38). Subfunctionalization can also
occur through specialization, in which the divergence of func-
tions among paralogs also involves the accumulation of advan-
tageous mutations in at least one of the duplicated genes,
enabling it to outperform the ancestral gene (24, 50, 51, 74).

Duplication, degeneration, and complementation of Sir2.
The paralog of the deacetylase Sir2 is Hst1l (homolog of Sir2),
a component of the SUMI transcriptional repressor complex
that represses middle sporulation, NAD*-biosynthetic, and
a-specific genes in S. cerevisiae (11, 115, 117). Similarly, in C.
glabrata, Hst1 regulates midsporulation genes as well as genes
necessary for high-affinity uptake of NAD™ precursors (77).
Interestingly, Sir2 and Hstl generate distinct types of chroma-
tin. Unlike the SIR complex, the SUM1 complex does not form
extended domains of silenced chromatin but instead functions
in a promoter-specific manner to repress its target genes.

Characterization of the nonduplicated Sir2 ortholog from K.
lactis reveals that KISir2 has both Hst1-like and Sir2-like prop-
erties, indicating that subfunctionalization occurred after du-
plication (57). Consistent with this idea, KISir2 complements
an hstIA deletion in S. cerevisiae (56) and partially suppresses
a sir2A mating defect (23). Studies of chimeric ScSir2-Hstl
molecules indicate that distinct regions of these deacetylases
enable them to associate with the SIR or SUM1 complexes (41,
56, 80), and these interaction domains are conserved in KISir2
(41). The most parsimonious model is that the ancestral Sir2
also utilized these interaction domains and that after duplica-
tion the paralogs acquired complementary inactivating muta-
tions that reduced their affinities for one of the two complexes.
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Thus, Sir2 and Hstl represent an example of the duplication,
degeneration, and complementation mechanism of subfunc-
tionalization.

Although the initial subfunctionalization of Sir2 simply re-
tained its ancestral functions, the division may ultimately have
been beneficial. For example, ScHst1 has a lower affinity than
ScSir2 for the cofactor NAD™ (11), and at slightly reduced
concentrations of NAD™, Hstl-repressed genes are induced
but Sir2-repressed genes are not (11, 77). Consequently, as
NAD™ levels start to fall, ScHstl-repressed NAD™* biosyn-
thetic genes are upregulated to restore NAD ™ pools, without
compromising ScSir2 function.

Potential specialization of Orcl. The paralog of Sir3 is Orcl,
the largest subunit of the origin recognition complex (ORC).
ORC binds to origins of DNA replication, is found throughout
eukaryotes, and has orthologs in prokaryotes (DnaA) and ar-
chaea (Orc1/Cdc6). Orcl likely had a silencing function long
before it gave rise to Sir3, as connections between ORC and
heterochromatin have been observed in a wide variety of spe-
cies (7, 27, 70, 78, 90, 93). It has generally been assumed that
ORC acts as a landing pad to recruit silencing factors to het-
erochromatic domains, based on the paradigm from S. cerevi-
siae, in which ScOrcl stabilizes the SIR complex at silencers by
interacting with ScSirl. However, Orcl could also act like
ScSir3 to facilitate the spreading of silencing proteins by bind-
ing nucleosomes.

Nonduplicated orthologs of Orc1/Sir3 show more sequence
similarity to the duplicated Orcl than to Sir3, initially leading
researchers to propose that the silencing functions of Sir3
arose after duplication (65). However, the nonduplicated Orcl
from L. kluyveri weakly complements a sir3 mutation in S.
cerevisiae (109), and the nonduplicated Orcl from K. lactis has
the ability to spread across and silence a cryptic mating-type
locus in K. lactis in a Sir3-like manner (58). The capacity of
KlOrcl to spread and promote the spreading of other silencing
proteins implies that the common ancestor of KlOrcl and
ScSir3 had a similar ability and that subfunctionalization of the
replication and spreading functions of Orcl occurred after
duplication. This conclusion is consistent with the existence of
an ancient partnership of Orcl and Sir2 to generate extended
heterochromatic domains.

Curiously, KlOrcl does not appear to act like ScOrcl to
nucleate silencing. KlOrcl is not a silencer binding protein (58,
105) and SIRI is not detected in the K. lactis genome (36, 44).
Therefore, Orcl either lost its silencer-binding function in the
K. lactis lineage or gained this property in the S. cerevisiae
lineage. SIR! is first identifiable in Z. rouxii, a species with a
nonduplicated Orcl (Fig. 2), so Orcl likely acquired the ability
to function as a silencer binding protein prior to the whole-
genome duplication.

An important unanswered question is whether SIR3 contin-
ued to evolve after duplication, such that it acquired new
properties that improved its silencing ability. The accelerated
sequence divergence of SIR3 compared to ORCI may indicate
that SIR3 acquired new properties or may reflect relaxed se-
lection. It is also unclear whether there is an adaptive advan-
tage in utilizing both Sir3 and Orcl in different capacities to
achieve silencing.

An ancient tandem duplication of SIR4. SIR4 is an ancient
paralog of the gene ASF2 (anti-silencing factor), which occurs
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in tandem with SIR4 in species of the Saccharomycetaceae
family that did not undergo the whole-genome duplication
(19). Little is known about the function of Asf2, except that it
antagonizes silencing in both S. cerevisiae and K. lactis (57, 69)
and copurifies with ScSir2 (16). Thus, Asf2 may compete with
Sir4 for binding to Sir2. Studies on the evolutionary histories of
these two rapidly changing proteins would be interesting, es-
pecially in light of the absence of Sir4-like proteins outside the
Saccharomycetaceae family.

Internal duplication of SIRI. SIRI displays two types of
duplication, expansions and contractions of subtelomeric SIRI-
like (KOS) genes and an internal duplication resulting in two
tandem OIR-like domains. Phylogenetic analysis of OIR-like
domains reveals a clear separation of the N- and C-terminal
domains, indicating that the internal duplication occurred once
during evolution (44). Kos3, which has a single OIR domain, is
thought to be the ancestral form of the protein (44). After the
internal duplication occurred, the resultant SIR]-like gene was
subsequently duplicated in its entirety and diversified, yielding
SIRI, KOS1, KOS2, and KOS4.

An important unanswered question is how the tandem du-
plication of the OIR domain contributes to the function of
Sirl. In §. cerevisiae, the C-terminal domain interacts with
ScOrcl and is important for the recruitment of the SIR com-
plex to silencers. In contrast, the function of the N-terminal
domain (OIR’) is unclear, although it is hypothesized to inter-
act with Sir3 or another BAH domain-containing protein (25,
61). An intriguing possibility is that the OIR domain duplica-
tion was coupled to the duplication and divergence of its in-
teraction partner Orcl/Sir3 (44). A second unanswered ques-
tion is whether the multiple Sirl-like proteins found in some
species have distinct or overlapping functions.

GENOMIC LOCATIONS ASSOCIATED
WITH Sir PROTEINS

The Sir proteins were originally identified as transcriptional
repressors of the cryptic mating-type loci. In budding yeasts,
mating-type is determined by the MAT or MTL locus, which
has two idiomorphs, a and «, encoding transcription factors
that regulate the expression of cell-type-specific genes. Addi-
tional copies of mating-type cassettes enable switching of mat-
ing-type and emerged in the Saccharomycetaceae family (Fig.
2) (17). In S. cerevisiae, all three mating-type loci are on the
same chromosome—two SIR-silenced loci located near the
telomeres and an active locus situated more internally on the
chromosome. However, there is plasticity in the number and
placement of mating-type loci. For example, the mating-type
loci are not all on the same chromosome in C. glabrata and K.
lactis. Lachancea waltii has two adjacent mating-type loci near
a single telomere (29), Ashbya gossypii has three mating-type
loci near telomeres and a fourth more internally located (Fred
Dietrich, personal communication), and L. kluyveri has only a
single mating-type locus and can no longer undergo mating-
type switching. In addition to this variability in organization of
the mating-type loci, the extra mating-type loci are not always
silenced as expected. In C. glabrata, MTL2 and MTL3 are both
located near telomeres, but only M7L3 is silenced (94), and in
K. lactis HMRa is repressed by the SUM1 complex instead of
the SIR complex (57, 58).
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Although the Sir proteins were first identified as repressors
of mating-type loci, this was probably not their original func-
tion. Species outside the Saccharomycetaceae family contain a
single, active mating-type locus, for which there is no evidence
of regulation by Sir2 (18, 95). Nevertheless, Sir2 is present in
these species and must have another function. Two candidate
regions at which Sir2 may act are the telomeres and centrom-
eres, which are silenced by HP1-containing heterochromatin in
other eukaryotes.

An ancient role for Sir2 in generating subtelomeric hetero-
chromatin seems highly likely given its presence at telomeres in
S. pombe (39, 103) as well as S. cerevisiae, S. bayanus (118), C.
glabrata (21, 62), and K. lactis (49, 58). However, a consider-
able reorganization of telomere structure did occur early in the
Saccharomycotina subphylum (reviewed in reference 71).
Compared to most eukaryotes, these yeasts display longer and
more varied telomere repeat units, within which are embedded
binding sites for Rapl, the protein responsible for recruiting
Sir proteins to telomeres. Thus, the way in which Sir2 is re-
cruited to telomeres is distinct in Saccharomycotina species.

Centromeres are often associated with heterochromatin. In
most eukaryotes, including S. pombe, centromeres are flanked
by repetitive sequences that are incorporated into heterochro-
matin, which is required for faithful chromosome segregation.
In contrast, Saccharomycotina species lack HP1 and must ei-
ther employ an alternative type of pericentromeric chromatin
or have evolved other mechanisms to preclude the require-
ment for pericentromeric heterochromatin. There are two
types of centromeres observed in budding yeasts. Species in the
Saccharomycetaceae family generally have “point” centrom-
eres, in which a relatively short DNA sequence (<500 bp)
specifies the centromere (32). A specialized pericentromeric
heterochromatin structure has not been observed at the cen-
tromeres in S. cerevisiae, and Sir2, 3, and 4 do not associate
with centromeres (104). Curiously, Sirl is found at centrom-
eres (104), although its function is unknown. Thus, the devel-
opment of point centromeres may have circumvented the re-
quirement for a specialized chromatin structure. In contrast,
species in the CTG clade have more complex centromeres that
span 3 to 5 kb and are epigenetically inherited (10, 73, 101).
Although the flanking chromatin structure of C. albicans cen-
tromeres has not been characterized, these centromeres are
highly efficient origins of replication and bind ORC (66). It will
be interesting to investigate whether the association of ORC
facilitates the formation of a specialized chromatin structure
containing Sir2.

RAPID SEQUENCE EVOLUTION OF SILENCERS

The silencers that recruit the SIR complex to the cryptic
mating-type loci have evolved much more rapidly than the Sir
proteins themselves. For example, in K. lactis, the identified
silencers do not contain binding sites for ORC or Rapl but
instead bind Rebl and Ume6 (9, 105). Interestingly, Reb1 and
Rapl are related myb domain-containing proteins, suggesting
that this family of proteins may be well-suited to function as
silencer binding proteins. In C. glabrata, silencing of the MTL3
locus is apparently not nucleated at a silencer sequence at all
but is instead subject to subtelomeric silencing (94). This loss
of silencers is consistent with the absence of the silencer-
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associated Sirl protein in this species (44). Thus, substitutions
of one silencer binding protein for another, and even the com-
plete loss of silencers, have occurred over the course of evo-
lution, but nevertheless the primary role of the Sir proteins in
forming silenced chromatin has been preserved in species of
the Saccharomycetaceae family.

Comparisons of silencers in S. cerevisiae and closely related
(sensu stricto) species provide insights into how silencers di-
verge. Although the same proteins bind to the silencers in
these species, DNA sequences between the protein binding
sites display elevated sequence divergence compared to other
noncoding regions of the genome (107). This observation sug-
gests that silencing impairs the fidelity of DNA replication or
repair, thereby increasing the likelihood of acquiring or losing
protein binding sites in these regions.

SPECIES-SPECIFIC ADAPTATIONS OF SILENCING

Saccharomyces bayanus. S. bayanus is the species most
closely related to S. cerevisiae in which silencing has been
examined experimentally. This yeast has fermentative capa-
bilities similar to those of S. cerevisiae and is often identified
in spontaneously fermented wines and ciders. In addition, S.
bayanus and S. cerevisiae can mate and subsequently un-
dergo meiosis, although the resulting spores are inviable
(46). The maintenance of transcriptional silencing, medi-
ated by Sir2, Sir3, and Sir4, occurs similarly in the two
species. However, there are intriguing differences in the
nucleation of silencing. S. bayanus has four paralogs of Sirl,
whereas S. cerevisiae has one. Curiously, all four paralogs of
Sirl in S. bayanus contribute to transcriptional silencing,
with Kos3 playing a distinct role compared to the other
paralogs (44). Furthermore, the Sirl-interacting protein
Sir4 has properties in S. bayanus not found in ScSir4. ScSir4
cannot efficiently associate with SDHMR, whereas SbSir4
does stably associate with ScHMR (118). Finally, the overall
sequences of the silencers have diverged significantly be-
tween these two species, although these silencers appear to
bind the same proteins (ORC, Rapl, and Abfl) in both
species (107, 118). Thus, there has been a coordinated evo-
lution of Sirl, Sir4, and silencer sequences, resulting in
species-specific requirements for the assembly of silenced
chromatin. These observations raise the possibility that the
coexistence of incompatible proteins in hybrid cells inter-
feres with silencing and thus contributes to reproductive
barriers between species.

Candida glabrata. C. glabrata is more distantly related to S.
cerevisiae yet is descended from the whole-genome duplica-
tion. This yeast is a commensal, opportunistic pathogen and
is a common cause of yeast infection in humans, along with
C. albicans (37, 64). Although both of these species bear the
name Candida, they are phylogenetically distant (Fig. 2).

A striking difference between C. glabrata and S. cerevisiae
is that silencing is regulated by environmental conditions in
C. glabrata, whereas it is constitutive in S. cerevisiae. Nev-
ertheless, the general mechanism of silencing appears to be
conserved (26, 30, 62). The environmental regulation of
silencing in C. glabrata is possible because C. glabrata is
auxotrophic for niacin, a precursor of NAD™ (30), which is
required for Sir2 deacetylation. In niacin-poor environ-
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ments, the cellular level of NAD™ drops, thereby reducing
the function of C. glabrata Sir2 (CgSir2) and hence silencing
(30, 77). Loss of silencing leads to the induction of several
subtelomeric EPA adhesin genes, enabling the cells to ad-
here to epithelial cells (21, 30). Regulating silencing in this
way may facilitate colonization of the urinary tract, an en-
vironment poor in niacin. Subtelomeric EPA adhesin genes
are also induced under conditions that favor biofilm forma-
tion (62).

C. glabrata reproduces mitotically and is not known to
have a sexual stage in its life cycle, despite maintaining three
mating-type loci and genes important for meiosis (114). The
adaptation to a predominantly asexual mode of reproduc-
tion may have enabled Sir-mediated silencing to become
regulatable. Perturbations in CgSir2 function would have
deleterious effects if cells needed to maintain cell type iden-
tity in readiness for mating.

Kluyveromyces lactis. Among species whose genomes were
not duplicated, silencing has been most extensively studied
in K. lactis. This species was originally isolated from milk-
derived products, although it grows on a wide range of
carbon sources. Interest in cultivating K. lactis for biotech-
nology led to the development of its genetics, and its diver-
gence prior to the whole-genome duplication makes K. lactis
a convenient proxy for the ancestral nonduplicated state.

K. lactis has orthologs of Sir2 and Sir4, which function
similarly to their S. cerevisiae homologs (5, 6, 57). In con-
trast, there is no distinct Sir3 in K. lactis but rather a single
nonduplicated Orcl/Sir3 protein. KlOrcl acts in conjunction
with Sir2 and Sir4 to generate specialized chromatin struc-
tures at telomeres and HMLa. Furthermore KlOrcl de-
pends on its nucleosome-binding BAH domain to facilitate
spreading of these proteins, much as ScSir3 does (58). Thus,
a SIR-like complex does exist in this nonduplicated species.

Silencing in K. lactis involves additional factors beyond
those characterized in S. cerevisiae. In particular, the
KISUM1 complex acts in concert with the SIR complex to
silence the cryptic mating-type locus HMLa (57). Since
KiSir2 associates with both the SUM1 and SIR complexes,
its role in silencing is probably mediated through both com-
plexes. Interestingly, the KISUMI1 complex also represses
HMRa in the absence of Sir4 or Orcl. Thus, although the
role of Sir2 in silencing mating-type loci is conserved in K.
lactis, Sir2 does not always act as part of the SIR complex.
In contrast to the mating-type loci, telomeres in K. lactis
associate with components of the SIR-like complex but not
KiSum1 (58). The different protein compositions of the
chromatin at these three loci probably confer distinct prop-
erties. We speculate that the Suml-Sir2 complex has a
greater role in repressing transcription, because deletion of
KISUMI1 results in a greater induction of HMLa genes than
does deletion of KISIR4 (57). In contrast, the Sir4-Sir2-Orcl
complex, which still assembles in the absence of KlSuml,
may fulfill a different function, such as preventing inappro-
priate switching events at HMLa or recombination at telo-
meres.

In addition to repressing the mating-type loci, the
KISUM1 complex acts in a promoter-specific fashion to re-
press many of the same sporulation genes regulated by the
ScSUMI1 complex, as well as other cell-type-specific genes
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required for mating, such as the pheromone MFal and the
G protein vy subunit STEI8 (57). Consequently, Sir2 may be
a critical factor preventing K. lactis from mating in certain
conditions. K. lactis haploid cells delay mating until nutri-
ents become scarce (8, 13, 55) unlike S. cerevisiae cells,
which mate in nutrient-rich conditions. This difference is
explained in part by a requirement for the transcription
factor Rmel (also known as KIMts1), which is induced in
low-nutrient conditions and activates expression of some
genes necessary for mating (13). However, Rmel/Mtsl in-
duction alone may be insufficient to complete mating, as Sir2
represses some cell-type-specific and pheromone-induced
genes not induced by Rmel/Mtsl. Although Sir2-mediated
repression may need to be relieved for progression of mat-
ing, Sir2-mediated silencing of HMLo and HMRa favors
mating by maintaining cell identity. However, unlike S.
cerevisiae, K. lactis cells lacking Sir proteins are not com-
pletely sterile. Thus, the time at which Sir2-mediated re-
pression is relieved may govern proper progression of the K.
lactis sexual cycle and link it to nutrient availability. An
interesting question for future studies is whether variations
in Sir2-mediated repression alter the ways species coordi-
nate life cycle transitions with environmental changes.

Candida albicans. Silencing and Sir2 function in the CTG
clade are poorly understood. Species from this clade are re-
sponsible for the majority of human yeast infections, with C.
albicans being the most common pathogen. These species are
phenotypically diverse and vary in their abilities to mate, spo-
rulate, and colonize mammalian hosts. The only conserved Sir
proteins in these species are Sir2 and Orcl. C. albicans has five
homologs of Sir2. One homolog, orf19.1992, was identified
prior to genome sequencing and was annotated as SIR2 (92).
However, another Sir2 homolog, orf19.4761, has better se-
quence conservation with Sir2 orthologs. The functions of
these two homologs have not been clarified such that one can
be definitively annotated as Sir2. Therefore, both genes will be
referred to by their systematic names from the SC5314 strain.

Gene dosage of orf19.4761 correlates with the replicative life
span of C. albicans, such that cells with more SIR2 genes have
longer life spans and display asymmetric distribution of oxi-
dized and damaged proteins during cell division (42). These
observations are consistent with the role of SIR2 in aging in S.
cerevisiae (1, 63). Deletion of the other Sir2 homolog,
orf19.1992, lowers the frequency of phenotypic switching from
the opaque to the white state (59). As only C. albicans opaque
cells are competent to mate (81), orf19.1992 may reduce mat-
ing by favoring the white state. It is not clear whether either of
these phenotypes is related to the presumed transcriptional
repression activities of Sir2 proteins.

Further investigations into silencing in the CTG clade will
answer important questions regarding the evolution of Sir2-
mediated silencing. Does silenced chromatin form at the telo-
meres or near the centromeres? If so, do Sir2 and Orcl act
together to generate this silenced chromatin and are other
proteins, perhaps related to Sir4 or Suml1, involved? How have
the mechanism of silencing and the loss of mating and meiosis
influenced one another? Might the lack of a highly specialized
silenced chromatin correlate with the increased genome plas-
ticity observed in these species?
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FIG. 3. Model for the evolution of Sir-mediated silencing. (Top) In
the ancestral state, the deacetylase Sir2 partnered with the histone
binding protein Orcl. (Middle) An intermediate stage involved dual
roles for Orcl, binding silencers and nucleosomes. (Bottom) After the
whole-genome duplication, subfunctionalization of Sir2/Hstl and
Orcl/Sir3 occurred.

MODEL FOR EVOLUTION OF Sir-MEDIATED
SILENCING

Based on the studies outlined above, we propose the follow-
ing model for the evolution of Sir-mediated silencing (Fig. 3).
First, HP1-containing heterochromatin was lost early in the
Saccharomycotina subphylum. This loss necessitated adapta-
tions, such as the development of alternative chromatin struc-
tures at telomeres and centromeres to maintain genome sta-
bility. At the core of such alternative silencing mechanisms was
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the conserved deacetylase Sir2, which participates in the for-
mation of repressive chromatin in a variety of fungal and non-
fungal species. We speculate that Sir2 partnered with the con-
served replication protein Orcl to generate repressive
chromatin, with Sir2 deacetylating nucleosomes that could be
bound by the BAH domain of Orcl. It is not clear whether the
joint action of Sir2 and Orcl is evolutionarily ancient and
increased in importance after the loss of HP1 or whether it
originated after the loss of HP1. However, the participation of
Orcl and Sir2 in subtelomeric heterochromatin in the proto-
zoan parasite Plasmodium falciparum (78) is consistent with an
ancient relationship. It is also unclear whether a Sir4-like pro-
tein was part of this proposed ancestral silencing complex, as
SIR4 is rapidly evolving and could still be found outside the
Saccharomycetaceae family. Mechanistic studies of Sir2 func-
tion in Candida species will help resolve these issues by clari-
fying the role of Orcl and identifying Sir2-interacting proteins.

In the Saccharomycetaceae family, changes in mating-type
architecture and protein function led to the development of
Sir-mediated silencing, as characterized in S. cerevisiae (Fig. 2).
One important change was the emergence of silent mating-
type cassettes in telomere-proximal locations that could exploit
the preexisting silenced domains at the ends of chromosomes.
The Sirl family of proteins emerged relatively recently, and the
ability of these proteins to interact with Orcl may have ex-
panded the role of Orcl in the establishment of silencing.
Finally, the whole-genome duplication enabled the partition-
ing and specialization of Sir2/Hst1 and Orc1/Sir3 functions. In
addition, the Sir proteins likely evolved different adaptive func-
tions in yeast species not yet examined. For example, in N.
castellii, paralogs of SUMI and SIR4 have been retained (19),
suggesting the existence of multiple varieties of silencing com-
plexes in this species.
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