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Abstract

Co-evolution of transcriptional regulatory proteins and their sites of action has been often hypothesized but rarely
demonstrated. Here we provide experimental evidence of such co-evolution in yeast silent chromatin, a finding that
emerged from studies of hybrids formed between two closely related Saccharomycesspecies. A unidirectional silencing
incompatibility between S. cerevisiaeand S. bayanusled to a key discovery: asymmetrical complementation of divergent
orthologs of the silent chromatin component Sir4. In S. cerevisiae/S. bayanusinterspecies hybrids, ChIP-Seq analysis revealed
a restriction against S. cerevisiaeSir4 associating with most S. bayanussilenced regions; in contrast, S. bayanusSir4
associated with S. cerevisiaesilenced loci to an even greater degree than did S. cerevisiae’s own Sir4. Functional changes in
silencer sequences paralleled changes in Sir4 sequence and a reduction in Sir1 family members in S. cerevisiae. Critically,
species-specific silencing of the S. bayanus HMRlocus could be reconstituted in S. cerevisiaeby co-transfer of the S. bayanus
Sir4 and Kos3 (the ancestral relative of Sir1) proteins. As Sir1/Kos3 and Sir4 bind conserved silencer-binding proteins, but not
specific DNA sequences, these rapidly evolving proteins served to interpret differences in the two species’ silencers
presumably involving emergent features created by the regulatory proteins that bind sequences within silencers. The
results presented here, and in particular the high resolution ChIP-Seq localization of the Sir4 protein, provided unanticipated
insights into the mechanism of silent chromatin assembly in yeast.
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Introduction

Among all specialized chromatin structures, the difference
between heterochromatin and euchromatin is perhaps the most
fundamental, motivating intense study of the differences between
these two structures. DNA sequences within heterochromatic
regions evolve rapidly in animals [1,2], plants [3,4], and fungi [5],
presenting a paradox of how the specification of heterochromatin
structure persists despite rapid changes in the underlying sequence
[6]. In Saccharomyces the biology of heterochromatin has proven
eminently accessible to genetic studies through its role in gene
silencing [7], and comparative studies of silencing now seem
poised to illuminate key processes underlying heterochromatin
evolution.

Molecular co-evolution of transcriptional regulatory proteins
with their sites of action has been proposed to maintain regulatory
functions across species divergence [8,9]. In this context, ‘‘co-
evolution’’ is typically understood as compensatory changes in a
DNA sequence motif and the DNA-binding domain of the cognate
transcription factor. Although it has been suggested that such co-
evolution is prevalent in nature [8], in only a few instances has it
been directly tested [10–12]. In Dipteran insects, for example,
co-evolution ofbicoid binding sites in thehunchback promoter
and the bicoid homeodomain has been proposed to maintain

hunchback-mediated developmental patterning along the anterior/
posterior axis inMusca and Drosophila [13,14]. However, the large
size and complexity of animal regulatory elements, and the
difficulty of performing cross-species complementation tests in
animals, have precluded clear distinction between regulatory
divergence and bona fide co-evolution.

Transcriptional silencing by Sir (Silent Information Regulator)
proteins is necessary for the specialized haploid mating-type
system found inSaccharomyces [15,16]. DNA regulatory elements
termed ‘‘silencers’’ contain binding sites for the Origin Recogni-
tion Complex (ORC), Rap1, and Abf1, which in turn direct the
assembly of silent chromatin structures at theHML andHMR loci.
The current model for the establishment of silencing holds that a
Sir2/Sir3/Sir4 complex is brought to silencers by protein-protein
interactions between ORC and Sir1, and between Rap1 and Sir4
[7]. Upon nucleation of these complexes, silent chromatin
formation is catalyzed by the histone deacetylase activity of Sir2,
and propagated, at least in part, through interactions between Sir3
and newly deacetylated histone tails [17–19]. Sir proteins are not
thought to bind specific DNA sites; instead, efficient nucleation of
silencing complexes at silencers requires interactions between Sir1
and Sir4, bridging the ORC-Sir1 and Rap1-Sir4 interactions [20].
Silencing also occurs at telomeres, which recruit Sir proteins
primarily through arrays of Rap1 binding sites within the terminal
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Conditional Association of Sc-Sir4 withS. bayanus HML
and HMR

The inability of Sc-Sir4 to function atSb-HMLand Sb-HMR
could have been manifested either during its recruitment or after
its assembly into chromatin [35]. To determine where in the
assembly ofS. bayanussilenced chromatin Sc-Sir4 protein was
blocked, we compared the ability of Sc-Sir4 and Sb-Sir4 proteins
to associate with all silent loci of both species at high resolution
using chromatin-immunoprecipitation followed by deep-sequenc-
ing of the precipitate (ChIP-Seq). Sir4 ChIP-Seq was performed
using hybrid diploids expressing Sc-Sir4 only, Sb-Sir4 only, or
both Sc-Sir4 and Sb-Sir4. Because of the sequence divergence
betweenHML and HMR of the two species, the occupancy of
each species’HML and HMR loci could be evaluated simulta-
neously. In each strain, only oneSIR4allele carried a 13xMyc

epitope tag [36]. In hybrids expressing Sc-Sir4 only, robust
enrichment ofSc-HML and Sc-HMRsilencers was observed as
expected, with very weak enrichment ofSb-HML and Sb-HMR
silencers (Figure 4A, Table 1). Strikingly, Sc-Sir4 association with
an internal region ofSb-HMRwas indistinguishable from non-
silenced regions. In contrast, as predicted from the genetic results,
Sb-Sir4 associated robustly withHML and HMR loci from both
species, and did so most robustly atS. cerevisiaesilencers
(Figure 4A, Table 1). The ChIP-Seq results were validated at
Sc-HMR, Sb-HMR, and control loci using standard ChIP-qPCR
analysis (Figure 5A). Thus, Sc-Sir4 showed strongly reduced
association with Sb-HML and Sb-HMR silencers and no
detectable association with their internal regions. The relative
absence of Sc-Sir4 from these normally silenced regions of theS.
bayanusgenome was consistent with two possibilities. Perhaps Sc-

Figure 2. Incompatibility between S. cerevisiae SIR4and S. bayanus HMRin S. cerevisiae/S. bayanusinterspecies hybrids. (A) Silencing of
the Sb-HMR::URA3reporter gene (top panel) or theSc-HMR::URA3reporter gene (bottom panel) inS. cerevisiae/S. bayanushybrids was assayed by
growth on selective media. For each strain, a 10-fold dilution series of yeast cells was spotted onto medium counter-selective forURA3expression
(FOA), selective forURA3expression (CSM/-Ura), or rich medium (YPD). Schematics at left show the configurations of the salient features of two
species’HMRloci in each hybrid strain: silencers (ovals), mating-type cassette homology regions (blue boxes),HMRa1 ORF (red arrow), andURA3ORF
(green arrow). Gray oval indicates the presumed location of theSb-HMR-Isilencer. Presence or absence (D) of the S. cerevisiae(Sc) andS. bayanus(Sb)
SIR4alleles are indicated to the right of schematics. See Table S1 for complete strain genotypes. (B) Silencing of theSb-HMR::URA3reporter gene in
wild-type, SIR4/sir4D, or sir4D/sir4D S. bayanusdiploids.
doi:10.1371/journal.pbio.1000550.g002

BLASTP alignments. The distribution of percent identity of orthologous protein pairs, in bins of 5 percent increments, is plotted versus the number of
orthologous pairs in each bin. The bin containing Sir4 (45% identity) is indicated with an arrow.
doi:10.1371/journal.pbio.1000550.g001
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genome-wide, also showed a dramatic discrepancy. InS. cerevisiae,
silencing by Sir proteins occurs at telomeres and subtelomeres, in
addition to HML and HMR [18,39,40]. A comparison of the
interspecies hybrids expressing Sc-Sir4 only versus Sb-Sir4 only
showed that allS. cerevisiae TG1–3 terminal repeats (which contain
embedded Rap1 binding sites), including those present on the
centromere-proximal side of some Y9elements, were comparably
occupied by both species’ Sir4 proteins (Figure 4B). (Y9elements
are helicase-encoding repetitive sequences of unknown origin and
function that are found in some subtelomeric regions immediately
adjacent to the terminal repeats [22].) This result was not
surprising as the telomerase-replicated repeated sequence, tem-
plated by theTLC1 RNA, is identical in the two species (our
unpublished observations). Thus, it appeared that Sir4 association
with the S. cerevisiae genome, as promoted by Rap1, was not
substantially different between Sc-Sir4 and Sb-Sir4. Indeed, the

C-terminal residues of Sc-Sir4 critical for its interaction with Rap1
are conserved in Sb-Sir4 (our unpublished observations). We note
that the smaller ChIP-Seq peaks observed in these regions in the
‘‘No tag’’ control strain (Figure 4B, yellow shading) are likely due
to non-specific DNA binding to the anti-myc beads.

Unexpectedly,S. cerevisiae subtelomeres had two types of regions
notably more enriched by Sb-Sir4 ChIP than by Sc-Sir4 ChIP.
These regions corresponded to X elements, which are regulatory
sequences near telomere ends that contain ORC and Abf1 binding
sites [22], and the ORFs within Y9 elements. For X elements,
ChIP-Seq of Sc-Sir4 showed an average of 7-fold enrichment,
whereas Sb-Sir4 showed an average of 14-fold enrichment, with
even greater disparity often evident immediately adjacent to X
elements (Figure 4B). Therefore, Sb-Sir4 either associated more
robustly with factors bound to X elements than did Sc-Sir4 or
conceivably was excluded less effectively. X element core

Figure 4. Sc-Sir4 versus Sb-Sir4 ChIP-Seq analysis in S. cerevisiae/S. bayanushybrids. (A) Left: Sir4 IP/Input ratios, normalized to control
regions within each experiment, for the Sc-HMR-Esilencer. Center: Normalized IP/Input ratios for the Sb-HMR-Esilencer. Right: Normalized IP/Input
ratios for the Sb-HMR::URA3ORF. ‘‘Sc-Sir4’’ or ‘‘Sb-Sir4’’ labels indicate which species’ Sir4 protein was examined by ChIP. Species’ identities of both
SIR4alleles in each strain are given in parentheses, with the allele bearing the 13x-Myc tag indicated in red: (Sc/Sc), JRY9062; (Sb/Sb), JRY9063; (Sc/Sb),
JRY9064 (see Table S1 for complete strain genotypes). Dashed lines indicated IP/Input ratio of non-silenced control regions. Error bars indicate the
standard error of the mean of all 100 bp windows covering a region. See Table 1 for non-normalized IP/Input ratios and Methods for a description of
data processing. (B) ChIP-Seq profiles of Sc-Sir4 (JRY9062), Sb-Sir4 (JRY9063), and the ‘‘No tag’’ control (JRY9054) at two S. cerevisiaetelomere regions.
The ratio of IP/Input read counts for each base of a telomeric region is plotted. Diagrams indicate salient genetic features of two telomeres (see key at
left) with X elements (yellow boxes), Y9elements, and terminal repeats (TR) containing Rap1 binding sites, labeled above. TELXV-L(left panel) has an
X-element-only end, whereas TELVIII-R(right panel) has an X-Y9end. The TELVIII-RY9element spans nucleotide positions 556986–562456, with two
helicase-encoding ORFs located between positions 558014 and 562047 (www.yeastgenome.org). For the ORFs within this Y9element, Sc-Sir4 had a
mean IP/Input ratio of 1.2, and the ‘‘No tag’’ control had a mean IP/Input ratio of 0.9 (the mean IP/Input ratio for all non-silenced regions, genome
wide, was approximately 0.7 for both Sc-Sir4 and Sb-Sir4 ChIPs).
doi:10.1371/journal.pbio.1000550.g004
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sequences (containing the ORC and Abf1 binding sites) are
bordered on the telomere-proximal side by X-element combina-
torial repeats (formerly known as subtelomeric repeats or STRs;
[22]) and the terminal repeats (see http://www.yeastgenome.org/
images/yeastendsfigure.html for schematics depicting X-only and
X-Y9 telomere ends). The differential pattern of Sir4 association
with X elements was consistent with Sb-Sir4 associating more
robustly than Sc-Sir4 with sequences at, and immediately adjacent
to, the ORC binding sites, presumably via ORC-mediated
interactions (Figure 4B). OtherS. bayanusproteins produced in
the hybrids, such as the Sir1 paralogs, may contribute to the
enhanced association of Sb-Sir4 with X elements, as discussed
below.

We observed weak Sc-Sir4 association with Y9elements despite
its strong association with neighboring terminal repeats
(Figure 4B, right panel), consistent with earlier observations
using ChIP-chip and transcription reporter analyses [23,41].
Surprisingly, Sb-Sir4 associated considerably better than Sc-Sir4
with all Y9 elements, showing an average of 5-fold enrichment
across their coding regions by Sb-Sir4 ChIP versus 1.2-fold
enrichment by Sc-Sir4 ChIP. We note that theS. bayanusgenome
lacks Y9 elements, and thusS. bayanussubtelomeres may have
reduced Sir4 recruitment potential relative toS. cerevisiae
subtelomeres [42,43]. Thus, the enhanced associations of the
Sb-Sir4 protein with X and Y9 elements suggested that, in the
hybrid strains,S. cerevisiaetelomeres might have competed with
Sb-Sir4 association withSb-HML and Sb-HMR, leading to the
somewhat weakenedSb-HMRsilencing observed in hybrids with
only one copy of Sb-Sir4 (Figure 2A, rows 1 and 3; Figure 3B).
Sb-Sir4 association was indeed reduced atSb-HMRand Sb-HML
silencers in a hybrid expressing only one copy ofSb-SIR4, relative
to a hybrid with two copies ofSb-SIR4(Table 1, compare
columns 2 and 4). Thus, Sc-Sir4 may have, in effect, protected
Sb-HMR silencing in hybrids when Sb-Sir4 was present
(Figure 2A, compare rows 1 and 3) by occupying sites atS.
cerevisiaetelomeres that would otherwise have been bound by Sb-
Sir4. (Although theS. cerevisiaeY9elements are bound by Sb-Sir4
and not by Sc-Sir4 in cells with only a single species’ Sir4, in the
Sc-SIR4/ Sb-SIR4hybrids, Sc-Sir4 and Sb-Sir4 both occupy Y9
elements (unpublished data). However, the extent of occupancy
by Sb-Sir4 is less than in cells with Sb-Sir4 only, consistent with
Sc-Sir4’s ability to spare Sb-Sir4 binding to Y9 elements in the
hybrids.)

The ChIP-Seq data allowed us to determine whether the species
restriction to Sc-Sir4 association, evident atSb-HMLand HMR,
also applied toS. bayanustelomeres. Although subtelomeric regions
of theS. bayanusgenome are presently incompletely assembled and
annotated (seeSaccharomycesGenome Database, www.yeastgen-
ome.org), we identified several candidate subtelomeric contigs
based on homology toS. cerevisiaesubtelomeric genes and X
elements. Contigs from theS. bayanusgenome assembly that
contained regions bound by both Sc-Sir4 and Sb-Sir4 (as
determined by peak-calling software, see Methods) and putative
subtelomeric sequence were further examined for Sir4 ChIP
enrichment (an example is shown in Figure 5B). Sb-Sir4 associated
with one end of each of these contigs and usually with an internal
region as well, typically within 10 kb of the contig end.
Interestingly, in the Sc-Sir4-only hybrid, Sc-Sir4 association was
observed at the contigs’ ends, but not at the internal regions that
bound Sb-Sir4. This result suggested that Sc-Sir4, even in the
absence of Sb-Sir4, was capable of associating withS. bayanus
telomere ends, presumably via the conserved Rap1 protein, but
could not make some additional contacts necessary to associate
with internal sequences.

To test whether the Sc-Sir4 molecules bound toS. bayanus
telomeres were capable of silencingS. bayanussubtelomeric genes,
we measured the transcription of candidate subtelomeric ORFs in
S. bayanuswild-type, Sb-sir4D::Sc-SIR4, and Sb-sir4D strains.
Importantly, the expression of all three putative subtelomeric
genes increased inSb-sir4D cells (Figure 5C). Although Sc-Sir4 was
capable of silencingSb-YIR039cand an ORF located on
Contig_626, it could not repress the transcription of an ORF on
Contig_511 located almost 9 kb from the main peak of Sc-Sir4
ChIP. Thus, Sc-Sir4 could bind to and silence at least a subset ofS.
bayanustelomeric regions. It was possible thatS. bayanushad
subtelomeric regulatory elements that promoted silencing, in
addition to the Rap1-binding terminal repeats. Depending on the
sequence of a particular element, or its proximity to the telomere
end, Sc-Sir4 may or may not have been capable of binding and
silencing.

TheSb-HMRSilencers Mediated the Species Restriction of
Sc-Sir4

The cross-species complementation and ChIP analyses suggest-
ed that the incompatibility betweenSc-SIR4and Sb-HML and
HMR was caused by the failure of one or more physical
interactions occurring atS. bayanussilencers. In principle, the lack
of productive Sc-Sir4 association withSb-HMLandSb-HMRcould
have resulted either from anS. bayanus-specific inhibitor of
silencing that Sc-Sir4 could not overcome or anS. bayanus-specific
positive regulator of silencing (e.g., Sb-Rap1 or Sb-Sir1) with
which Sc-Sir4 could not interact. To distinguish between these
models, in anS. cerevisiaestrain, we replaced theSc-HMRlocus with
Sb-HMR containing theURA3 reporter, including the flanking
silencer elements (Figure 6A). IfS. bayanusencoded an inhibitor of
silencing that Sc-Sir4 could not overcome,Sb-HMRshould be
silenced inS. cerevisiae, given the strong conservation of ORC,
Rap1, and Abf1 proteins and the Rap1 and Abf1-binding sites in
the HMR-E silencer [5]. If, however, Sc-Sir4 failed to be recruited
to S. bayanussilencers, we would expect little or no silencing ofSb-
HMR in S. cerevisiae.

Upon transfer intoS. cerevisiae, Sb-HMRwas silenced extremely
poorly (Figure 6B, row 1). However, the transplantedSb-HMR
locus could still be silenced in the context of theS. cerevisiae
chromosome in hybrids made by mating theS. cerevisiae Sb-HMR
strain to wild-typeS. bayanus. The transplantedSb-HMRlocus was
silenced to approximately the same degree as the nativeSb-HMR
locus in hybrids (Figure 6B, row 2, compare with 6C rows 1 and
2). The slightly incomplete silencing of the transplantedSb-HMR
was largely due to theSb-SIR4dosage sensitivity observed in the
original set of hybrids (Figure 2A, row 3), as silencing was
strengthened inSb-SIR4/Sb-SIR4hybrids (Figure 6B, row 3).
Thus, the lack of silencing ofSb-HMRin hybrids expressing only
Sc-Sir4 (Figure 2A, rows 2 and 5) was not due to an inhibitor of
silencing encoded elsewhere in theS. bayanusgenome. Rather, the
incompatibility was encoded in theSb-HMRlocus itself, requiring
S. bayanus-specific silencing proteins to interpretSb-HMR-specific
sequence information. These ‘‘interpreter’’ proteins potentially
included DNA-binding proteins such as ORC, Rap1, and Abf1 or
proteins indirectly associated with silencers, such as Sir1, Sir4, or
both.

Alignments of Sc-HMR and Sb-HMR suggested that their
functional divergence was due to changes in the silencer sequences
between the two species (Figure 7). TheHMRa1 gene was 83%
identical betweenS. cerevisiaeandS. bayanus(the promoter was 93%
identical), well above the genome-wide average of 62% identity for
all intergenic regions, and the mating-type cassette-homology
sequences (shared withMAT and HML) approached 100%
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identity (Figures 6A and 7). Notably, the silencer sequences share
well below the genome-wide average identity for intergenic regions
and are difficult to align outside of the conserved Rap1 and Abf1
sites [5].

Reconstitution ofS. bayanusSilencing inS. cerevisiaewith
Sb-SIR4and Sb-KOS3

The simplest model consistent with the results so far was that the
silencing incompatibility was limited to Sir4, with Sc-Sir4 having a
more restricted range of interactions than Sb-Sir4. To test this
possibility, we replacedSc-SIR4with Sb-SIR4in the S. cerevisiae
strain bearingSb-HMR. If the incompatibility involved onlySIR4
and silencers,Sb-SIR4should restore silencing toSb-HMR. Indeed,
the S. cerevisiaestrain withSb-SIR4and Sb-HMRindeed showed a

modest increase in silencing relative to theSc-SIR4 Sb-HMRstrain,
confirming that changes in Sir4 itself contributed to the silenc-
ing incompatibility. However, this silencing increase—a 5-fold
change—was detectable only as an increase in FOA resistance, and
was still at least 100-fold below the level ofHMR silencing seen in
the hybrids (Figure 8A, row 2; compare with Figure 6B, row 2).
Thus, although a portion of the incompatibility could be explained
bySIR4and silencer co-evolution, one or more additionalS. bayanus
proteins were likely required to recruit Sb-Sir4 efficiently or to
stabilize its association withS. bayanussilencers.

Interestingly, Sc-Sir4’s very weak ability to silence the
transplanted Sb-HMR locus resulted in the low-frequency
appearance of FOA-resistant colonies (occurring at an approxi-
mate frequency of 56 102 5; Figure 8A, row 1). Within these

Figure 6. Transfer of Sb-HMRinto S. cerevisiae, identifying cis-component of cross-species silencing incompatibility. (A) Schematic
diagram depicts replacement ofSc-HMRby Sb-HMR::URA3in S. cerevisiae, creating theSc::(Sb-HMR::URA3)allele. Diagonal lines depict cross-overs for
the HMRallele swap, with other genetic features of the twoHMRloci as in Figure 2. A hygromycin-resistance marker (HygR) was inserted 3 kb to the
right of Sb-HMRto allow targeted recombination. Shown above is percent identity (BLASTN) betweenS. cerevisiaeand S. bayanusfor the two
silencers, the two cassette homology regions (light blue boxes), and theHMRa1 gene (promoter plus ORF). Note that the silencer sequences show no
significant alignment by BLAST. (B) Silencing of theSc::(Sb-HMR::URA3)reporter in SIR4/sir4D S. cerevisiaediploids (first row), inSc-sir4D/Sb-SIR4 S.
cerevisiae/S. bayanushybrids (second row), and inSc-sir4D::Sb-SIR4/Sb-SIR4 S. cerevisiae/S. bayanushybrids (third row). Note that the change in
silencing between the first and second rows could be seen only on FOA, with similar growth on CSM/-Ura. This likely reflectsSb-SIR4dosage
sensitivity, as seen in the original hybrid diploids (Figure 2A). (C) Control strains showing expected silencing functions ofSc::(Sb-HMR::URA3)and Sc-
sir4D::Sb-SIR4replacement alleles in interspecies hybrids. Silencing of theSb-HMR::URA3reporter gene, located in its nativeS. bayanuschromosomal
context, in Sc-sir4D/Sb-SIR4hybrids (top row), and inSc-sir4D::Sb-SIR4/Sb-sir4D hybrids (bottom row). Note that silencing ofSb-HMR::URA3in these
hybrids was equivalent toSc::(Sb-HMR::URA3)silencing in (B), indicating that the functions ofSb-HMRand Sb-SIR4were largely unaffected byS.
cerevisiaechromosomal context.
doi:10.1371/journal.pbio.1000550.g006
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