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Summary
ATP-dependent chromatin remodeling enzymes are highly abundant and play pivotal roles
regulating DNA-dependent processes. The mechanisms by which they are targeted to specific loci
have not been well understood on a genome-wide scale. Here we present evidence that a major
targeting mechanism for the Isw2 chromatin remodeling enzyme to specific genomic loci is
through sequence-specific transcription factor (TF)-dependent recruitment. Unexpectedly, Isw2 is
recruited in a TF-dependent fashion to a large number of loci without TF binding sites. Using the
3C assay, we show that Isw2 can be targeted by Ume6- and TFIIB-dependent DNA looping.
These results identify DNA looping as a previously unknown mechanism for the recruitment of a
chromatin remodeling enzyme and defines a novel function for DNA looping. We also present
evidence suggesting that Ume6-dependent DNA looping is involved in chromatin remodeling and
transcriptional repression, revealing a mechanism by which the three-dimensional folding of
chromatin affects DNA-dependent processes.

INTRODUCTION
Over the past two decades, an unprecedented amount of information has accumulated on
both the structure and function of eukaryotic genomes. DNA sequences and their
evolutionary conservation, transcription factor binding sites, nucleosome positions, DNA
and histone modification patterns, and transcription initiation and termination sites have
been determined at high resolution across many eukaryotic genomes. These studies
established linear maps of genomic information that shed light on the regulation of DNA-
dependent processes. However, eukaryotic genomes are packaged and function within the
three-dimensional space of the nucleus. How this structural arrangement of DNA affects
DNA-dependent processes is not well understood.

Efficient three-dimensional packaging of genomes into the relatively small nuclei of
eukaryotic cells is achieved at two distinct levels: the compaction of DNA into nucleosomes
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and the folding of chromatin within the nucleus. Both of these packaging mechanisms are
required for normal cellular and developmental processes (Cremer and Cremer, 2001; Rando
and Chang, 2009) while defects are associated with complex diseases (Matarazzo et al.,
2007; Misteli, 2010; Timme et al., 2011; Wiech et al., 2009; Zardo et al., 2008). Using
microscopic approaches, chromosomes within the nuclei of animals, plants, and yeast
(Cremer and Cremer, 2010; Duan et al., 2010) have been shown to adopt highly organized
nonrandom “territories.” These discrete chromosome conformations have been postulated to
regulate DNA-dependent processes. Elucidating mechanisms by which chromatin folding
affects DNA-dependent processes will likely reveal important and previously unknown
layers of regulation.

The chromosome conformation capture (3C) assay (Dekker et al., 2002) detects DNA loops
by measuring the frequency of interactions between any two chromosomal loci, effectively
identifying regions that are proximal in three-dimensional space. Using 3C, two general
classes of DNA loops have been identified: (i) “chromatin loops” between distal genetic
regulatory elements, for example, between a mammalian enhancer or silencer and its target
promoter; and (ii) “gene loops,” that specifically place promoter and terminator regions of
the same gene in close proximity. To date, chromatin loops and gene loops have been
described in human, fly, worm and yeast cells (Ansari and Hampsey, 2005; Duan et al.,
2010; Hampsey et al., 2011; Laine et al., 2009; Nemeth et al., 2008; O’Reilly and Greaves,
2007; O’Sullivan et al., 2004; Perkins et al., 2008; Singh and Hampsey, 2007; Tan-Wong et
al., 2008; Tan-Wong et al., 2009).

The 3C assay helped identify numerous sequence-specific transcription factors (TFs)
(Drissen et al., 2004; Phillips and Corces, 2009; Splinter et al., 2006; Vakoc et al., 2005),
general transcription factors (Singh and Hampsey, 2007), RNA 3′-end processing factors
(Singh and Hampsey, 2007; Ansari and Hampsey, 2005), and other chromatin bound
proteins (Comet et al., 2011; Hadjur et al., 2009; Parelho et al., 2008; Wendt et al., 2008)
that are required for the formation and/or maintenance of DNA loops. Functionally,
chromatin loops have been linked to transcriptional regulation (Comet et al., 2011; Nemeth
et al., 2008; Perkins et al., 2008; Schoenfelder et al., 2010a; Schoenfelder et al., 2010b;
Wang et al., 2011) while gene loops have been implicated in transcriptional memory (Laine
et al., 2009; Tan-Wong et al., 2009) and in directional transcription from bidirectional
promoters (Tan-Wong et al., 2012). However, the molecular mechanisms by which DNA
loops affect transcription regulation, memory or promoter directionality remain unknown.

Compaction of DNA into nucleosomes, the most basic repeating unit of chromatin, is
achieved by wrapping 147 base pairs (bp) of DNA around an octamer of histone proteins
(Luger et al., 1997). The presence of nucleosomes effectively inhibits access of regulatory
proteins to the genome by occluding the underlying DNA sequence or preventing
translocation of proteins along DNA (Ehrenhofer-Murray, 2004). As a result, all DNA-
dependent processes, including transcription, replication, repair, and recombination are
significantly affected by the positions of nucleosomes across the genome. One mechanism
by which eukaryotic cells modulate chromatin structure is through highly conserved ATP-
dependent chromatin remodeling enzymes that utilize the energy of ATP hydrolysis to slide,
evict, or replace histones within nucleosomes (Clapier and Cairns, 2009). Because of their
ability to alter chromatin structure, chromatin remodeling enzymes are key modulators of
DNA-dependent processes (Ehrenhofer-Murray, 2004). As a result, much effort has been put
forth to identify loci where ATP-dependent chromatin remodeling enzymes function on a
genome-wide scale (Hartley and Madhani, 2009; Rando and Chang, 2009; Tirosh et al.,
2010; Whitehouse et al., 2007). In yeast, the Isw2 complex functions around nucleosome
free regions (NFRs) to repress transcription by reducing NFR size (Whitehouse et al., 2007;
Yadon et al., 2010b), while the RSC complex increases NFR size to activate transcription
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(Hartley and Madhani, 2009). Similarly, the Swr1 complex targets the 5′-end of genes
where it promotes efficient deposition of the histone variant Htz1 (H2A.Z), which becomes
acetylated and associated with transcriptional activation (Raisner et al., 2005). In contrast,
Chd1 and Isw1 predominately function within the body of genes and are involved in
positioning nucleosomes toward the 3′-end (Tirosh et al., 2010) and/or suppressing histone
exchange (Smolle et al., 2012).

Chromatin remodeling enzymes are highly abundant in all eukaryotes, estimated at one
remodeler per ~14 nucleosomes (Erdel et al., 2010) in human cells. Despite their abundance,
remodeling factors affect chromatin structure only at select loci. Therefore, understanding
how such abundant factors function only at specific loci is a fundamental issue. To date, two
distinct mechanisms have been implicated in the targeting of chromatin remodeling enzymes
to specific loci: (i) direct recruitment by covalently modified N-terminal histone tails; and
(ii) physical interactions with TFs. The Swi/Snf and Chd1 classes of remodeling factors
contain bromo- and chromodomains, respectively, which are capable of recognizing
acetylated and methylated histone lysine residues (Clapier and Cairns, 2009). However, the
extent to which these interactions contribute to targeting of these factors across the genome
remains to be determined. In contrast, Isw2 is targeted directly by the TF Ume6 to its
binding sites at a small number of loci (Gelbart et al., 2005; Goldmark et al., 2000). Whether
Ume6 targets Isw2 genome-wide, however, has not been determined. Similarly, the TFs
Abf1 and Reb1 have been implicated in targeting RSC to a subset of loci (Hartley and
Madhani, 2009), although direct evidence for either of these TFs in RSC targeting has not
been demonstrated.

In this study, we sought to determine the mechanisms by which the Isw2 chromatin
remodeling enzyme is targeted to specific loci across the S. cerevisiae genome. Here we
report the first comprehensive genome-wide view of TF-mediated Isw2 targeting.
Unexpectedly, Isw2 was targeted in a TF-dependent fashion to a large number of loci
without annotated TF binding sites. This led to the discovery that Isw2 is targeted to specific
loci via DNA looping in a manner dependent upon the general transcription factor TFIIB
and the sequence-specific TF Ume6. This work defines a previously unknown mechanism to
target a chromatin remodeling factor and identifies a novel physiological role for DNA
looping. Furthermore, we provide evidence suggesting that Ume6-dependent DNA looping
mediates chromatin remodeling and transcriptional repression. Therefore, we have
uncovered a mechanism by which the three-dimensional spatial organization of genomes
affects chromatin structure and DNA-dependent processes on a genome-wide scale.

RESULTS
The Binding Sites of Multiple TFs are Enriched at Isw2 Targets

In budding yeast, S. cerevisiae, the highly conserved ATP-dependent chromatin remodeling
enzyme Isw2 is enriched at ~2,100 loci genome-wide (Whitehouse et al., 2007). These
targets can be categorized into three major classes: the 5′-end of genes, the 3′-end of genes,
and upstream of tRNA genes (Gelbart et al., 2005; Goldmark et al., 2000; Whitehouse et al.,
2007). At the 5′- and 3′-ends of genes, Isw2 utilizes the energy of ATP hydrolysis to slide
nucleosomes along DNA and reduce the size of NFRs to repress both coding and non-
coding RNA transcription (Whitehouse et al., 2007; Yadon et al., 2010b). Upstream of
tRNA genes, Isw2 is required for the periodic integration pattern of the Ty1 retrotransposon
(Bachman et al., 2005; Gelbart et al., 2005). TF-dependent targeting can explain Isw2
enrichment at only a few loci: Ume6 for the promoters of early meiotic genes during mitotic
growth (~190 genes) (Goldmark et al., 2000), α2-MCM1 for the promoters of MATa-
specific genes in MATα cells (~5 genes) (Bachman et al., 2005; Gelbart et al., 2005), and
Bdp1 at tRNA genes (~140 genes) (Bachman et al., 2005; Gelbart et al., 2005). It is
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therefore apparent that these three TFs account for targeting of Isw2 to only a small fraction
of loci genome-wide. Considering that other TFs, including Abf1, Reb1, Pho4, and Gal4,
have also been implicated in the recruitment of other classes of chromatin remodeling
enzymes (Adkins et al., 2007; Badis et al., 2008; Bryant et al., 2008; Hartley and Madhani,
2009), we postulated that additional TFs may be involved in Isw2 targeting.

To address this possibility, we performed a statistical analysis to curate a list of annotated
sequence-specific TF binding sites that were preferentially enriched around Isw2 targets. A
total of 15 TFs with a p-value ≤0.01 were identified (Figure S1A). Importantly, Ume6 was
found to be the most highly enriched TF, validating our strategy to identify TFs involved in
Isw2 targeting.

TFs Target Isw2 to Specific Loci
Next, we assessed the role of these TFs in the targeting of Isw2 genome-wide. To this end,
we performed chromatin immunoprecipitation of Isw2 on genome-wide tilling microarrays
(Isw2 ChIP-chip) in strains containing a null TF deletion, Δume6, Δnrg1, Δcin5, or Δsok2.
Each TF was chosen because its binding sites are highly enriched at Isw2 targets (Figure
S1A) and because they have a large number of binding sites genome-wide. The Δume6
mutant was included as a positive control.

Previous studies from our lab demonstrated that a catalytically inactive Isw2 mutant, Isw2-
K215R, is preferentially enriched at Isw2 target sites while wild type (WT) Isw2 is
nonspecifically bound across the genome (Gelbart et al., 2005). Isw2 targets have been
defined as sites where Isw2-K215R is enriched relative to WT Isw2 (Fazzio et al., 2005;
Gelbart et al., 2005; Whitehouse et al., 2007). We therefore identified Isw2 targets by
competitively hybridizing DNA fragments co-immunoprecipitating with Isw2-K215R
against those with WT Isw2. Visualization of the average log2 signal in each strain revealed
well-defined peaks of Isw2 enrichment at many loci in all strains (Figure S1B, C). The
enrichment of Isw2 ChIP signals observed around the Ume6 binding sites of the previously
defined Isw2 target genes (Goldmark et al., 2000) INO1 (Figure S1B) and SIP4 (Figure
S1C) observed in UME6 strains is selectively lost in Δume6 strains, validating our strategy.

We next systematically identified regions in which Isw2 targeting is affected in each of the
TF mutants (see Materials and Methods for details). A total of 563, 194, 341, and 226
regions with decreased Isw2 signals were identified in Δume6, Δnrg1, Δcin5, and Δsok2
strains, respectively (hereafter referred to as Ume6-, Nrg1-, Cin5-, and Sok2-dependent Isw2
targets). Visual inspection of the results (e.g. Figure S1B, C) confirms that our annotation
accurately marks regions in which Isw2 targeting is reduced in the mutants relative to WT. It
should be noted that the number of regions annotated in each mutant is an underestimate, as
our algorithm utilized conservative parameters, and chromosomes II, V, and XII were
removed from the analysis. Nonetheless, these data revealed, for the first time, a role for TFs
in targeting a chromatin remodeling enzyme on a genome-wide scale.

Among annotated Ume6 binding sites, 49% (70 of 142) exhibit Ume6-dependent Isw2 ChIP
signals. In contrast, only 21% (30 of 167), 10% (36 of 355), and 29% (160 of 544) of Nrg1,
Cin5, and Sok2 binding sites show Isw2 signals that are dependent on the corresponding
TFs. This could be partly explained by the stringent criteria used to identify regions with
decreased Isw2 ChIP signal. On the other hand, only a small fraction of the total TF-
dependent Isw2 targets contained annotated binding sites for the corresponding TF (Figure
1): 10% (58 of 563) of the Ume6-dependent targets, 11% (21 of 194) of the Nrg1-dependent
targets, 7% (25 of 341) of the Cin5-dependent targets, and 19% (42 of 226) of the Sok2-
dependent targets. Interestingly, the average Isw2 ChIP signal in UME6 strains is much
higher around Ume6-dependent Isw2 targets containing an annotated Ume6 binding site
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than those without it (Figure 1A, solid blue and red lines, respectively). Nevertheless, the
average Isw2 ChIP signals were strongly reduced in Δume6 strains regardless of the
presence or absence of an Ume6 binding site (Figure 1A, dashed lines). Similar trends were
seen around Nrg1- (Figure 1B), Cin5- (Figure 1C), and Sok2-dependent regions (Figure
1D), although the average Isw2 ChIP signals at regions with or without TF binding sites
were similar. These results are consistent with a model in which TFs are required for the
targeting of chromatin remodeling factors to specific loci. Importantly, they also reveal that
there are many Isw2 targets across the S. cerevisiae genome that cannot be explained by a
simple model of TF-dependent targeting to its binding site. We therefore sought to
determine the mechanisms for TF-dependent Isw2 targeting to regions without a
corresponding TF binding site. In the following analysis we used Ume6-dependent targeting
of Isw2 as a model, as its role in Isw2 targeting has been well characterized (Goldmark et
al., 2000).

Ume6 Targets Isw2 Through a Novel Mechanism(s)
Our analyses above revealed that only 58 out of 563 Ume6-dependent Isw2 targets
contained an annotated Ume6 binding site. One possible explanation is miss-annotation of
Ume6 binding sites. To address this possibility, genome-wide Ume6 ChIP-chip was
performed. As expected, the majority of annotated Ume6 binding sites have high Ume6
ChIP signals surrounding the binding sites (Figure S2A and S2B, red arrows). However, at a
small number of loci either Ume6 binding sites were missed (Figure S2C) or no enrichment
of Ume6 is observed at annotated binding sites (Figure S2B, green arrow). Globally, Isw2
targets with an annotated binding site exhibit on average much higher levels of Ume6 ChIP
signal compared to those without an annotated binding site (Figure S2D). Together, these
data establish that there are a large number of Ume6-dependent Isw2 targets with no
evidence of Ume6 binding. Importantly, these results strongly suggest that Isw2 is targeted
to a large number of loci through a previously unknown, Ume6-dependent mechanism(s).

TFIIB is Required for Isw2 Targeting
While analyzing the genome-wide targeting of Isw2, we noted that Isw2 targets both the 5′-
and 3′-end of the same gene at a highly statistically significant frequency (Figure 2A).
Recent studies examining the spatial organization of the S. cerevisiae genome using the
chromosome confirmation capture (3C) assay have shown that many genes juxtapose their
promoter and terminator regions via gene looping (Ansari and Hampsey, 2005; El Kaderi et
al., 2009; Hampsey et al., 2011; Laine et al., 2009; O’Sullivan et al., 2004; Singh and
Hampsey, 2007; Tan-Wong et al., 2009). Based on these data, we hypothesized that gene
looping between the 5′- and 3′-end of the same gene, of which an Ume6 binding site is only
present at the 5′-end, mediates Ume6-dependent targeting of Isw2 to both ends of the gene.

To test this hypothesis, we performed Isw2 ChIP-chip using the sua7-1 mutant. This mutant
contains a single point mutation, encoding an E62K replacement, in the general transcription
factor TFIIB that abrogates gene looping in yeast (Singh and Hampsey, 2007). Supporting
our model, Isw2 ChIP signals in the sua7-1 mutant were strongly decreased at the 3′-end of
a few genes containing an Ume6 binding site at the 5′-end (Figure 2B). Unexpectedly,
however, it was far more common to observe a decrease in both TFIIB- and Ume6-
dependent Isw2 signals far from Ume6 binding sites and across many genes (Figure 2C and
D). These observations suggested that TFIIB-dependent DNA looping facilitates TF-
dependent targeting of Isw2.

The Isw2 ChIP signals in WT and sua7-1 strains were then compared genome-wide. A total
of 454 regions were identified as TFIIB-dependent Isw2 targets, which, for the first time,
revealed that the general transcription factor TFIIB has a global effect on the targeting of
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Isw2. If DNA looping indeed mediates Ume6-dependent targeting of Isw2 between two
distant loci, one with and another without an Ume6 binding site, we would expect to see a
decrease in Isw2 ChIP signals in both Δume6 and sua7-1 at targets without an Ume6
binding site. On the other hand, Isw2 ChIP signals would decrease only in the Δume6
mutant at Ume6 binding sites. We found 255 Isw2 targets that satisfy these criteria (Figure
3A). We refer to Ume6-dependent Isw2 targets containing an annotated Ume6 binding site
as “canonical” targets and Ume6- and TFIIB-dependent Isw2 targets without an annotated
Ume6 binding site as “ectopic” targets. The highly statistically significant overlap between
Ume6- and TFIIB-dependent Isw2 targets (p-value<10−50) demonstrates that ectopic targets
represent a major class amongst both Ume6- and TFIIB-dependent Isw2 targets. Analysis of
all Ume6-dependent Isw2 targets (Figure 3B) further supports our model that DNA looping
facilitates TF-dependent targeting of Isw2 and demonstrates that there are a large number of
uncharacterized Ume6-dependent Isw2 targets that do not have Ume6 binding nor are
TFIIB-dependent.

To rule out the possibility that the sua7-1 mutation directly or indirectly alters Ume6
binding, Ume6 ChIP-chip was performed in a sua7-1 mutant. The average log2 signal in the
sua7-1 mutant was indistinguishable from SUA7 genome-wide (data not shown). This result
excludes the possibility that TFIIB indirectly affects Isw2 targeting through Ume6 binding.

DNA Looping Targets Isw2 to Specific Loci
To directly test our model that DNA looping mediates Isw2 targeting, we next performed the
3C assay at three loci to examine whether DNA looping takes place between canonical and
ectopic Isw2 targets. At all loci tested, strong 3C signals were detected between the
canonical and ectopic loci in WT cells (Figure 4). Importantly, quantification of the 3C
signals using primer pairs that spanned across each locus revealed strong peaks of 3C
signals specifically between the canonical and ectopic Isw2 targets (Fig. 4A-C, primer pairs
F9-F4, F5-F3, and F9-F2, respectively). The 3C signals between the canonical and ectopic
Isw2 targets were dependent upon cross-linking, ligation, and restriction digestion (Figure
S3), showing that the signals do indeed reflect DNA looping. These results are consistent
with our model that DNA looping mediates TF-dependent Isw2 targeting to ectopic loci.

Our model predicts that the 3C signals between the canonical and ectopic Isw2 targets
would be significantly reduced in the sua7-1 strain. Indeed, a statistically significant loss of
3C signals was observed for the canonical and ectopic primer pairs of each locus tested
(Figure 5A-C). These results demonstrate for the first time that TFIIB is required for DNA
looping not only between the 5′ and 3′ ends of the same gene (Figure 5A), but also between
two loci that are separated by several genes (Figure 5B-C). Together, these results strongly
support our model that DNA looping facilitates Isw2 targeting to ectopic loci across the
yeast genome.

Ume6, But Not Isw2, is Required for DNA Looping
Because a very significant fraction of Isw2 ChIP signals at Ume6-dependent targets are also
dependent on TFIIB (Figure 3A), we considered the possibility that Ume6 may also be
involved in looping. To test this model, the 3C assay was performed between canonical and
ectopic Isw2 targets in Δume6 strains. Strikingly, at each of the three loci tested, the 3C
signal was nearly completely abrogated (Fig. 5D-F). These results show, for the first time,
that a transcriptional repressor can play an essential role in mediating DNA looping in S.
cerevisiae.

We next tested whether Isw2 affects DNA looping. We reasoned that Isw2-dependent
reduction in NFR sizes at canonical and/or ectopic targets might affect the efficiency of
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DNA looping. However, in contrast to sua7-1 and Δume6 mutations, neither the
catalytically inactive Isw2-K215R mutation (Figure 5D-F), which abrogates the ATPase
activity of Isw2 (Eden et al., 2007) nor a Δisw2 mutation (Figure S4), had any significant
effect on the 3C signals. Together, these results suggest that DNA looping occurs at a large
number of loci across the S. cerevisiae genome in a manner that is dependent on both TFIIB
and Ume6, and this class of DNA looping is required for the targeting of Isw2 to specific
loci (Figure 7).

Ume6-Dependent DNA Looping Mediates Chromatin Remodeling and Transcriptional
Repression

We next sought to address the biological consequences for DNA looping-dependent
targeting of Isw2. We first examined whether canonical and ectopic Isw2 target loci exhibit
Isw2-dependent chromatin remodeling. Our analysis revealed that Isw2-dependent
chromatin remodeling takes place at both classes of Isw2 targets (Figure 3B, far right panel).
Interestingly, the fraction of Ume6-dependent Isw2 targets that exhibit Isw2-dependent
chromatin remodeling is much higher at canonical Isw2 targets than ectopic targets. We next
looked for statistically enriched GO process terms (Eden et al., 2007) connected with genes
associated with canonical (57 genes) and ectopic (275 genes) Isw2 targets. Consistent with
previous reports (Fazzio et al., 2001; Goldmark et al., 2000), this analysis revealed that
canonical Isw2 target genes are primarily enriched for meiosis (p-value=3.95E-05),
carbohydrate derivative catabolic processes (p-value=5.68E-05), DNA recombination (p-
value=5.72E-05), reciprocal meiotic recombination (p-value=9.84E-05), and chromosome
organization involved in meiosis (p-value=9.84E-05). On the other hand, ectopic Isw2
targets are enriched for cytoplasmic translation (p-value=2.62E-10), translation (p-
value=8.47E-07), biosynthetic processes (p-value=2.82E-06), and glucose metabolic process
(p-value=6.82E-06). This result suggests that canonical Ume6-dependent targeting and
ectopic DNA looping-dependent targeting have distinct gene specificities.

To examine the effects of Ume6-dependent DNA looping on transcription, we analyzed
previously published transcript array data of Δume6 strains (Fazzio et al., 2001). This
analysis revealed an up-regulation of 41% (24 of 58) of canonical Isw2 target genes, and
11% (27 of 245) of ectopic Isw2 target genes, using a previously employed 1.7-fold cut off
(Fazzio et al., 2001) (Figure 6). The fact that a smaller fraction of genes are de-repressed and
exhibit chromatin remodeling at ectopic targets is consistent with our data that Isw2 ChIP
signals are generally weaker at these sites compared to canonical targets (Figure 1A).
Together, these results support a model in which Ume6-dependent DNA looping is required
for chromatin remodeling and transcriptional repression at a subset of genes that do not have
Ume6 binding sites at their promoters, indicating, for the first time, a functional role for
repressor-mediated DNA looping.

DISCUSSION
TF-Dependent Recruitment is the Major Targeting Mechanism of an ATP-Dependent
Chromatin Remodeling Enzyme

ATP-dependent chromatin remodeling enzymes are highly conserved protein complexes that
play essential roles in numerous cellular and developmental processes. Although they are
generally highly abundant, these enzymes affect chromatin structure at specific genomic
loci. To understand how they function in vivo, elucidating the mechanisms for targeting
these enzymes to specific loci is essential. However, only a few TFs have been shown to
target chromatin remodeling enzymes to a small number of loci, and the extent to which the
conventional TF-dependent recruitment model could explain chromatin remodeling enzyme
targeting in vivo has not been determined. Here we present the first genome-wide analysis of
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TF-dependent targeting of the ATP-dependent chromatin remodeling enzyme Isw2. We
identified Ume6, Nrg1, Cin5, and Sok2 as global mediators of Isw2 targeting and
established that TF-dependent targeting is a primary mechanism for the recruitment of a
chromatin remodeling enzyme genome-wide.

We have shown that the physical interaction of Ume6 and Isw2 mediates the targeting of
Isw2 to Ume6 binding sites (Goldmark et al., 2000). The mechanisms for Nrg1, Cin5, and
Sok2-dependent targeting of Isw2 are not known. A recent study identified ~20 sequence-
specific TFs that are likely involved in targeting of the transcriptional co-repressor complex
Tup1-Ssn6 (Hanlon et al., 2011). Strikingly, 11 of the 15 sequence-specific TFs (Nrg1, Sut1,
Skn7, Phd1, Sok2, Cin5, Sko1, Swi6, Rox1, Swi4, and Rfx1), whose binding sites are
enriched at the 5′-end of Isw2 target genes (Table S1), were implicated in Tup1-Ssn6
targeting. We have indeed shown that the MATα-specific transcriptional repressor α2 is
required for Isw2 targeting to MATa-specific gene promoters (Gelbart et al., 2005). α2
physically interacts with Tup1 and is required for the targeting of Tup1 to MATa-specific
gene promoters (Komachi and Johnson, 1997). It is therefore likely that Nrg1, Cin5, and
Sok2, and possibly also Sut1, Skn7, Phd1, Sko1, Swi6, Rox1, Swi4, and Rfx1, are involved
in Isw2 targeting via their interactions with Tup1. It has been further suggested (Hanlon et
al., 2011) that Tup1 could be simultaneously recruited to a single locus by multiple
cofactors. This is also consistent with our observation that many of the Isw2 target regions
with decreased Isw2 ChIP signal in Δnrg1, Δcin5, and Δsok2 strains overlap (data not
shown).

Isw2 Targeting: A novel Functional Role for DNA Looping
Our work unexpectedly revealed that a conventional model of TF-dependent targeting, in
which TFs recruit remodeling factors to the immediate vicinity of their binding sites, can
account for only a small fraction of Isw2 targets. Instead, we found that Ume6- and TFIIB-
dependent DNA looping is required to target Isw2 to many loci genome-wide, revealing
both a novel functional role for DNA looping and a mechanism for targeting an ATP-
dependent chromatin remodeling enzyme.

DNA looping has been observed in many different eukaryotic organisms and has been
associated with diverse functional roles. In mammalian cells, DNA looping is correlated
with transcriptional regulation (Comet et al., 2011; Nemeth et al., 2008; Perkins et al., 2008;
Schoenfelder et al., 2010a; Schoenfelder et al., 2010b; Wang et al., 2011). On the other
hand, in yeast, gene looping has been implicated in transcriptional memory (Laine et al.,
2009; Tan-Wong et al., 2009), and in promoter directionality (Tan-Wong et al., 2012).
However, how DNA looping affects transcription remains to be determined. Our work
revealed a previously unknown mechanism by which DNA looping can regulate DNA-
dependent processes.

The fact that 255 ectopic Isw2 targets were identified suggests that DNA looping plays a
major role in facilitating TF-dependent targeting of Isw2. Unfortunately, the low throughput
and laborious nature of the 3C assay has precluded a genome-wide characterization of DNA
looping-dependent Isw2 targeting at this time. Recently, a chromosome interaction map in
yeast using a modified 4C (chromosome conformation capture-on-chip) assay combined
with massively parallel sequencing was published (Duan et al., 2010). However, the low
resolution (on the order of ~3-4 kilobases) of this data set precluded its use in the analysis of
how ectopic Isw2 targets interact with other loci in a genome-wide manner. Genome-wide,
high-resolution chromatin interaction maps would greatly facilitate our future studies to
investigate the functions and dynamics of interactions between Isw2 targets under various
conditions.
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To date, all DNA looping events described in yeast have been shown to depend on
transcriptional activators that function at the 5′ end of genes, and RNA processing factors
that function at the 3′ end of the same genes (Ansari and Hampsey, 2005; El Kaderi et al.,
2009; Hampsey et al., 2011; Laine et al., 2009; Singh and Hampsey, 2007). In mammalian
cells, DNA looping at both the BRCA1 and CD68 genes in breast tumor cell lines and B-
and T-lymphocytes, respectively, is associated with transcriptional repression (O’Reilly and
Greaves, 2007; Tan-Wong et al., 2008). Here we show, similar to mammalian DNA looping
functions, that Ume6-dependent DNA looping is associated with transcriptional repression
in S. cerevisiae. Together with the fact that DNA looping takes place across several genes, it
is likely that Ume6-dependent DNA looping we have identified represents a class of DNA
looping that is distinct from gene looping previously reported in yeast.

One intriguing question is whether there are distinct consequences associated with TF-
dependent Isw2 targeting to canonical targets versus DNA looping-dependent ectopic
targets. Our GO term analysis revealed that canonical and ectopic Isw2 targets are enriched
for different classes of genes, suggesting different specificities for the two mechanisms.
Furthermore, we expect DNA looping to be more transient and dynamic than binding of TFs
to their recognition sites. If this is the case, one interesting possibility is that, at any given
moment, Isw2 would be targeted to canonical sites in most cells within a population,
whereas Isw2 would be targeted more transiently and to a smaller fraction of cells at ectopic
sites. This possibility is consistent with our observations that Isw2 ChIP signals are typically
weaker and the degree of transcriptional de-repression in Δume6 cells is generally smaller at
ectopic targets. Therefore, DNA looping-dependent Isw2 targeting may result in more
variable transcriptional levels of target genes within a population.

Our analyses also identified a large number of Ume6-dependent Isw2 targets that neither
contain an annotated Ume6 binding site nor are dependent on TFIIB-mediated DNA looping
(Figure 3). This suggests that there are still unidentified mechanisms for Ume6-dependent
targeting of Isw2 to these loci. One possibility is TFIIB-independent DNA looping. In this
case, Ume6 alone may be sufficient for DNA looping under certain circumstances. It is also
possible that Ume6 functions together with other TFs to facilitate DNA looping. The fact
that a basal transcription factor (TFIIB) and a sequence-specific DNA binding repressor
(Ume6) play integral roles in DNA looping supports the possibility that other unidentified
TFs may be involved in this process.

In summary, our results suggest that TF-dependent recruitment plays the major role in Isw2
targeting through at least two distinct mechanisms (Figure 7). TFs can directly target Isw2 to
their binding sites (canonical targets), likely through physical interaction. On the other hand,
DNA looping, which is mediated by TFIIB, Ume6, and possibly other TFs, can also target
Isw2 to a large number of loci across the genome where the binding sites of the TFs are
absent (ectopic targets). This mode of targeting is likely more dynamic than the direct Isw2
targeting. Our model provides one mechanism by which the three dimensional folding of
chromatin fiber affects DNA-dependent processes.

EXPERIMENTAL PROCEDURES
Isw2 Targets and Transcription Factor Enrichment

Isw2 target genes are defined and classified as Isw2-K215R enriched non-dubious genes
(Whitehouse et al., 2007). TF binding sites are as previously reported (Harbison et al., 2004)
using the binding threshold of p<0.005 and no conservation criteria. A total of 5642
intergenic regions upstream of non-dubious genes was used to determine the hypergeometric
distribution of 1020 intergenic regions upstream of genes with Isw2 enrichment at the 5′-
end and containing at least one annotated binding site for a particular TF.
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Isw2 and Ume6 ChIP-chip
Isw2 and Ume6 ChIP-chip was performed using 3x-Flag-tagged Isw2 or 3x-Flag-tagged
Ume6 as described (Yadon et al., 2010a). Equal concentrations of WT Isw2 and Isw2-
K215R or input and Ume6 were competitively hybridized onto custom Nimblegen
microarrays according to the manufactures protocol. Log2 ratios and normalization was
performed individually for forward and reverse strands using Ringo (Toedling et al., 2007)
and chipchipnorm (nlag=30) (Peng et al., 2007) R packages followed by median adjustment
and pseudomedian smoothing (150 bp window) (Royce et al., 2007). Figures display the
average log2 ratio of forward and reverse strands for all replicates combined. ChIP signals
of chromomsomes II, V, and XII revealed gross abnormal increases and/or decreases of
Isw2 enrichment chromosome wide in the Δume6 strain and were discarded. We speculate
this is partially the result of chromosomal duplications and/or deletions, as previously
reported (Fazzio et al., 2001). Raw and normalized data are available for download at http://
labs.fhcrc.org/tsukiyama and are deposited into Gene Expression Omnibus database (http://
ncbi.nlm.nih.gov/projects/geo/) under accession number GSE39542.

Changes in Isw2 Targeting
Changes in Isw2 enrichment were measured using LIMMA (Smyth, 2004) by identifying
probes with significantly different signals between WT and mutant strains, utilizing an
object containing the normalized log2 ratio from each hybridization (forward and reverse
strands for each comparison was performed separately). Consecutive probes, totaling at least
250 base pairs (bp) in length, each with a statistically significant (p-value≤0.05) reduction of
Isw2 signal in each mutant relative to WT, and averaging at least 1.65 fold-change, were
denoted. Reported regions represent the directly overlapping areas of forward and reverse
comparisons. Isw2 target genes, 5- or 3′, represent regions directly overlapping with an
annotated transcription start or transcription termination sites, respectively. Annotated
regions are available for download at http://labs.fhcrc.org/tsukiyama.

Chromosome Confirmation Capture (3C)
DNA loops were analyzed by a modified version of 3C (Dekker, 2006; Dekker et al., 2002),
as described elsewhere (Singh et al., 2009), using the restriction enzyme MspI. 3C PCR
reactions were performed using the indicated tandem primer pairs (Table S1) for 40 cycles.
Primer pair efficiencies were determined as previously described (Dekker, 2006). Control
PCR products were generated as previously described (Ahn et al., 2004) after 25 cycle of
PCR. PCR products were fractionated in a 1.5% agarose gel, visualized and quantified by
ethidium bromide staining using an AlphaImager 2000. PCR primer sequences are listed in
Table S1.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Transcription factor (TF)-dependent recruitment is the major Isw2 targeting
mechanism

• The majority of TF-dependent Isw2 targets do not have the TF binding site

• DNA looping plays a major role in Ume6-dependent Isw2 targeting

• DNA looping is associated with chromatin remodeling and transcriptional
repression
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Figure 1. Ume6, Nrg1, Cin5, and Sok2 May Target Isw2 By Unknown Mechanisms
Isw2 ChIP signals in TF mutant strains. TF-dependent Isw2 targets were aligned by their
midpoint and the average log2 Isw2 ChIP signal in WT (solid lines) or TF null mutants
(dashed lines) is displayed across 6,000 bp. Regions containing an annotated binding site are
displayed in blue and regions without an annotated binding site displayed in red. (A) Δume6
vs. WT. (B) Δnrg1 vs. WT. (C) Δcin5 vs. WT. (D) Δsok2 vs. WT. The numbers in
parenthesis denote the number of loci analyzed.
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Figure 2. Evidence for DNA Looping-Dependent Targeting of Isw2
(A) Venn diagram displaying the statistically significant overrepresentation of Isw2 targets
that are located at both the 5′- and 3′-ends of the same genes. P-value was calculated with a
hypergeometric distribution using non-dubious genes only. (B-D) Isw2 and Ume6 binding at
Isw2 targets. The average log2 Isw2 ChIP signals for WT (black), Δume6 (red), and sua7-1
(orange) strains (Average Log2 Ratio – Isw2 ChIP), and the average log2 Ume6 ChIP
signals for WT (black) strains (Average Log2 Ratio – Ume6 ChIP) are displayed. Red and
orange boxes in Significant Regions indicate regions having significantly different Isw2
ChIP signal between WT and Δume6 or sua7-1 strains, respectively. Non-dubious genes are
displayed as black (Watson strand) and grey (Crick strand) boxes in Genomic Features. Loss
of Isw2 ChIP enrichment is highlighted by arrows (red, Ume6 binding sites, and black, no
Ume6 binding site) (B) ChrXIII:300500-314500 (C) ChrI:30000-50000 (D) ChrVII:
602000-632000
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Figure 3. Ume6- and TFIIB-Dependent Isw2 Targets Extensively Overlap
(A) Venn diagram displaying the number of UME6- and SUA7-dependent Isw2 target
regions that directly overlap (“Ectopic”). P-value was calculated using a hypergeometric
distribution. (B) Isw2 and Ume6 ChIP signals around Ume6-dependent Isw2 targets. The
average log2 ChIP signals of Isw2 in WT, Δume6, and sua7-1 strains, as well as the average
log2 ChIP signals of Ume6 in WT strains are displayed for a 3000 bp window centered
around the midpoint of the targets. Canonical and ectopic Isw2 targets are marked on the
right. Targets that directly overlap with Isw2-dependent chromatin remodeling (Whitehouse
et al., 2007) are denoted on the far right.
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Figure 4. DNA Loops are Formed Between Canonical and Ectopic Isw2 Targets in WT Strains
The 3C assay between canonical and ectopic Isw2 targets. Schematic diagrams of each locus
analyzed by 3C are displayed at the top of each panel. Watson and Crick genes are displayed
as black and grey boxes, respectively. Ectopic Isw2 targets and Ume6 binding sites are
marked in red. Red arrowheads depict primer locations and directionality. Dashed vertical
lines depict MspI restriction sites used in the 3C assay. Double headed, dashed arrows
indicate looping between canonical and ectopic Isw2 targets. Ethidium bromide staining of
3C and control PCR products are displayed. 3C signals were normalized to the
corresponding primer pair control PCR signals. The asterisk indicates a non-specific band
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and was not included in the quantitation. (A) SPO20-YMR018W (B) BDH1-ACS1 (C)
ERG25-YGR067C
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Figure 5. DNA Looping Between Canonical and Ectopic Isw2 Targets is dependent on TFIIB
and Ume6
3C assay between Isw2 targets in TF and Isw2-K215R mutants. 3C PCR products (top) and
quantitation (bottom) at the canonical and ectopic sites of the indicated loci are shown. (A-
C) WT and sua7-1 strains. (D-F) WT, Δume6, and Isw2-K215R strains. (A) and (D)
SPO20-YMR018W locus. (B) and (E) BDH1-ACS1 locus. (C) and (F) ERG25-YGR067C
locus. Error bars represent the SEM of three independent experiments.
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Figure 6. Ume6-Dependent DNA Looping is Associated with Transcriptional Repression
(A) Heat maps showing the fold transcriptional de-repression (Fazzio et al., 2001) of Δume6
mutation at Isw2 target genes. Canonical (n=46) and ectopic (n=232) Isw2 target genes are
aligned according to the fold de-repression. Gene de-repressed ≥ 1.7-fold (Fazzio et al.,
2001) are denoted by black bars. (B) A table showing top five most highly de-repressed
canonical or ectopic Isw2 target genes.
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Figure 7. Schematic Representation of Major Targeting Mechanism(s) of Isw2
Isw2 is targeted to canonical sites via physical interactions with Ume6. In contrast, Isw2 is
targeted to ectopic sites via Ume6- and TFIIB-dependent DNA-looping. A light blue oval
represents the transcription preinitiation complex.
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