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Abstract 
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By DNA Looping and Transcription Factor Dependent Targeting of Isw2 

 

Adam Nicholas Yadon 

 

Chair of the Supervisory Committee: 
Adjunct Professor, Toshio Tsukiyama 

Department of Biochemistry 

 

 The efficient three-dimensional packaging of DNA into eukaryotic nuclei is 

accomplished through spatially organizing and compacting DNA into chromatin.  

Maintaining proper access to DNA, by modulation of either the location of DNA within 

the nucleus or the positions of nucleosomes, is essential for regulating DNA-dependent 

processes.  The work in this dissertation focuses on elucidating the functions and 

molecular mechanisms by which the three-dimensional packaging of eukaryotic DNA 

affects DNA-dependent processes.  Here I show that the ATP-dependent chromatin 

remodeling enzyme Isw2 is a global repressor of non-coding RNA (ncRNA) transcription 

that initiates from the edges of nucleosome free regions (NFRs) genome-wide.  Isw2-

dependent chromatin remodeling activity is required to reduce accessibility to DNA by 

sliding nucleosomes toward NFRs and occluding transcription start sites.  This work 



establishes Isw2 as the first factor that functions to reduce the size of NFRs in vivo.  My 

evidence also suggests that proper repression of ncRNA by Isw2 prevents 

transcriptional interference of mRNA, providing an important biological role for Isw2-

dependent chromatin remodeling.  Analysis of the targeting mechanisms of Isw2 to 

NFRs identified the sequence-specific transcription factors (TFs) Ume6, Nrg1, Cin5, and 

Sok2 as globally required for Isw2 recruitment to many target loci genome-wide.  This 

establishes the first comprehensive genome-wide map for TF-dependent targeting of a 

chromatin remodeling enzyme.  The observation that Isw2 is targeted in a TF-

dependent fashion to a large number of loci not containing an annotated TF binding site 

led to the discovery that Isw2 can also be targeted to specific loci via Ume6- and TFIIB-

dependent DNA looping.  Both Ume6 and TFIIB-dependent DNA looping are required to 

maintain transcriptional repression at target loci.  I have thus identified DNA looping as 

a previously unknown mechanism to target a chromatin remodeling enzyme and 

uncovered a novel physiological role for DNA looping.  My work has led to a better 

understanding of how the three-dimensional packaging of DNA into eukaryotic nuclei 

affects a DNA-dependent process in which transcriptional repression is facilitated by 

DNA-looping mediated TF-dependent targeting of a chromatin remodeling enzyme. 



i 
 

TABLE OF CONTENTS 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
List of Figures.................................................................................................................. 

 

 

List of Tables................................................................................................................... 

 

 

Introduction...................................................................................................................... 

The Spatial Positioning of Eukaryotic Genomes................................................... 

Chromatin Structure.............................................................................................. 

ATP-Dependent Chromatin Remodeling Enzymes............................................. 

 

 

Chromatin Remodeling Around Nucleosome Free Regions Leads to Repression of 
Non-Coding RNA Transcription..................................................................................... 

Abstract............................................................................................................... 

Introduction......................................................................................................... 

Results................................................................................................................ 

Genome-Wide Annotation of NFRs.......................................................... 

Classification of NFRs.............................................................................. 

General Properties of NFRs..................................................................... 

Isw2 Association with NFRs..................................................................... 

Isw2-Depedent Repression of Cryptic Transcripts................................... 

Transcriptional Interference...................................................................... 

 Discussion........................................................................................................... 

  Genome-Wide Annotations of NFRs........................................................ 

  In Vivo Functions of Isw2......................................................................... 

 Materials and Methods........................................................................................ 

  Nucleosome Positions.............................................................................. 

NFR Annotation........................................................................................ 

 
 

Page 
 

iv 

 

 

vi 

 

 

1 

2 

6 

12 

 

 

 
21 

21 

22 

25 

25 

28 

28 

30 

31 

35 

37 

37 

38 

41 

41 

41 

 

 



ii 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Classification of NFRs.............................................................................. 

Genomic DNA Isolation, Fragmentation, and Labeling............................ 

RNA Isolation, Fragmentation, and cDNA Labeling................................. 

Microarray Hybridizations......................................................................... 

Identification of Cryptic Transcription Units.............................................. 

Annotation of Transcriptional Interference Loci........................................ 

Heat Maps, Graphs, and Screenshots..................................................... 

  Microarray Data Accession...................................................................... 

 

 

DNA Looping Mediates Targeting of the Isw2 Chromatin Remodeling Enzyme............ 

 Abstract............................................................................................................... 

 Introduction......................................................................................................... 

 Results................................................................................................................ 

  Enrichment of TFs at Isw2 Targets.......................................................... 

TF-Dependent Isw2 Targeting.................................................................. 

Annotation of TF-Dependent Isw2 Targets.............................................. 

Genome-Wide Ume6 ChIP-chip............................................................... 

TFIIB-Dependent Isw2 Targeting............................................................. 

DNA Looping-Dependent Isw2 Targeting................................................. 

DNA Looping-Dependent Transcription Regulation................................. 

 Discussion........................................................................................................... 

  Targeting of ATP-Dependent Chromatin Remodeling Enzymes.............. 

  Physiological Role for DNA Looping........................................................ 

 Materials and Methods........................................................................................ 

  Isw2 Targets and TF Enrichment............................................................. 

  Isw2 ChIP-chip......................................................................................... 

  Changes in Isw2 Targeting....................................................................... 

  RT-qPCR.................................................................................................. 

  Chromosome Conformation Capture....................................................... 

  Microarray Data Accession...................................................................... 

 

 

42 

43 

43 

44 

45 

46 

46 

47 

 

 

64 

64 

65 

70 

70 

71 

72 

74 

75 

77 

78 

80 

80 

81 

85 

85 

85 

87 

87 

88 

88 

 



iii 
 

 Conclusions and Future Directions............................................................................... 

 Major Findings and Conclusions........................................................................ 

 In Vivo Model of Isw2 Function.......................................................................... 

 Future Directions............................................................................................... 

ChIA-PET: Elucidating Both DNA Looping-Dependent and 
 Independent Isw2 Targets Genome-Wide............................................. 

Tup1-Dependent Isw2 Targeting............................................................ 

 

 

References................................................................................................................... 

101 

101 

103 

104 

 
104 

106 

 

 

109 

 
 



iv 
 

LIST OF FIGURES 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 1:     Schematic Diagram of Identified DNA Looping Conformations: 

Chromatin Looping and Gene Looping........................................................ 
 

Figure 2:     Schematic Diagram of Stereotypical Chromatin Structure in Yeast............ 
 
Figure 3:     Cell SnapShot – Chromatin Remodeling:  ISWI.......................................... 

 
Figure 4:     Differences in Nucleosome Positioning Maps............................................. 

 
Figure 5:     NFR Annotation Scheme............................................................................. 

 
Figure 6:     Systematic Annotation of NFRs................................................................... 

 
Figure 7:     All Classes of NFRs are Surrounded by Phased Nucleosomes and 

Have a Sequence-Intrinsic Tendency to Exclude Nucleosomes................. 
 

Figure 8:     k-Means Clustering Revealed Distinct Classes of NFRs That Are 
Enriched Within Different Chromatin Environments.................................... 

 
Figure 9:     Isw2-Dependent Chromatin Remodeling Functions to Restrict the 

Size of NFRs................................................................................................ 
 

Figure 10:   Systematic Annotation of Cryptic Transcripts.............................................. 
 
Figure 11:   Classification of Cryptic Transcripts............................................................ 
 
Figure 12:  Comparison of RNA and Nucleosome Signals Around TSSs of 

Cryptic Transcript in Δisw2 vs. WT.............................................................. 
 

Figure 13:  Comparison of RNA and Nucleosome Signals Around TSSs of 
Cryptic Transcript in Δtrf4 vs. WT................................................................ 

 
Figure 14:  Comparison of RNA and Nucleosome Signals Around TSSs of 

Cryptic Transcript in Δisw2 trf4 vs. Δtrf4...................................................... 
 

Figure 15:  Comparison of RNA and Nucleosome Signals Around TSSs of 
Cryptic Transcript in Δrrp6 vs. WT............................................................... 
 

Figure 16:  Comparison of RNA and Nucleosome Signals Around TSSs of 
Cryptic Transcript in Δisw2 rrp6 vs. Δrrp6................................................... 

 
 

Page 
 
 

18 
 

19 
 

20 
 

48 
 

49 
 

50 
 
 

51 
 
 

52 
 
 

53 
 

54 
 

55 
 
 

56 
 
 

57 
 
 

58 
 
 

59 
 
 

60 
 



v 
 

 Figure 17:  Isw2-Dependent Chromatin Remodeling is Associated with 
Suppression of Cryptic Transcription........................................................... 
 

Figure 18:  5'-RACE Confirms Isw2 Represses Cryptic Transcription from NFRs........ 
 
Figure 19:  Evidence for Transcriptional Interference..................................................... 

 
Figure 20:  Transcription Factors Enriched at 5’-End Isw2 Targets............................... 

 
Figure 21:  Ume6, Nrg1, Cin5, and Sok2 Targeting Isw2 Genome-Wide...................... 

 
Figure 22:  Isw2 ChIP Signals at TF-Dependent Isw2 Targets...................................... 

 
Figure 23:  Ume6 Binding Does Not Account for All Ume6-Dependent Isw2 

Targets......................................................................................................... 
 

Figure 24:  Evidence for DNA Looping-Dependent Isw2 Targeting................................ 
 
Figure 25:  Overlapping Ume6- and TFIIB-Dependent Isw2 Targets Reveal Many  

Ectopic Isw2 Targets Genome-Wide........................................................... 
 
Figure 26:  DNA Loops are Formed Between Canonical and Ectopic Isw2 Targets 

in WT Strains............................................................................................... 
 

Figure 27:  3C PCR Products are Cross-Linking, Ligation, and Restriction 
Digestion Dependent................................................................................... 
 

Figure 28:  DNA Looping Between Canonical and Ectopic Isw2 Targets are  
Significantly Reduced in sua7-1 Strains...................................................... 
 

Figure 29:  DNA Looping Between Canonical and Ectopic Isw2 Targets are  
Significantly Reduced in Δume6, but not Isw2-K215R Strains.................... 
 

Figure 30:  Gene Expression of Canonical and Ectopic Isw2 Targets by qPCR........... 

 
61 

 
62 

 
63 

 
89 

 
90 

 
91 

 
 

92 
 

93 
 
 

94 
 
 

95 
 
 

96 
 
 

97 
 
 

98 
 

99 
 



 

vi 
 

LIST OF TABLES 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Table 1:  List of 3C DNA Primers.................................................................................. 
 

 
 

Page 
 

100 
 



vii 
 

ACKNOWLEDGEMENTS 

 

 There are numerous people whom I would like to genuinely thank for their 

generosity and support during my graduate studies.  First, I want to acknowledge my 

advisor and mentor Toshi.  His insight and dedication created an invaluable resource 

and environment for which I could learn and develop as scientist.  I especially want to 

thank him for his guidance and support in overseeing and advising me on my projects 

from the first day to the last.  Thank you also to my many colleagues, past and present, 

within the Tsukiyama lab:  Iestyn Whitehouse, Jack Vincent, Courtney Boulton, Daniel 

Van de Mark, Molly Hogan, Ashwin Unnikrishnan, Vishu Anekonda, Tracey Au, Kim 

Barney, Eric Alcid, Laura Lee, Naomi Bogenschutz, Tanya Cunningham, and Jairo 

Rodriguez.  In particular, I want to recognize Iestyn and Dan for blazing the initial RNA 

trail; Eric, Laura, Naomi, Tracey, and Tanya for all the insightful scientific dialogues and 

humor; and Jairo for being an outstanding, fun bay-mate full of long scientific (and too 

often photographic) discussions.  In addition, I want to acknowledge the labs of Sue 

Biggins, Susan Parkhurst, and Steve Hahn for advice, help, and a fun work 

environment. 

The work in this dissertation could not have been completed without technical 

help and advice from both Jeff Delrow and Ryan Basom; the support and guidance from 

my thesis committee, Sue Biggins, Steve Hahn, Steve Tapscott, and Barbara 

Wakimoto; administrative assistance and support from Michelle Karantsavalos, Jeremy 

Mseitif, and the MCB team at UW, including Terry Duffy, Diane Darling, and MaryEllin 



viii 
 

Robinson; and the support of the Developmental Biology Training Grant, in particular 

the leadership and mentorship of Barbara Wakimoto. 

A heartfelt appreciation and thank you belongs to my beautiful and loving wife 

Marisa-Claire, whose unfailing love and patience provided the foundation of support for 

which this dissertation could not have been completed otherwise. 

Finally, I desire to express my sincere appreciation to all the many countless 

individuals, from teachers and coaches to family and friends (too numerous to list!), who 

have directly and/or indirectly shaped my life by believing in me and always 

encouraging me to aim big. 

Thank you!!! 



ix 
 

DEDICATION 

 

To Mom and Dad 

For your constant and unwavering support, guidance, and never ending love! 

 

and 

 

To the Lord Jesus Christ 

For the beauty and complexity of the creation for which You have led me to explore! 



1 
 

INTRODUCTION 

 

 

DNA-dependent processes are essential for normal cellular and organismal 

growth and differentiation.  As a result, all eukaryotes must efficiently regulate access to 

DNA.  However, access to DNA is complicated by the fact that relatively large amounts 

of DNA are packaged into comparatively small nuclei.  For example, it has been 

estimated that a typical human cell must enclose ~2 meters of DNA into a nucleus less 

than 20 µM in diameter.  Therefore, the total length of DNA is over 100,000 times the 

diameter of the nucleus in which it is contained.  This packaging of DNA thus presents 

major structural challenges for eukaryotic cells in properly organizing and regulating 

access to DNA that is condensed with the nucleus. 

To this end, eukaryotic cells package their DNA within the confines of the three-

dimensional space of the nucleus at two distinct levels:  by spatially positioning DNA 

within the nucleus and by compacting DNA into chromatin.  Access to DNA can then be 

modulated by a variety of mechanisms that act by changing either the location of DNA 

with the nucleus, for example by DNA looping, and/or chromatin structure, for example 

through ATP-dependent chromatin remodeling enzymes. 

The work in this dissertation focuses on elucidating the in vivo molecular 

mechanisms and functions that an ATP-dependent chromatin remodeling enzyme and 

DNA looping have on DNA-dependent processes. 
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The Spatial Positioning of Eukaryotic Genomes 

 The three-dimensional packaging of DNA is spatially positioned within eukaryotic 

nuclei at two distinct levels: the location of entire chromosomes within the nucleus 

(known as chromosome territories, CTs) and the physical co-localization of individual 

loci that are located far on a linear template (known as DNA looping).  Disruption of 

either of these levels of DNA organization within the eukaryotic nucleus is associated 

with many complex diseases (Matarazzo et al., 2007; Misteli, 2010).  The mechanisms 

by which eukaryotic DNA is spatially positioned within nuclei or how mis-regulating the 

location of DNA results in disease are very poorly understood.  Elucidating these 

mechanisms is therefore critical to understanding basic cellular processes and complex 

diseases. 

As early as the late 19th century, numerous microscopic-based studies visualized 

the nuclear structure of mitotic chromosomes.  In 1909 Theodor Boveri, using 

rudimentary light microscopy, first coined the term “chromosome territories” (CTs) as a 

way to describe how individual mitotic chromosomes, in blastomere stages of the horse 

roundworm, appeared to retain their individuality during interphase and occupy distinct 

parts of the nuclear space (Boveri 1909).  Despite the early description of CTs, direct 

evidence for CTs was not established until the mid-1980s when the development of 

fluorescence in situ hybridization (FISH) techniques paved the way for the visualization 

of individual chromosomes (Manuelidis, 1985; Schardin et al., 1985).  The results from 

these early studies, while only capable of visualizing small regions of several 

chromosomes or a single entire chromosome, were consistent with Boveri’s CT 

observations. 
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Eventually, advances in both FISH (for example, the ability to individually “paint” 

every chromosome in the same cell with different “colors”) and microscopic techniques 

(such as the optical serial sectioning of nuclei using laser confocal microscopy and 3D 

image reconstitution) (Cremer et al., 2008) had begun to unequivocally show that 

chromosomes occupy discrete non-random territories, CTs, within the nuclei of animals 

(Cremer and Cremer, 2001), plants (Berr et al., 2006; Pecinka et al., 2004; Shaw et al., 

2002), and yeast (Bystricky et al., 2005; Cremer and Cremer, 2010).  However, it was 

later shown that the spatial separation of chromosomes into CTs is not necessarily 

absolute, as data revealed that chromosomal intermingling does occur around the 

periphery of the territories (Branco and Pombo, 2006). 

More detailed studies of CTs has further demonstrated that chromosomes 

preferentially adopt a radial position within the nucleus, with large chromosomes found 

more often at the nuclear periphery and small chromosomes found more interiorly 

(Bolzer et al., 2005; Cremer and Cremer, 2006a, b).  More interestingly, however, was 

the observation that within individual CTs, gene-poor and gene-rich regions are spatially 

separated (Shopland et al., 2006).  It was suggested that this segregation of 

transcriptionally active and inactive regions within CTs reflected transcriptional 

regulation by the discrete positioning of DNA within the nucleus.  This has since been 

supported by the observations that certain genes loop out of their CT upon activation 

and are repositioned into distinct transcription factories (Bickmore et al., 2004; 

Chambeyron and Bickmore, 2004a, b; Ferrai et al., 2010a; Ferrai et al., 2010b).  

Additionally, a correlation between transcriptional activation and the location of genes 

within the nucleus has been observed, such that inactive genes are preferentially 
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located closer to the nuclear periphery than transcriptionally active genes (Kosak et al., 

2002; Meister et al., 2010; Ragoczy et al., 2006).  Together, these data suggested that 

the spatial positioning of genomes within eukaryotic nuclei has strong regulatory effects 

on transcription (Saez-Vasquez and Gadal, 2010; Sexton et al., 2009). 

 The development of chromosome conformation capture (3C) (Dekker et al., 

2002), and the subsequent 3C-derived genomic techniques 4C (Simonis et al., 2006), 

5C (Dostie et al., 2006), HI-C (Lieberman-Aiden et al., 2009), ChIP-loop (Horike et al., 

2005), and ChIA-PET (Fullwood et al., 2009), have begun to provide unprecedented 

insight into the molecular details governing how eukaryotic genomes are spatially 

packaged within nuclei.  These techniques, with a resolution of a few hundred base 

pairs (compared to thousands of base pairs for FISH), allow for the quantitative 

detection and/or de novo identification of chromosomal loci that are far away on a linear 

template, but co-localize in three-dimensional space and thus are located in close 

proximity within the nucleus.  This phenomenon has been termed “DNA looping” 

because intervening DNA between two interacting loci is “looped” out to allow the 

physical co-localization of the loci.  The 3C techniques have subsequently confirmed 

FISH studies by demonstrating that chromosomes do indeed generally occupy defined 

territories, CTs, which can be further subdivided into transcriptionally active and inactive 

regions (Noordermeer et al., 2011; Simonis et al., 2006).  More importantly, these 

techniques have begun to elucidate a more detailed picture of the spatial positioning of 

eukaryotic genomes within the nucleus by providing high resolution mapping of distinct 

chromosomal interactions and identifying the molecular components required for these 

interactions. 
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 3C based technologies have discovered two DNA looping confirmations (Figure 

1):  chromatin looping and gene looping.  Chromatin loops have traditionally been 

defined as the juxtaposition of a distal regulatory region, such as an enhancer or 

silencer, with a gene promoter (often over 10s of KBs) (Figure 1A).  Gene loops are 

described as the physical association of promoter and terminator regions of the same 

gene (generally between 1 and 10 KBs) (Figure 1B).  To date, both chromatin loops and 

gene loops have been described at numerous loci in metazoan and yeast cells (Ansari 

and Hampsey, 2005; Hampsey et al., 2011; Laine et al., 2009; Murrell et al., 2004; 

Nemeth et al., 2008; O'Reilly and Greaves, 2007; O'Sullivan et al., 2004; Perkins et al., 

2008; Singh and Hampsey, 2007; Spilianakis et al., 2005; Tan-Wong et al., 2008; 

Tolhuis et al., 2002; Vernimmen et al., 2007). 

Extensive molecular characterization of DNA loops has led to the identification of 

numerous interactions between structural proteins (Comet et al., 2011; Hadjur et al., 

2009; Parelho et al., 2008; Wendt et al., 2008), 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), and RNA 3'-end processing factors 

(Singh and Hampsey, 2007) that are required for the in vivo formation and/or 

maintenance of DNA loops at numerous loci in various organisms.  Additionally, 

chromatin loops have been shown to play roles in transcription 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).  While much work 

has described the molecular framework governing DNA loop formation and/or 
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maintenance, the molecular mechanisms by which DNA loops effect transcription 

regulation or memory are very poorly understood.  Discerning these mechanisms would 

provide essential details linking the roles for the spatial positioning of the genome within 

nuclei with DNA-dependent processes. 

The work in this dissertation demonstrates a novel mechanism by which Ume6- 

and TFIIB-dependent DNA looping mediates the targeting of the ATP-dependent 

chromatin remodeling enzyme Isw2 to loci genome-wide.  This identifies Ume6 as the 

first transcriptional repressor required for DNA looping.  Both Ume6- and TFIIB-

dependent DNA looping is shown to be required to maintain proper transcriptional 

repression at target loci.  These results establish a novel physiological role for DNA 

looping in which the three-dimensional spatial positioning of the genome in the nucleus 

of a eukaryotic organism affects chromatin structure. 

  

Chromatin Structure 

The packaging of DNA into eukaryotic nuclei is facilitated, at least in part, by its 

compaction into chromatin.   The most basic repeating unit of chromatin is the 

nucleosome, composed of ~147 base pairs (bp) of DNA wrapped 1.65 times around an 

octamer of histone proteins, two each of H3, H4, H2A, and H2B (Arents et al., 1991; 

Kornberg and Lorch, 1999; Luger et al., 1997).  Nucleosome arrays appear as “beads 

on a string” by electron microscopy, where the beads are nucleosomes and the 

intervening linker DNA is the string (Olins and Olins, 1974).  Since the basic structure 

and composition of nucleosomes was first discovered in 1974 (Kornberg, 1974; 

Kornberg and Thomas, 1974; Sahasrabuddhe and Van Holde, 1974), much interest has 
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focused on determining the positions of nucleosomes on DNA and their effects on DNA-

dependent processes. 

Prior to 2004, mapping nucleosome positions was performed using indirect end-

labeling.  This rather laborious methodology resulted in the mapping of only a small 

handful of nucleosome positions at a select few, intensively studied, single gene loci, 

such as at the chicken -globin locus, and the yeast PHO5, GAL1-10, and HIS3 

promoters.  By 2004, technological advances led to the invention of the DNA 

microarray, which, for the first time, began providing a more global assessment of 

chromatin structure across the S. cerevisiae genome.  These studies (Bernstein et al., 

2004; Lee et al., 2004; Sekinger et al., 2005), combined with the locus specific studies, 

led to the general conclusions that transcriptionally active promoters are relatively 

nucleosome deficient while transcriptionally inactive promoters are highly enriched with 

nucleosomes. These early microarrays however, were extremely low-resolution (~500-

2000 bp resolution).  As a result, they could only distinguish the relative enrichment of 

nucleosomes across large chromosomal domains and could not adequately map the 

locations of single nucleosomes.   

Eventually microarray technology advanced to “high-resolution” single 

nucleosome mapping capabilities.  It was thus in 2005 that Yuan and colleagues (Yuan 

et al., 2005) mapped nucleosome positions at single nucleosome resolution across 

chromosome III of the S. cerevisiae genome.  This seminal study identified a ~150 bp 

nucleosome free region (NFR) that resided within the promoters of many 

transcriptionally active genes.  Subsequently, microarray resolution improved to ~4 bp 

resolution and is capable of entirely tiling the relatively small S. cerevisiae genome.  
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Advances in high-throughput sequencing technologies have further enabled a 

theoretical resolution of 1 bp and been successfully utilized to map nucleosome 

positions in several eukaryotic organisms.  To date, high-resolution (single nucleosome) 

maps of nucleosome positions have been generated in a number of eukaryotic 

organisms including S. cerevisiae (Albert et al., 2007; Field et al., 2008; Kaplan et al., 

2009; Lee et al., 2007; Mavrich et al., 2008a; Raisner et al., 2005; Shivaswamy et al., 

2008; Whitehouse et al., 2007; Yuan et al., 2005; Zhang et al., 2009), D. melanogaster 

(Mavrich et al., 2008b), C. elegans (Johnson et al., 2006; Valouev et al., 2008), O. 

latipes (Sasaki et al., 2009), and humans (Barski et al., 2007; Jin et al., 2009; Schones 

et al., 2008). 

Surprisingly, all of these eukaryotes display a remarkably similar chromatin 

structure (Figure 2), revealing a stereotypical pattern of nucleosome positions that 

spans both gene coding regions and transcriptional regulatory regions (Rando and 

Chang, 2009).  In general, gene coding regions have a characteristically high 

nucleosome occupancy, containing arrays of progressively decreasing phased 

nucleosomes extending from the transcription start sites (TSSs) (Figure 2A).  In 

contrast, transcriptional regulatory regions are strongly nucleosome depleted 

(containing what is often referred to as a NFR) immediately upstream and downstream 

of the transcription start sites (TSSs) (Figure 2A) and transcription termination sites 

(TTSs) (Figure 2B), respectively.  It should be noted that the use of the term NFR simply 

refers to the absence of canonical nucleosomes, as assayed by the nuclease digestion 

pattern of MNase which is known to preferentially cleave “linker” DNA between two 

canonical nucleosomes.  The ability of MNase to digest DNA within non-canonical 
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nucleosomes has not been well established, however recent data suggests that the 

isolation procedure (i.e. salt concentration during extraction) of nucleosomes may select 

for canonical nucleosomes and the inadvertent removal of non-canonical nucleosomes 

(Jin et al., 2009). 

As early as 1980, both in vivo and in vitro studies concluded that histones are 

generally repressive to transcription (Ehrenhofer-Murray, 2004; Han and Grunstein, 

1988; Han et al., 1988; Kim et al., 1988; Knezetic and Luse, 1986; Lorch et al., 1987; 

Svaren and Horz, 1997; Weisbrod et al., 1980; Wu, 1980).  The biochemical 

characterization and crystal structure of nucleosomes has reinforced these conclusions 

by demonstrating that the many histone-DNA contacts made within nucleosomes make 

the nucleosome one of the most stable protein DNA complexes (Luger et al., 1997) 

which can effectively occlude access to the underlying DNA or impede passage of 

proteins along DNA.  As a result, processes such as transcription, which rely on access 

to and processive passage of proteins along DNA, are significantly inhibited by the 

presence of nucleosomes. These results are consistent with subsequent more detailed 

studies of NFRs located at the 5’- and 3’-end of genes (5’-NRFs and 3’-NFRs, 

respectively) and have led to the general conclusions that NFRs are the primary sites of 

transcriptional regulation. 

5’-NFRs have been shown to be significantly enriched with sequence-specific TF 

binding sites (Bernstein et al., 2004; Lee et al., 2007; Whitehouse et al., 2007; Yuan et 

al., 2005) (Figure 2A) and are predominately associated with transcriptionally active 

promoters.  Studies in S. cerevisiae (Mavrich et al., 2008a) and D. melanogaster 

(Mavrich et al., 2008b) found that the sizes of 5’-NFRs were positively correlated with 
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transcriptional frequency.  On the other hand, the promoters of transcriptionally 

repressed genes are generally compacted into arrays of nucleosomes.  For example, in 

S. cerevisiae (Jiang and Pugh, 2009a; Mavrich et al., 2008a; Shivaswamy et al., 2008) 

and D. melanogaster  (Mavrich et al., 2008b), TATA-containing gene promoters, which 

are typically associated with transcriptionally inducible or regulated genes (Basehoar et 

al., 2004), generally lack NFRs and are predominately found condensed into arrays of 

nucleosomes.  Upon inducing conditions, many of these promoters become 

decondensed, forming a 5’-NFR prior to transcription initiation (Almer and Horz, 1986; 

Almer et al., 1986; Lam et al., 2008).  It should be noted that 5’-NFRs can be found at 

some transcriptionally inactive gene promoters in S. cerevisiae (Mavrich et al., 2008a), 

D. melanogaster (Mavrich et al., 2008b), and humans (Schones et al., 2008).  Together 

these studies suggest that the presence of a NFR may be necessary but not sufficient 

for transcription initiation.  Understanding the mechanisms by which the presence or 

size of NFRs regulate transcription would be invaluable to the further elucidation of 

transcriptional regulatory mechanisms. 

3’-NFRs, first identified in S. cerevisiae (Kaplan et al., 2009; Mavrich et al., 

2008a; Shivaswamy et al., 2008) but subsequently found in D. melanogaster and 

humans (Jin et al., 2009; Mavrich et al., 2008b), are generally located just downstream 

of the translation termination site and are highly enriched with TTSs (Jin et al., 2009; 

Mavrich et al., 2008a; Mavrich et al., 2008b) (Figure 2B).  It has been hypothesized that 

3’-NFRs may function in the assembly of the transcription termination machinery or their 

regulators (Mavrich et al., 2008a; Mavrich et al., 2008b), however the mechanisms for 

this are not known.  Therefore, understanding the role and function of 3’-NFRs in 
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mediating or contributing to transcription regulation will be an important step in 

understanding how chromatin structure may regulate this process. 

Interestingly, the locations of TSS are also highly stereotypical with respect to 

NFRs.  For example in S. cerevisiae, mRNA TSSs typically reside ~10-15 bp 

downstream from the edge of 5'-NFRs (Albert et al., 2007).  Similarly, antisense TSSs, 

initiating bidirectionally from S. cerevisiae promoter or terminator regions, were similarly 

mapped to the upstream edge of 5'-NFRs and 3’-NFRs, respectively (Neil et al., 2009; 

Xu et al., 2009) (Figure 2).  In humans (Schones et al., 2008) and D. melanogaster 

(Mavrich et al., 2008b) TSSs tend to reside ~40-60 bp upstream of the edge of 5’-NFRs 

(Mavrich et al., 2008b; Schones et al., 2008).  However, these studies also revealed the 

presence of a paused RNA polymerase II (RNAPII) immediately downstream of the 

edges of 5’-NFRs at a number of transcriptionally inactive gene promoters (Mavrich et 

al., 2008b; Schones et al., 2008).  At least in D. melanogaster, this transcriptionally 

engaged, but paused, RNAPII appears to physically interact with the first nucleosome 

downstream of the NFR (Mavrich et al., 2008b).   These results suggest the 

nucleosomes immediately flanking NFRs may have important regulatory roles in 

mediating transcription initiation or elongation in yeast and flies, respectively.  In support 

of this, studies have shown that the physical properties of DNA (Anderson and Widom, 

2001; Iyer and Struhl, 1995; Kaplan et al., 2009; Mavrich et al., 2008a; Yuan et al., 

2005; Zhang et al., 2009), sequence-specific TFs (Badis et al., 2008; Hartley and 

Madhani, 2009), and chromatin regulators (Badis et al., 2008; Hartley and Madhani, 

2009) can positively regulate the formation and/or size of NFRs in vivo.  The activities of 

these factors to establish larger NFRs were thought to facilitate the initiation of 
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transcription by allowing the transcription machinery greater access to DNA.  Whether 

there are mechanisms to negatively regulate the size of NFRs in vivo is not known.   

The work in this dissertation describes the systematic annotation of NFRs across 

the yeast genome from multiple nucleosome mapping studies.  I identify, in addition to 

5’-NFRs and 3’-NFRs, two novel classes of NFRs located within open reading frames 

(ORF-NFRs) and far from open reading frames (Other-NFRs).  The ATP-dependent 

chromatin remodeling enzyme Isw2 was found to target a subset of each of the four 

classes of NFRs where it functions to reduce the accessibility of these NFRs by sliding 

the nucleosomes immediately flanking the NFRs toward the center.  This establishes 

Isw2 as the first chromatin regulator that functions to negatively regulate the size of 

NFRs.  The Isw2-dependent reduction in NFR size was required to globally repress 

cryptic ncRNA transcription from initiating at the edges of NFRs by positioning a 

nucleosome to occlude the cryptic transcription start site.  These results thus describe 

mechanisms by which modulation of chromatin structure is directly required for the 

repression of cryptic non-coding RNA. 

 

ATP-Dependent Chromatin Remodeling Enzymes 

Due to the inhibitory nature of nucleosomes on DNA-dependent processes, 

eukaryotic cells have evolved highly conserved protein complexes to regulate the 

accessibility of chromatin by modifying the structure, composition, and/or positions of 

nucleosomes on DNA.  The need to understand the regulation, functions, and 

mechanisms of action of these chromatin regulators is underscored by their tight link to 

the regulation of all DNA-dependent processes and the development of cancer (Dey, 
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2006).  One major class of chromatin regulators is the ATP-dependent chromatin 

remodeling enzymes.  This class utilizes the energy of ATP-hydrolysis to slide 

nucleosomes, evict or exchange histones from nucleosomes, or destabilize 

nucleosomes by altering histone-DNA contacts (Ehrenhofer-Murray, 2004; Mellor and 

Morillon, 2004; Tsukiyama, 2002) to affect numerous cellular processes including 

transcription, replication, DNA repair, and recombination.  All ATP-dependent chromatin 

remodeling enzymes identified to date are multisubunit protein complexes belonging to 

the Swi2/Snf2 superfamily of ATPases and are further subclassified by the homology of 

their ATPase domains into the SWI/SNF (Switching/Sucrose Non-Fermenting), ISWI 

(Imitation Switch), CHD (Chromodomain, Helicase, and DNA binding), and INO80 

(Inositol80) families (Eisen et al., 1995; Flaus et al., 2006; Langst and Becker, 2004). 

The ISWI family is highly conserved from yeast to humans (Flaus et al., 2006; 

Yadon and Tsukiyama, 2011) and has been shown to be necessary for normal 

development in D. melanogaster (Deuring et al., 2000), C. elegans (Andersen et al., 

2006), X. laevis (Dirscherl et al., 2005; Wysocka et al., 2006), and mice (Stopka and 

Skoultchi, 2003) (Figure 3).  While the requirement of the ISWI ATPases in 

development has largely been attributed to their roles in transcriptional regulation of 

developmentally controlled genes (Badenhorst et al., 2002; Barak et al., 2003; Deuring 

et al., 2000; Lazzaro et al., 2006), ISWI containing complexes have also been shown to 

play key roles in a variety of biological processes, including transcription (Badenhorst et 

al., 2002; Fazzio et al., 2001; Goldmark et al., 2000; Kent et al., 2001; Yasui et al., 

2002), global chromatin structure (Deuring et al., 2000), DNA replication (Collins et al., 

2002; Poot et al., 2004; Vincent et al., 2008), cell cycle progression (Fyodorov et al., 
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2004), ribosomal DNA silencing (Zhou et al., 2002), and cohesin loading (Hakimi et al., 

2002).  It is therefore not surprising that mutations of ISWI complexes have been 

associated with disease, such as melanotic tumors in D. melanogaster (Badenhorst et 

al., 2002) or malignancy of acute leukemia cells in humans (Stopka et al., 2000).  In 

vitro, ISWI complexes are capable of sliding (Corona et al., 1999; Hamiche et al., 1999; 

Langst et al., 1999), exchanging histones within (Bruno et al., 2003), altering the 

spacing between (Tsukiyama et al., 1999; Varga-Weisz et al., 1997), and assembling 

nucleosomes (Ito et al., 1997; Loyola et al., 2001).  How these in vitro activities are used 

in vivo is largely unknown and is essential to understanding the biological processes 

associated with ISWI complexes. 

S. cerevisiae contains two ISWI homologues, Isw1 and Isw2 (Tsukiyama et al., 

1999).  Isw2 has been shown to form two distinct complexes in vivo, a two-subunit (Isw2 

and Itc1) (Tsukiyama et al., 1999) and a four-subunit (Isw2, Itc1, Dls1, and Dbp4) (Iida 

and Araki, 2003; McConnell et al., 2004).  A functional distinction between these 

complexes has not been elucidated.  In vitro, the Isw2 complex interacts with DNA and 

nucleosome arrays in an ATP-independent manner (Gelbart et al., 2001), facilitates 

regular spacing of nucleosomes (Gelbart et al., 2001; Tsukiyama et al., 1999), and 

slides nucleosomes toward the center of DNA fragments without disrupting nucleosome 

integrity (Kassabov et al., 2002).  In vivo, Isw2 affects integration site selection of the 

Ty1 retrotransposon upstream of tRNA genes (Bachman et al., 2005; Gelbart et al., 

2005), facilitates DNA replication in the presence of methyl methanesulfonate (MMS) 

(Vincent et al., 2008), and represses coding transcription initiation by overriding the 
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underlying nucleosome positioning signals of DNA (Fazzio et al., 2001; Gelbart et al., 

2005; Goldmark et al., 2000; Kent et al., 2001; Whitehouse and Tsukiyama, 2006). 

Most recently, global Isw2 function was elucidated using high-resolution tiled 

microarrays across the yeast genome (Whitehouse et al., 2007).  This study identified 

~2100 target loci that encompass three primary classes of targets at which Isw2 is 

recruited and remodels chromatin: the 5’-end of genes, the 3’-end of genes (hereafter 

denoted as 5’-end targets and 3’-end targets, respectively), and upstream of tRNA 

genes.  At 5’- and 3’-end targets, Isw2 was shown to increase nucleosome occupancy 

within intergenic regions by sliding nucleosomes away from genic regions.  Surprisingly, 

the identification of the 3’-end of genes as a novel class of Isw2 targets led to the 

discovery that Isw2 suppresses non-coding RNA (ncRNA) transcription at three of these 

loci, implicating Isw2 in transcriptional regulation of ncRNA at 3’-end targets 

(Whitehouse et al., 2007).  Subsequent mapping of these ncRNAs transcription start 

sites onto nucleosome positions revealed initiation occurring at the edges of NFRs, 

similar to that observed for coding transcription start sites.  These results have raised 

the intriguing possibility that Isw2 functions to alter nucleosome density around NFRs to 

suppress ncRNA transcription initiation.  However, whether all Isw2 targets are adjacent 

to NFRs or whether Isw2 functions to globally suppress ncRNA at 3’-end targets is 

currently unknown. 

 In addition to understanding the biological functions of ATP-dependent chromatin 

remodeling enzymes in vivo, a major challenge is to elucidate the mechanisms by which 

these enzymes are targeted to specific genomic loci.  ISWI ATPases are extremely 

abundant in eukaryotic organisms, ranging from ~4,500 copies in haploid yeast nuclei to 
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~100,000 copies in diploid D. melanogaster embryonic cells.  Therefore the targeting of 

these complexes to specific genomic loci is likely important for proper regulation of the 

enzyme.  An understanding of the targeting mechanisms for ISWI homologues is just 

beginning to be investigated.  For example, in yeast, Isw2 has been shown to be 

targeted to some loci by the sequence-specific TFs Ume6 (Goldmark et al., 2000), α2-

Mcm1 (Bachman et al., 2005; Gelbart et al., 2005), and Bdp1 (Bachman et al., 2005; 

Gelbart et al., 2005).  However, the high-resolution identification of Isw2 targets across 

the genome (Whitehouse et al., 2007) has revealed a far greater number of Isw2 targets 

than can be accounted for by these TFs alone, indicating much is still to be discovered 

underlying the targeting mechanisms of Isw2.  Elucidation of these mechanisms will 

further our mechanistic understanding of the regulation and function of the ISWI 

chromatin remodeling enzymes in vivo. 

The work in this dissertation identifies the ATP-dependent chromatin remodeling 

enzyme Isw2 as the first factor that is required to reduce the accessibility of NFRs by 

sliding nucleosomes toward the centers of NFRs.  The Isw2-dependent chromatin 

remodeling of NFRs is required to repress cryptic ncRNA from initiating bi-directionally 

from 5’-NFRs or antisense from 3’-NFRs by positioning the nucleosomes flanking NFRs 

such that they occlude the TSSs.  The TFs Ume6, Nrg1, Cin5, and Sok2 were found to 

be required for the targeting of Isw2 to many loci genome-wide, providing the first 

comprehensive genome-wide map of TF-dependent targeting of an ATP-dependent 

chromatin remodeling enzyme.  Finally, DNA looping is shown to be a novel mechanism 

for the targeting of Isw2 to many loci genome-wide.  These results provide a genome-
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wide evaluation of the functions and mechanisms for the targeting and transcriptional 

repression of the ATP-dependent chromatin remodeling enzyme Isw2. 



Figure 1:  Schematic Diagram of Identified DNA Looping Conformations:  

Chromatin Looping and Gene Looping 

(A and B) Nucleosomes and DNA are depicted as blue ovals and black lines, 

respectively.  Genes are marked as grey rectangles.  Arrow depicts physical 

interactions between two distally located regions on the linear chromosome. 

(A)  Chromatin Looping 

(B)  Gene Looping 
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Figure 2:  Schematic Diagram of Stereotypical Chromatin Structure in Yeast  

(A and B)  Canonical and Htz1 containing nucleosomes are depicted as blue and 

yellow ovals, respectively.  DNA is black lines and genes are marked as grey 

rectangles.  Transcription start sites for mRNA and ncRNA is depicted as dashed 

arrows. 

(A)  Chromatin structure surrounding the promoter of a typical yeast gene 

(B)  Chromatin structure surrounding the terminator of a typical yeast gene 
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Figure 3:  Cell SnapShot – Chromatin Remodeling: ISWI 

The ISWI (Imitation SWItch) family of ATP-dependent chromatin remodeling enzymes are a set of 

highly conserved protein complexes which utilize the energy released from ATP hydrolysis to slide 

nucleosomes along DNA and/or replace histones within nucleosomes.  All ATP-dependent chromatin 

remodeling complexes, including the ISWI family, contain a conserved catalytic DEXD ATPase domain 

and helicase domain.  However, unique to ISWI family members is the combination of three C-

terminally located domains, known as HAND, SANT, and SLIDE.  The SANT domain (structurally 

related to the c-Myb DNA binding domains) binds unmodified histone tails, the SLIDE (SANT-Like ISWI 

Domain) domain binds nucleosomal DNA near the dyad axis, and the HAND domain is implicated in 

both histone and DNA binding/recognition.  Representative ISWI containing protein complexes from 

multiple species are depicted in this SnapShot with specific in vivo biological functions for each listed 

below (indicated by numbers).  

Biological Functions of ISWI Containing Complexes 

(1)  Replication, Transcription, and Ty Integration Regulation:  Facilitates replication fork 

progression through late replicating regions.  Represses mRNA and cryptic non-coding RNA 

transcription by negatively regulation NFR size.  Required for the periodic integration pattern of the Ty1 

retrotransposon. 

(2)  Transcription Regulation:  Represses and activates transcription at a small number of loci and is 

implicated in transcription elongation and termination regulation. 

(3)  Cell Fate Determination:  Promotes the expression of vulval cell fates by antagonizing the 

transcriptional and chromatin-remodeling activities of complexes similar to Myb-MuvB/dREAM, NuRD, 

and Tip60/NuA4. 

(4)  Transcription Regulation:  Downregulates VSV expression sites. 

(5)  Nucleosome Assembly, Transcription, and Replication Regulation:  Required for the 

establishment and/or maintenance of periodic nucleosome arrays that contributes to pericentric 

position-effect variegation (PEV) and heterochromatic Polycomb-mediated transcriptional gene 

silencing.  Implicated in the regulation of S-phase length/progression. 

(6)  Chromatin Structure and Transcription Regulation:  Maintains higher-order chromatin structure 

by mediating chromatin compaction.  Disrupts the enhancer-blocking function of Fab7 and SF1 while 

augmenting the function of Fab8.  Activates transcription of GAGA target genes, ecdysone responsive 

genes, and is a co-activator of Armadillo.  Regulates innate immunity by repressing transcription of 

JAK/STAT target genes. 

(7)  Chromatin Structure and Transcription Regulation:  Involved in formation of silent 

heterochromatin by incorporating the histone variant H2Av, thus suppressing position-effect variegation 

(PEV). 

(8)  Developmental Cellular Expansion and Nuclear Divisions:  Necessary for cell expansion 

during late diploid (sporophytic) embryogenesis and mitotic nuclear divisions during haploid 

(gametophytic) phase. 

(9)  Replication and Transcription Regulation:  Required for S-phase progression and facilitates 

pericentromeric heterochromatin DNA replication.  Represses transcription of the vitamin D3 receptor-

regulated genes in humans. 

(10)  Chromatin Structure and Centromere Maintenance:  Implicated in chromatin assembly and 

actively supports the assembly of CENP-A chromatin in humans. 

(11)  Development and Transcription Regulation:  Functions in neural tube formation and terminal 

differentiation of ovarian granulose cells through regulation of StAR gene expression in mice. 

(12)  Heterochromatin Formation and/or Replication Regulation:  Targeted to pericentromeric 

heterochromatin during early stages of chromosome condensation and DNA replication. 

(13)  Transcription Regulation:  Involved in the transcriptional repression of ribosomal RNA genes. 

(14)  DNA Replication and Repair Regulation:  Implicated in heterochromatin DNA replication by 

binding PCNA in mice.  Necessary for cell survival following DNA damage by methyl methanesulfate 

(MMS) and facilitates a DNA damage response pathway by controlling histone H2A.Z function in mice. 

(15)  Cell Differentiation and Transcription Regulation:  Promotes neurite outgrowth and 

transcription of engrailed 1 and 2 in humans. 

Figure and text adapted from Yadon and Tsukiyama, 2011 
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CHROMATIN REMODELING AROUND NUCLEOSOME FREE 

REGIONS LEADS TO REPRESSION OF NON-CODING RNA 

TRANSCRIPTION 

 

 

Abstract 

 Nucleosome free regions (NFRs) at the 5'- and 3'-end of genes are general sites 

of transcription initiation for mRNA and non-coding RNA (ncRNA).  The presence of 

NFRs within transcriptional regulatory regions and the conserved location of 

transcription start sites at NFRs strongly suggest the regulation of NFRs profoundly 

affects transcription initiation.  To date, multiple factors are known to facilitate 

transcription initiation by positively regulating the formation and/or size of NFRs in vivo.  

However, mechanisms to repress transcription by negatively regulating the size of 

NFRs have not been identified.    We identified four distinct classes of NFRs located at 

the 5'-and 3'-end of genes, within ORFs, and far from ORFs.  The ATP-dependent 

chromatin remodeling enzyme Isw2 was enriched at all classes of NFRs.  Analysis of 

RNA levels also demonstrated Isw2 is required to repress ncRNA transcription from 

many of these NFRs.  Thus by the systematic annotation of NFRs across the yeast 

genome and analysis of ncRNA transcription, we establish, for the first time, a 

mechanism by which NFR size is negatively regulated to repress ncRNA transcription 

from NFRs.  Finally, we provide evidence suggesting one biological consequence for 
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repression of ncRNA, by Isw2 or the exosome, prevents transcriptional interference of 

mRNA. 

 

Introduction 

 Eukaryotic cells compact their DNA into a nucleoprotein complex known as 

chromatin.  The most basic repeating unit of chromatin is the nucleosome, consisting of 

~147 base pairs (bp) of DNA wrapped around an octamer of histone proteins (Luger et 

al., 1997).  Nucleosomes are one of the most stable protein-DNA complexes known 

(Luger et al., 1997) and can effectively inhibit all DNA-dependent processes, including 

transcription, replication, repair, and recombination, by limiting the access of proteins to 

DNA (Ehrenhofer-Murray, 2004).  As a result, the mechanisms by which chromatin 

structure and nucleosome positions are specified and maintained in vivo are critical for 

the regulation of all DNA-dependent processes. 

 Genome-wide maps of nucleosome positions have recently been generated in a 

number of organisms, including S. cerevisiae (Albert et al., 2007; Bernstein et al., 2004; 

Field et al., 2008; Jiang and Pugh, 2009b; Kaplan et al., 2003; Lee et al., 2004; Lee et 

al., 2007; Mavrich et al., 2008a; Raisner et al., 2005; Shivaswamy et al., 2008; 

Whitehouse et al., 2007; Yuan et al., 2005; Zhang et al., 2009), D. melanogaster 

(Mavrich et al., 2008b), C. elegans (Johnson et al., 2006; Valouev et al., 2008), O. 

latipes (Sasaki et al., 2009), and humans (Barski et al., 2007; Schones et al., 2008).  

Each of these organisms displays a characteristic chromatin structure spanning gene 

coding regions and transcriptional regulatory regions.  Gene coding regions generally 

have high nucleosome occupancy with arrays of well-phased nucleosomes extending 



23 
 
from the 5'-end of genes.  In contrast, transcriptional regulatory regions, such as 

promoters, enhancers, and terminators, have low nucleosome occupancy and often 

contain a nucleosome free region (NFR).  NFRs, also known as nucleosome depleted 

regions (NDRs), typically represent regions with an increased accessibility to 

micrococcal nuclease (MNase) digestion.  Thus, the term NFR refers to a deficiency in 

experimentally determined canonical nucleosomes and does not necessarily imply a 

complete lack of histones. 

 To date, predominately two major classes of NFRs, 5'-NFRs and 3'-NFRs, have 

been characterized.  In S. cerevisiae, these NFRs are typically ~80-300 bp in length and 

flanked by two well-positioned nucleosomes that often contain the histone variant Htz1 

(Albert et al., 2007; Raisner et al., 2005).  5'-NFRs, associated with the promoters of 

many genes, are highly enriched for sequence-specific transcription factor binding sites 

(Bernstein et al., 2004; Lee et al., 2007; Whitehouse et al., 2007; Yuan et al., 2005), and 

demarcate mRNA transcription start sites (TSSs) to their downstream edges (Albert et 

al., 2007; Lee et al., 2007; Whitehouse et al., 2007).  3'-NFRs are located at the 3'-end 

of genes and are enriched for transcription termination sites (TTSs) (Mavrich et al., 

2008a). 

 Recent genome-wide expression analyses have demonstrated the majority of 

eukaryotic genomes are transcribed (Core et al., 2008; David et al., 2006; Davis and 

Ares, 2006; Dutrow et al., 2008; He et al., 2008; Miura et al., 2006; Nagalakshmi et al., 

2008; Neil et al., 2009; Preker et al., 2008; Samanta et al., 2006; Seila et al., 2008; 

Wilhelm et al., 2008; Xu et al., 2009), resulting in the identification of numerous non-

coding RNA (ncRNA) transcripts.  In S. cerevisiae, many of these ncRNA transcripts 



24 
 
were found to initiate at the upstream edge of 5’-NFRs between tandemly oriented 

genes or 3'-NFRs (Neil et al., 2009; Xu et al., 2009).  However, whether these 

transcripts are subjected to active regulation is not known.  The conserved locations of 

ncRNA TSSs around NFRs have strongly suggested that NFRs are general locations of 

transcription initiation and that the mechanisms controlling NFR accessibility are critical 

to transcriptional regulation of ncRNA. 

 Multiple factors, including the physical properties of DNA (Anderson and Widom, 

2001; Iyer and Struhl, 1995; Kaplan et al., 2009; Mavrich et al., 2008a; Yuan et al., 

2005; Zhang et al., 2009), transcription factors (Badis et al., 2008; Hartley and Madhani, 

2009), and chromatin regulators (Badis et al., 2008; Hartley and Madhani, 2009), are 

known to positively regulate the formation and/or size of NFRs in vivo.  The activities of 

these factors to establish larger NFRs are thought to facilitate the initiation of 

transcription by allowing transcription factors greater access to DNA.  Whether there are 

mechanisms to negatively regulate the size of NFRs in vivo is not known.  However, we 

have recently shown in S. cerevisiae that the ATP-dependent chromatin remodeling 

enzyme Isw2 functions at the 5’- and 3’-end of genes to increase nucleosome 

occupancy within intergenic regions by sliding nucleosomes away from coding regions.  

Interestingly, Isw2 was also required to repress non-coding antisense transcripts from 

the 3’-end of three genes tested (Whitehouse et al., 2007).  Whether Isw2-dependent 

chromatin remodeling generally affects chromatin structure and ncRNA transcription 

around NFRs has not been established.  We hypothesized that Isw2 may generally 

function to repress ncRNA transcription by negatively regulating the size of NFRs in 

vivo. 
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 To test this model, we first analyzed data from multiple nucleosome mapping 

studies to systematically annotate a consensus set of NFRs across the S. cerevisiae 

genome.  Our work identified two additional classes of NFRs apart from 5’- and 3’-NFRs 

that were located within ORFs (ORF-NFRs) and far from ORFs (Other-NFRs).  Isw2 

targets were found significantly enriched at all classes of NFRs, thus identifying a 

previously unknown target of Isw2, ORF-NFRs.    In addition, we employed custom 

strand-specific tiled microarrays to analyze ncRNA transcripts and found that Isw2 is 

globally required to repress initiation of cryptic RNA transcripts from NFRs by sliding 

nucleosomes toward NFRs to restrict their size.  Finally, we provide evidence that a 

potential biological function for Isw2-dependent repression of some cryptic transcripts is 

to prevent transcriptional interference.  To our knowledge, this is the first example in 

which the negative regulation of NFR size by a chromatin remodeling enzyme is actively 

required to repress transcription of ncRNA from NFRs. 

 

Results 

 

Genome-Wide Annotation of NFRs 

 It is generally accepted that mRNA transcription initiates at the edges of NFRs 

and can be facilitated by multiple factors that positively regulate the formation and/or 

size of NFRs.  Recent studies have shown that ncRNA also initiates at the edges of 

NFRs (Neil et al., 2009; Xu et al., 2009).  However the mechanisms for regulation of 

these transcripts are not well understood.  Given the widespread prevalence of ncRNA 

detected throughout the S. cerevisiae genome (David et al., 2006; Davis and Ares, 
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2006; Miura et al., 2006; Nagalakshmi et al., 2008; Neil et al., 2009; Xu et al., 2009), it is 

critical to understand the mechanisms for regulation of ncRNAs.  Isw2 is known to target 

the 3'-end of ~250 genes and to repress non-coding transcription at three of these loci 

tested (Whitehouse et al., 2007).  These results suggest a possibility that Isw2 may be 

preferentially targeted to NFRs where it functions as a unique chromatin regulator to 

repress ncRNA transcription by negatively restricting the size of NFRs.  To test our 

model, we first systematically annotated NFRs genome-wide using data from multiple 

independent nucleosome mapping datasets. 

 Global identification of NFRs was first done at the 5'-end of genes by Yuan et al 

(Yuan et al., 2005).  Subsequently, numerous studies recapitulated this finding and 

further showed NFRs are also commonly present at the 3'-end of genes (Albert et al., 

2007; Jiang and Pugh, 2009a; Mavrich et al., 2008a; Neil et al., 2009; Sun et al., 2009; 

Xu et al., 2009).  Generally, these studies based their analyses on a single nucleosome 

mapping dataset and identified NFRs as regions with a wider than average linker length 

or by fitting an idealized model to smoothed nucleosome signals.  However, all 

nucleosome mapping datasets contain a large number of loci where nucleosomes are 

poorly defined, and while the overall agreement in nucleosome positions between 

studies is good, significant differences between all studies exist (Jiang and Pugh, 

2009a) (Figure 4A and B).  Furthermore, some NFRs were identified only by their 

proximity to the ends of genes, thus precluding the annotation of NFRs located 

elsewhere in the genome.  These reasons thus necessitated an unbiased and 

systematic annotation of NFRs. 
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 Therefore, we developed an algorithm using multiple criteria to systematically 

identify NFRs commonly found in multiple nucleosome mapping datasets (see Materials 

and Methods for details) (Figure 5).  These criteria were designed to eliminate NFRs 

from regions with poorly defined nucleosomes and identify NFRs present in several 

nucleosome mapping datasets, thus mitigating the identification of spurious NFRs and 

enriching for NFRs with high-confidence (Figure 6).  This algorithm was applied to four 

independent nucleosome mapping datasets, two using high-resolution microarrays and 

two using high-throughput sequencing (Field et al., 2008; Lee et al., 2007; Mavrich et 

al., 2008a; Whitehouse et al., 2007).  This algorithm identified a reference set of 6589 

core NFRs (Figure 6A).  Because the annotated NFRs represent the overlapping 

regions identified from each dataset and not necessarily the definitive edges of each 

NFR, the mean length and total genomic coverage (99 bp and ~5.4%, respectively) are 

likely underestimated. 

 It should be noted that during the course of this study, Jiang and Pugh (Jiang and 

Pugh, 2009a) independently annotated NFRs genome-wide.  In their study, NFRs were 

annotated based on the length of the linker regions from a compiled reference set of 

nucleosome positions, resulting in the identification of 14,467 NFRs.  A direct 

comparison of both sets of NFRs revealed a statistically significant overlap (4548 

overlapping NFR regions, p-value<10e-300).  However, many of the NFRs identified by 

Jiang and Pugh and not in our dataset correspond to regions of poorly defined 

nucleosomes or regions deficient of nucleosomes in only a single dataset.  Thus for the 

purpose of this study, NFRs defined by our algorithm were more suitable. 
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Classification of NFRs 

 NFRs were first identified around the TSSs at the 5’-end of genes and, more 

recently, around TTSs at the 3’-end of genes.  Of the annotated NFRs, a total of 3127 

(averaging ~111 bp in size and associated with ~64% of non-dubious ORFs) and 2440 

(averaging ~109 bp in size and associated with ~50% of non-dubious ORFs) were 

classified as 5’-NFRs and 3’-NFRs, respectively (Figure 6B).  Because of the compact 

nature of the yeast genome, some 5'- and 3'-NFRs are shared between two neighboring 

genes in tandem, divergent, or convergent orientations.  Therefore, we further classified 

5’-and 3’-NFRs and identified 1312, 555, and 484 shared tandem, divergent, or 

convergent NFRs, respectively (Figure 6C).  Thus 2438 (~42%) non-dubious genes 

contain a shared NFR at their 5’-end and 2291 (~40%) contain a shared NFR at their 3’-

end. 

 Our unbiased genome-wide annotation of NFRs allowed us to further identify two 

additional classes of NFRs, ORF-NFRs and Other-NFRs (Figure 6B).  The ORF-NFR 

class comprises 2114 long linkers (averaging ~91 bp in size) that are located completely 

within the open reading frame of 1639 genes.  The remaining 758 NFRs that are not 

associated with any non-dubious ORF were classified as Other-NFRs (averaging ~88 

bp in size) and represent NFRs located within long intergenic regions or upstream of 

tRNA genes and retrotransposons. 

 

General Properties of NFRs 

 Previously, others have shown that nucleosomes immediately adjacent to 5'- and 

3'-NFRs are well-positioned and that the phasing of nucleosomes progressively 
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decreases with distance from NFRs (Mavrich et al., 2008a).  More recently, NFRs were 

also shown to have a sequence-intrinsic tendency to exclude nucleosomes (Kaplan et 

al., 2009; Zhang et al., 2009).  Whether these properties are shared by ORF- or Other-

NFRs is not known.  We therefore compared the phasing and sequence-dependent 

exclusion of nucleosomes around each class of NFR. 

 To this end, the nucleosome signals from two in vivo wild-type (WT) and one in 

vitro-reconstituted nucleosome mapping datasets were analyzed around all NFRs 

(Figure 7A).  As expected, the in vivo nucleosome maps display a prominent NFR that 

is flanked on both sides by an array of well-positioned nucleosomes whose phasing 

progressively decreases with distance from the NFR midpoint.  The in vitro-

reconstituted nucleosomes also exhibit a general depletion of nucleosomes at NFRs 

(Figure 7A). 

 Next, we individually compared the average in vivo and in vitro nucleosome 

profiles around each class of NFR (Figure 7B).  This analysis revealed that all classes 

of NFRs are flanked by an array of highly positioned nucleosomes with phasing that 

progressively decreases with distance from the NFR in vivo.  In vitro, all classes of 

NFRs exhibit a sequence-intrinsic property to exclude nucleosomes.  However, the level 

of phasing or sequence-intrinsic exclusion of nucleosomes varies between classes.  For 

example, 5'- and 3'-NFRs are generally bordered by the most highly phased 

nucleosomes and display the most prominent in vitro nucleosome exclusion, while ORF- 

and Other-NFRs have significantly reduced levels of phasing and sequence-intrinsic 

nucleosome exclusion. 
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 Because the in vivo and in vitro nucleosome profiles at each class of NFRs are 

different, we speculated additional factors, beyond the sequence-dependent exclusion 

of nucleosomes, are required to establish the in vivo nucleosome architecture 

surrounding NFRs.  As such, we analyzed the distribution of various histone 

modifications, transcriptional machineries, and chromatin remodeling enzymes 

surrounding all NFRs.  k-means clustering of this profile revealed distinct classes of 

NFRs that are enriched within different chromatin environments (Figure 8).  This result 

is consistent with our model that the chromatin architecture surrounding distinct classes 

of NFRs is differentially influenced by chromatin and transcription regulators in vivo.  

The observation that the annotated NFRs define boundaries for some histone 

modifications, such as H3K4me3, H4ac, and H3K14ac within clusters 1 and 8, as well 

as a histone variant, Htz1 within clusters 1, 4, 5, 6, and 8, provides additional support of 

the quality of the NFR annotation. 

 

Isw2 Association with NFRs 

 We next examined whether Isw2 is preferentially targeted to and functions 

around NFRs.  To address these possibilities, we determined the total number of Isw2 

targets, defined as regions where both enrichment of Isw2-ChIP signals and Isw2-

dependent chromatin remodeling (Whitehouse et al., 2007) takes place, that are in 

close proximity to one of the annotated NFRs.  Because we utilized a strict definition for 

Isw2 targets and restricted our analysis to the edges of the annotated core NFRs, our 

calculation for the association of Isw2 targets with NFRs is likely a significant 

underestimation.  Nonetheless, our analysis revealed a striking association of Isw2 
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targets with NFRs.  A total of 406 Isw2 targets (p-value=9.5e-279), representing ~48% 

of all Isw2 targets, were found within a single nucleosome distance (150 bp) of an 

annotated NFR.  Classification of these NFRs targeted by Isw2 shows a statistical 

enrichment in all classes of NFRs: 5'- (217 Isw2 targets, p-value=1.3e-148), 3'- (164 

Isw2 targets, p-value=2.1e-108), ORF- (50 Isw2 targets, p-value=9.0e-14) and Other-

NFRs (124 Isw2 targets, p-value=4.1e-129).  This analysis identified ORF-NFRs as a 

previously unknown class of Isw2 targets located within genes.   

 To further understand a role for Isw2 targeting NFRs, we first used self-

organizing maps (SOMs) of Isw2-ChIP signals and Isw2-dependent chromatin 

remodeling around each class of Isw2 target NFR (Figure 9A to D, top panels).  This 

analysis revealed that at each class of NFR, Isw2 tends to be enriched and remodels 

nucleosomes immediately adjacent to NFRs, consistent with the fact Isw2 preferentially 

targets NFRs.  Second, plotting the distribution of the change in NFR size between WT 

and Δisw2 strains (Whitehouse et al., 2007) revealed an increase in the size of many, 

but not all, NFRs in Δisw2 strains compared to WT (Figure 9A to D, bottom panels).  

These results suggest that Isw2-dependent chromatin remodeling around target NFRs 

functions to restrict the size of many, but not all, target NFRs. 

 

Isw2-Dependent Repression of Cryptic Transcripts 

 We next sought to determine a functional consequence for Isw2-dependent 

chromatin remodeling around target NFRs.  We have previously shown that Isw2 

represses cryptic antisense transcripts from the 3’-end of three genes (Whitehouse et 

al., 2007).  However, whether Isw2 generally functions to repress cryptic RNA 
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transcription is currently unknown.  Given that Isw2 is targeted to and remodels 

chromatin around NFRs and that the TSSs of ncRNA are enriched around the edges of 

NFRs, we speculated that Isw2-dependent chromatin remodeling may result in 

repression of ncRNA transcription at NFRs. 

 To test our model, we hybridized total RNA from Isw2 deletion strains to high-

resolution, strand-specific microarrays tiling chromosomes III, VI, and XII, covering 

~14% of the genome.  Because the exosome complex efficiently degrades cryptic 

transcripts, deletion of components in the exosome pathway, either TRF4 or RRP6, in 

combination with ISW2 (Δisw2 trf4 and Δisw2 rrp6, respectively) is required to stabilize 

some cryptic transcripts (Whitehouse et al., 2007). These mutations are not expected to 

alter the frequency of ncRNA transcription (Houseley et al., 2006; Houseley and 

Tollervey, 2008, 2009; Schmid and Jensen, 2008) but are required for detection of 

cryptic RNA transcripts.  Furthermore, because it is unclear how cryptic RNA transcripts 

are processed in vivo, especially in the absence of Trf4 or Rrp6, we avoided any 

selection or amplification of RNA (see Materials and Methods for details).  To this end, 

isolated RNA was reverse transcribed, labeled with Cy5, and competitively hybridized 

against Cy3 labeled genomic DNA.  The log2 ratio of Cy5 to Cy3 hybridization signals 

was then determined for each probe in each experiment.  To determine regions with 

statistically different expression patterns between strains, probes whose signals were 

significantly (p-value≤0.05) different between strains (Δisw2 vs. WT, Δtrf4 vs. WT, Δrrp6 

vs. WT, Δisw2 trf4 vs. Δtrf4, and Δisw2 rrp6 vs. Δrrp6) were identified.  Regions 

containing multiple probes with significantly increased signals were identified as loci 

expressing cryptic transcripts (Figure 10).  Therefore, transcripts specifically suppressed 
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by Isw2 were identified by comparing signals from a Δisw2 trf4 or a Δisw2 rrp6 strain 

directly to a Δtrf4 or a Δrrp6 strain, respectively (see Materials and Methods for details). 

 While the Δisw2 single mutant shows relatively few changes compared to WT 

(Δisw2 vs. WT, 35 total Isw2-dependent cryptic transcripts), a total of 80 (mean length 

of 604 bases) and 141 (mean length of 411 bases) Isw2-dependent cryptic transcripts 

were identified in the Δtrf4 (Δisw2 trf4 vs. Δtrf4) and Δrrp6 (Δisw2 rrp6 vs. Δrrp6) 

backgrounds, respectively.  Interestingly, a comparison of cryptic transcripts identified in 

either Δtrf4 or Δrrp6 mutants revealed 74% and 95%, respectively, directly overlap 

(Figure 11A).  The same analysis in the double mutants similarly revealed that 74% and 

79% of the identified cryptic transcripts overlapped in Δisw2 trf4 or Δisw2 rrp6 cells, 

respectively (Figure 11A).  These data suggest that Trf4 and Rrp6 have overlapping but 

distinct functions in cryptic RNA regulation. 

 We next classified each identified cryptic transcript as either cryptic sense, 

antisense, or other (Figure 11B), with respect to the transcriptional direction of an 

overlapping ORF (mean overlap with OFRs is 491 bp).  The major class of Isw2-

repressed cryptic transcripts in both Δtrf4 and Δrrp6 backgrounds are cryptic antisense, 

representing 54% (43 transcripts) and 34% (48 transcripts) of identified cryptic 

transcripts, respectively (Figure 11B).  A comparison of the cryptic RNA levels between 

each class of transcripts further revealed differences between cryptic sense and 

antisense transcripts (Fig. 12 to 16).  For example, as expected, the exosome 

components have little contribution to Isw2-repressed cryptic sense transcripts, as 

shown by the same RNA levels in Δisw2 and Δisw2 trf4 or Δisw2 rrp6 strains (compare 

red and purple cryptic sense RNA profiles in Figure 14 or 16).  In contrast, Isw2-
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repressed cryptic antisense transcripts generally require loss of both Isw2 and an 

exosome component for maximum derepression (compare red and purple cryptic 

antisense RNA profiles in Figure 14 or 16), consistent with the known role of Trf4 and 

Rrp6 in the selective degradation of cryptic antisense transcripts. 

 We next examined the relationships between Isw2-dependent chromatin 

remodeling and cryptic RNA transcription.  We found 22 (28%) and 41 (29%) Isw2-

repressed cryptic RNA TSSs in Δisw2 trf4 and Δisw2 rrp6, respectively, are located 

within 300 bp of an Isw2 target.  It should be noted that this is likely an underestimation, 

as many cryptic transcripts have multiple TSSs, resulting in blurring of microarray 

signals around the TSSs (see below).  Strikingly, at Δisw2 trf4 loci nucleosomes are 

preferentially shifted downstream of the cryptic TSSs in the absence of Isw2, compared 

to WT (Figure 17).  In contrast, at Δisw2 rrp6 loci nucleosome positions appeared 

relatively unchanged compared to WT (Figure 17).  For unknown reasons, nucleosomes 

were found to be more highly phased around cryptic TSSs in Δisw2 trf4 compared to 

Δisw2 rrp6 (Figure 17).  It is possible that this phasing masks the shift in nucleosome 

positions observed in Δisw2 rrp6 at individual loci and is also the cause for the lower 

level of cryptic transcription observed at Δisw2 rrp6 loci compared to Δisw2 trf4 loci 

(Figure 17).  In any case, these results show that Isw2-dependent chromatin remodeling 

is often, but not always, associated with the repression of cryptic transcripts.  Finally, an 

increased level of cryptic transcripts in Δisw2 trf4 is also observed in non-Isw2 targets 

(Figure 17).  However, the fold change in transcription, from the baseline to the peak of 

the cryptic transcript, is lower in non-targets than in targets.  These data suggests that 
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indirect effects of Isw2 on ncRNA transcription at non-targets do exist, but these effects 

tend to be smaller than the direct effects at Isw2 targets. 

 5’-RACE was then performed at select loci to verify the cryptic transcripts 

identified by microarray analysis and to map TSS locations (Figure 18).  All three loci 

tested from a Δisw2 trf4 strain revealed capped transcripts with multiple TSSs that 

initiated from the edges of a NFR (within 150 bp) specifically targeted by Isw2.  This 

data is consistent with previous studies mapping the TSSs of cryptic transcripts (Neil et 

al., 2009; Xu et al., 2009) and further confirms the role of Isw2-dependent chromatin 

remodeling in the repression of cryptic ncRNA transcription around NFRs. 

 

Transcriptional Interference 

 There are several potential biological reasons for the degradation or repression 

of cryptic transcripts by the exosome or Isw2.  These include, but are not limited to, 

conservation of resources for transcription and translation, prevention of abnormal 

protein synthesis, and alleviation of transcriptional interference.  In particular, recent 

reports in S. cerevisiae have demonstrated examples of transcriptional interference in 

the regulation of coding transcription (Hongay et al., 2006; Martens et al., 2004; Martens 

et al., 2005).  It is currently unknown how frequently transcriptional interference occurs 

on a global scale.  Thus to identify a potential biological role for the repression of 

ncRNA by Isw2 or the exosome, we identified genes whose mRNA levels are 

decreased when the levels of directly overlapping cryptic sense (sense-sense 

transcriptional interference) or antisense (antisense-sense transcriptional interference) 

transcripts are increased in each mutant strain analyzed. 
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 Potential antisense-sense transcriptional interference loci were identified in all 

strains analyzed, totaling 1 locus in Δisw2 vs. WT, 36 loci in Δtrf4 vs. WT, 19 loci in 

Δrrp6 vs. WT, 5 loci in Δisw2 trf4 vs. Δtrf4, and 3 loci in Δisw2 rrp6 vs. Δrrp6 (one 

example locus is displayed in Figure 19A and B).  In contrast, potential sense-sense 

transcriptional interference loci were less frequent, totaling 9 loci in Δtrf4 vs. WT and 1 

locus in Δisw2Δrrp6 vs. Δrrp6 (one example locus is displayed in Figure 19C and D).  

Closer inspection revealed that many of the increased cryptic transcripts directly overlap 

the TSS of the repressed mRNA, totaling 1 locus in Δisw2 vs. WT, 12 loci in Δtrf4 vs. 

WT, 5 loci in Δrrp6 vs. WT, 3 loci in Δisw2 trf4 vs. Δtrf4, and 1 locus in Δisw2 rrp6 vs. 

Δrrp6 for antisense-sense transcriptional interference and 9 loci in Δtrf4 vs. WT and 1 

locus in Δisw2 rrp6 vs. Δrrp6 for sense-sense transcriptional interference.  These data 

suggest the possibility that transcriptional interference may be caused by cryptic RNA 

transcribing through the promoter of a gene, underscoring the importance of Isw2 and 

the exosome in the repression of ncRNA.  Considering our microarrays represent ~14% 

of the genome, both sense-sense and antisense-sense transcriptional interference likely 

both occur at a high frequency throughout the genome.  For example, assuming that 

chromosomes III, VI, and XII accurately represent the global picture, we estimate that 

~60 sense-sense and ~250 antisense-sense transcriptional interference loci are present 

genome-wide in a Δtrf4 mutant alone. 
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Discussion 

 

Genome-Wide Annotation of NFRs 

 In this manuscript we annotated a consensus set of core NFRs across the yeast 

genome.  This led to the identification of four distinct classes of NFRs, located at the 5'-

end of genes (5'-NFRs), 3'-end of genes (3'-NFRs), within ORFs (ORF-NFRs), or far 

from ORFs (Other-NFRs).  This annotation allowed the direct comparison of each class 

of NFRs.  Examination of nucleosome positions surrounding NFRs have shown that all 

classes of NFRs have a sequence-intrinsic tendency to exclude nucleosomes in vitro 

and are generally flanked by an array of highly-positioned nucleosomes whose phasing 

progressively decreases with distance from the NFR in vivo.  Additionally, k-means 

clustering of the distribution of chromatin and transcriptional regulators around all NFRs 

revealed that distinct classes of NFRs are surrounded by different chromatin 

environments in vivo (Fig. 8).  Enrichment of TSSs around the edges of 5'- NFRs and 

TTSs toward the middle of 3'-NFRs has led to speculation that these NFRs play crucial 

roles in transcriptional regulation.  In contrast, the functions of ORF- and Other-NFRs 

are not known.  We speculate that similar to 5'- and 3'-NFRs, ORF- and Other-NFRs 

may become sites of transcription initiation and/or termination under certain conditions.  

In fact, several recent studies have shown that deletion of a number of chromatin and 

transcription regulators, including Rpd3, Set2, Spt6, and Spt16, or a nutritional shift of 

WT cells, leads to initiation of cryptic RNA transcription within ORFs (Carrozza et al., 

2005; Cheung et al., 2008; Kaplan et al., 2009).  While the TSS of these transcripts 

have not been mapped on a global scale, it is possible that some of these cryptic 
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transcripts initiate at the edges of ORF-NFRs.  Thus our annotation of NFRs lays the 

foundation for better understanding the relationship between chromatin architecture and 

any DNA-dependent processes that are affected by NFRs. 

 The yeast genome is very compact, with intergenic regions averaging ~500 bp.  

As a result, promoters and terminators are generally within close proximity.  

Consistently, we found that a significant fraction of tandem, divergent, and convergent 

gene pairs contain a shared NFR within their transcriptional regulatory regions at the 5'- 

or 3'- end of the gene.  How cells prevent RNA polymerases from colliding or interfering 

with each other at shared NFRs is unknown.  We speculate that if the genes associated 

with shared NFRs were transcribed at different times, it would mitigate the likelihood of 

colliding or interfering RNA polymerases.  Alternatively, it is possible that the collision of 

RNA polymerases is not a frequent event and does not pose significant problems for 

cells. 

 

In Vivo Functions of Isw2 

 In this study, we show Isw2 targets are significantly enriched at all classes of 

NFRs and identify a novel class of Isw2 targets within ORFs (ORF-NFRs).  Strikingly, at 

all classes of NFRs targeted by Isw2, Isw2-dependent chromatin remodeling was found 

to restrict the size of many, but not all, NFRs by sliding nucleosomes toward the middle 

of NFRs.  To our knowledge, this is the first example in which a functional role for a 

chromatin remodeling enzyme has been shown to decrease the size of NFRs in vivo.  

For example, previous reports have demonstrated that the RSC complex is required at 

a subset of gene promoters, or 5'-NFRs, to exclude nucleosomes and increase the size 
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of NFRs (Badis et al., 2008; Hartley and Madhani, 2009).  These results demonstrate 

that the accessibility of NFRs is under dynamic control by multiple chromatin regulators, 

which is consistent with the idea that NFRs play highly important roles in vivo. 

 It was recently found that ncRNA is transcribed throughout the S. cerevisiae 

genome (David et al., 2006; Davis and Ares, 2006; Miura et al., 2006; Nagalakshmi et 

al., 2008; Neil et al., 2009; Xu et al., 2009).  However, how these transcripts are 

regulated is not well understood.  Several studies have shown that a number of other 

chromatin regulators and transcription factors appear to function co-transcriptionally 

with the elongating RNA polymerase to repress cryptic transcripts from initiating within 

ORFs (Carrozza et al., 2005; Cheung et al., 2008; Kaplan et al., 2003).  In contrast, we 

have found a large fraction of cryptic transcripts repressed by Isw2 initiate around NFRs 

and are antisense to known ORFs.  These results revealed a mechanism by which 

transcription of cryptic ncRNA can be repressed by restricting the size of NFRs.  In 

addition, our results and those of others (Carrozza et al., 2005; Cheung et al., 2008; 

Kaplan et al., 2003) collectively establish that a large number of chromatin regulators 

are used to control cryptic RNA transcription in vivo.  This suggests the possibility that 

there may be a significant number of unidentified mechanisms used to control ncRNA 

transcription in vivo. 

 Considering the widespread cryptic RNA transcription that occurs in all 

eukaryotes (Core et al., 2008; David et al., 2006; Davis and Ares, 2006; Dutrow et al., 

2008; He et al., 2008; Miura et al., 2006; Nagalakshmi et al., 2008; Neil et al., 2009; 

Preker et al., 2008; Samanta et al., 2006; Seila et al., 2008; Wilhelm et al., 2008; Xu et 

al., 2009), it is likely that many of the mechanisms for repressing cryptic RNA 
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transcription are conserved in eukaryotes.  ISWI homologues are necessary for normal 

development in D. melanogaster (Deuring et al., 2000), C. elegans (Andersen et al., 

2006), X. laevis (Dirscherl et al., 2005; Wysocka et al., 2006), and mice (Stopka and 

Skoultchi, 2003).  In fact, the ISWI family is known to play key roles in a variety of 

essential biological processes, including transcription (Andersen et al., 2006; 

Badenhorst et al., 2002; Deuring et al., 2000; Fazzio et al., 2005; Fazzio et al., 2001; 

Goldmark et al., 2000; Kent et al., 2001; Lazzaro et al., 2006; Whitehouse et al., 2007; 

Yasui et al., 2002), global chromatin structure (Deuring et al., 2000), DNA replication 

(Collins et al., 2002; Poot et al., 2004; Vincent et al., 2008), cell cycle progression 

(Fyodorov et al., 2004), ribosomal DNA silencing (Zhou and Grummt, 2005; Zhou et al., 

2002), and cohesin loading (Hakimi et al., 2002).  However, the underlying mechanisms 

by which these ISWI homologues are required for these processes are not fully 

understood.  Because the subunits of the ISWI complex are highly conserved (Flaus et 

al., 2006), we speculate that ISWI may be required to repress cryptic RNA transcription 

in other eukaryotes, similar to Isw2 in S. cerevisiae.  If this is the case, mis-regulation of 

cryptic RNA transcripts caused by loss of ISWI could trigger widespread RNA 

interference (RNAi), which might lead to the observed developmental defects.  While S. 

cerevisiae have no functional RNAi pathway, our work revealed a large number of loci 

potentially exhibiting transcriptional interference upon loss of Isw2.  These results 

underscore the importance for future investigations into Isw2 function and establish this 

remodeling enzyme as a model for elucidating the functions and regulatory mechanisms 

of cryptic RNA transcription and the modulation of chromatin structure. 
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Materials and Methods 

 

Nucleosome Positions 

Nucleosome positions used for NFR annotations are as follows: 

(Whitehouse et al., 2007):  Pearson correlation coefficient (r-value) of ≥0.5. 

(Lee et al., 2007):  Positions were empirically determined as previously described 

(Whitehouse et al., 2007) using the normalized log2 microarray signal and only 

nucleosomes with a Pearson correlation coefficient (r-value) of ≥0.5. 

(Mavrich et al., 2008a):  A read count of ≥3 from the combined Watson and Crick data. 

(Field et al., 2008):  All uniquely mapped reads. 

 

NFR Annotation 

 For (Whitehouse et al., 2007), (Lee et al., 2007), and (Mavrich et al., 2008a) a 

Gaussian distribution of linker lengths was fit to the frequency of linker lengths from 

each data set.  Linkers with lengths less than or equal to the average plus two standard 

deviations were discarded.  NFRs were then defined as those remaining linkers meeting 

at least one of the following criteria: 1) the average Pearson correlation coefficient (r-

value) (Lee et al., 2007; Whitehouse et al., 2007) or standard deviation (Mavrich et al., 

2008a) of the six surrounding nucleosomes (three immediately flanking nucleosomes on 

either side of the linker) is greater than or equal to the genome-wide average of all 

linkers from each dataset, 2) both of the immediately adjacent linkers (one on either 

side) have a length that was less than or equal to the average plus two standard 

deviations, or 3) the midpoint of a Htz1 containing nucleosome (rank order of greater 
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than or equal to three from (Albert et al., 2007)) is present anywhere within one 

nucleosome distance (150 bp) upstream or downstream of the boundaries of the NFR.  

For (Field et al., 2008) a Gaussian distribution of linker lengths was fit to the frequency 

of region lengths sequenced fewer than twice.  All linkers with lengths less than or equal 

to the average plus two standard deviations were discarded.  All remaining linkers with 

at least one nucleosome distance (150 bp) flanking one side that was sequenced at 

least twice were annotated as NFRs.  The regions identified as NFRs in at least three of 

the four data sets were annotated as core NFRs.  NFRs separated by less than one 

nucleosome distance (150 bp) were combined into a single NFR.  Annotated NFR 

locations are available for download at http://labs.fhcrc.org/tsukiyama. 

 

Classification of NFRs 

 Core NFRs were classified as 5'-NFRs, 3'-NFRs, ORF-NFRs, or Other-NFRs 

based on their location with respect to all non-dubious ORFs.  5'- and 3'-NFRs were 

required to be within a single nucleosome distance (150 bp) of a non-dubious ORF’s 

TSS or TTS, respectively, as experimentally determined by (Nagalakshmi et al., 2008).  

If no experimentally defined TSS or TTS was available for any particular ORF, the 

average length of all experimentally determined 5'- or 3'-UTRs (82 and 135 bp, 

respectively) was added to the translation start or termination site, respectively.  NFRs 

contained completely within the coding region of a non-dubious ORF were classified as 

ORF-NFRs.  A single NFR may meet more than one criteria listed above and will thus 

have multiple classifications (5'-, 3'-, or ORF-NFR). NFRs not classified as 5'-, 3'-, or 

ORF-NFR were classified as Other-NFRs.  Tandem, divergent, and convergent NFRs 
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were defined as individual NFRs classified as both a 5'- and 3'-NFR of tandemly 

oriented gene pairs, a 5'-NFR of two divergently oriented gene pairs, or a 3'-NFR of two 

convergently oriented gene pairs, respectively.  Location of annotated shared NFRs are 

available for download at http://labs.fhcrc.org/tsukiyama. 

 

Genomic DNA Isolation, Fragmentation, and Labeling 

 Genomic DNA was isolated from WT cells with Qiagen Genomic DNA columns 

according to the manufacturer's protocols.  Purified DNA was fragmented with DNaseI 

to an average size ~25-75 bp.  Fragmented DNA (30 ng) was heated at 70°C for 5 min.  

Then, 5 μl Buffer #4 (NEB), 5 μl of 2.5 mM CoCl2 (NEB), 5 μl of 1 mM Cy3-dUTP (GE 

Healthcare), and 5 μl of 20,000 U ml-1 terminal deoxytransferase (NEB) were added to 

a total volume of 50 μl.  The reaction was incubated at 37°C for 3 hours.  50 μl H2O was 

added and labeled DNA was purified with a gel filtration spin column and ethanol 

precipitated.  The pellet was suspended in a final volume of 50 μl H2O. 

 

RNA Isolation, Fragmentation, and cDNA Labeling 

 Yeast cells were grown to an OD660=0.70 (+/-0.05) and standard hot acid 

phenol extraction was used to isolate total RNA.  25 μg RNA and 12 μg random 

hexamers were placed in 40 μl H2O.  The reaction was incubated at 70°C for 5 min, 

25°C for 5 min, and 4°C for 5 min.  0.5 μL of 1 mg ml-1 Actinomycin D, 20 μl of 5X 

SuperScript III Buffer (Invitrogen), 8 μl of 0.1 M DTT, 1 μl of 40 U μl-1 RNase Inhibitors 

(Roche), 4 μL of dNTP mix (10 mM dATP, 10 mM dGTP, 10 mM dCTP, 8.5 mM dTTP, 

and 1.5 mM dUTP), 4 μl of 200 U μl-1 SuperScript III (Invitrogen), and 20 μL H2O were 
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added, and the reaction was incubated at 25°C for 10 min, 48°C for 90 min, and 70°C 

for 10 min.  2 μl of 0.1 mg ml-1 RNaseA and 2 μl of 5,000 U μl-1 RNaseH (NEB) were 

added and incubated at 37°C for 30 min.  The reaction was stopped by 

phenol:chloroform extraction and unincorporated random hexamers were removed with 

a gel filtration spin column.  cDNA was ethanol precipitated and the pellet was 

suspended in 80 μl H2O. 

 cDNA was fragmented with 5 μl of 10 U μl-1 APE1 (NEB), 5 μl of 2 U μl-1 uracil 

deglycosylase (NEB), and 10 μl Buffer #4 (NEB) at 37°C for 60 min.  The reaction was 

stopped by phenol:chloroform extraction and was purified with a gel filtration spin 

column.  The fragmented cDNA was ethanol precipitated and the pellet was suspended 

in 20 μl H2O. 

 10 μg fragmented cDNA was heated at 70°C for 5 min.  3 μl Buffer #4 (NEB), 3 μl 

of 2.5 mM CoCl2 (NEB), 5 μl of 1 mM Cy5-dUTP (GE Healthcare), and 3 μl of 20,000 U 

μl-1 terminal deoxytransferase (NEB) were added to the cDNA to a total volume of 30 

μl.  The reaction was incubated at 37°C for 3 hours.  50 μl H2O was added and the 

reaction was purified with a gel filtration spin column and ethanol precipitated.  The 

pellet was suspended in a final volume of 20 μl H2O. 

 

Microarray Hybridizations 

 5 μg labeled cDNA and 2.5 μg labeled genomic DNA were competitively 

hybridized to custom strand-specific microarrays from NimbleGen.  Microarrays tile both 

strands of chromosomes III, VI, and XII with 50-mer probes overlapping, on average, by 

~42 bp with a ~4 bp offset between strands.  Log2 ratios (Cy5/Cy3, generated using 
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NimbleScan software) were biweight mean adjusted.  Raw and analyzed microarray 

hybridization results files are available for download at http://labs.fhcrc.org/tsukiyama.  

The sequence of probes on microarrays is available upon request. 

 

Identification of Cryptic Transcription Units 

 To identify probes with significantly different signals between strains, we used 

LIMMA (Smyth, 2004; Wettenhall and Smyth, 2004), utilizing an object containing the 

log2 ratio data from all hybridizations as input, to generate p-values (adjusted for 

multiple testing using the method of Benjamini and Hochberg) for each probe between 

strains.  A 10 probe sliding window (~80 bp) was used to identify regions that had at 

least 5 probes with a p-value≤0.05.  All probes within that window had to be less than or 

equal to 12 bp apart to account for missing or non-tiled regions of the genome.  Each 

region's start and endpoints were further trimmed so as to begin and end with a 

statistically significant probe.  A Gaussian distribution was fit to a frequency plot of all 

the distances between adjacent regions.  Regions that were closer to or equal in 

distance than the mean (~60 bp) plus two standard deviations (~30 bp) were combined 

into a single region.  Finally, for each pair-wise comparison, a Gaussian distribution 

curve was fit to a frequency plot of the lengths of the regions and mean and standard 

deviations were calculated.  Only regions that were greater than or equal to the mean 

plus two standard deviations were used, thus eliminating transcriptional units that were 

very small.  Annotated cryptic transcriptional units are available for download at 

http://labs.fhcrc.org/tsukiyama. 
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Annotation of Transcriptional Interference Loci 

Genes containing both a decreased sense coding transcript (mRNA) and an increased 

cryptic sense or antisense transcript directly overlapping the ORF (defined from the 

annotated TSS to TTS as described above for NFR annotation) were annotated as 

sense-sense or antisense-sense transcriptional interference loci.  Annotated 

transcriptional interference loci are available for download at 

http://labs.fhcrc.org/tsukiyama. 

 

Heat Maps, Graphs, and Screenshots 

 For all heat maps and average profiles data were aligned as described in Figure 

Legends and the signals were averaged into 20 bp non-overlapping bins.  The log2 

signal, taken before averaging and binning, was required for profiles of Swr1 (Venters 

and Pugh, 2009), Rpb3 (Venters and Pugh, 2009), Rpo21 (Venters and Pugh, 2009), 

Sua7 (Venters and Pugh, 2009), TBP (Venters and Pugh, 2009), Rsc9 (Venters and 

Pugh, 2009), and Reb1 (Venters and Pugh, 2009).  The log2 signal, taken before 

averaging and binning, and an 11 bin moving average was required for profiles of 

H3K9Ac (Pokholok et al., 2005), H3K14Ac (Pokholok et al., 2005), H4Ac (Pokholok et 

al., 2005), H3K4Me1 (Pokholok et al., 2005), H3K4Me2 (Pokholok et al., 2005), 

H3K4Me3 (Pokholok et al., 2005), H3K36Me3 (Pokholok et al., 2005), H3K79Me3 

(Pokholok et al., 2005), Esa1 (Pokholok et al., 2005), Gcn5 (Pokholok et al., 2005), and 

Rsc8 (Badis et al., 2008) (3 bin moving average).  Additionally, chromosome X was 

omitted from analysis due to a misalignment of data from Venters and Pugh (Venters 

and Pugh, 2009).  Each transcription factor binding site represents binding p-value<0.05 
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and conserved in at least one other yeast from Harbison et al 2004 (Harbison et al., 

2004). 

 All screenshots were taken using Integrated Genome Browser (Helt et al., 2009; 

Nicol et al., 2009). 

 

Microarray Data Accession 

 All raw and processed microarray data is available for download at Gene 

Expression Omnibus (GEO), http://www.ncbi.nlm.nih.gov/projects/geo/, using accession 

number GSE23108. 
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Figure 5:  NFR Annotation Scheme 

A schematic description of our NFR annotation algorithm.  Nucleosomes are 

represented by cyan ovals.  For Whitehouse et al., 2007, Lee et al., 2007, and 

Mavrich et al., 2008a a Gaussian distribution of linker lengths was fit to the frequency 

of linker lengths from each data set.  Linkers with lengths less than or equal to the 

average plus two standard deviations were discarded.  NFRs were then defined as 

those remaining linkers meeting at least one of the following criteria: 1) the average 

Pearson correlation coefficient (r-value) (Whitehouse et al. 2007; Lee et  al., 2007) or 

standard deviation (Mavrich et al., 2008a) of the six surrounding nucleosomes (three 

immediately flanking nucleosomes on either side of the linker) is greater than or equal 

to the genome-wide average of all linkers from each dataset, 2) both of the 

immediately adjacent linkers (one on either side) have a length that was less than or 

equal to the average plus two standard deviations, or 3) the midpoint of a Htz1 

containing nucleosome (rank order of greater than or equal to three from Albert et al., 

2007) is present anywhere within one nucleosome distance (150 bp) upstream or 

downstream of the boundaries of the NFR.  For Field et al., 2008 a Gaussian 

distribution of linker lengths was fit to the frequency of region lengths sequenced 

fewer than twice.  All linkers with lengths less than or equal to the average plus two 

standard deviations were discarded.  All remaining linkers with at least one 

nucleosome distance (150 bp) flanking one side that was sequenced at least twice 

were annotated as NFRs.  The regions identified as NFRs in at least three of the four 

data sets were annotated as core NFRs.  NFRs separated by less than one 

nucleosome distance (150 bp) were combined into a single NFR.  Annotated NFR 

locations are available for download at http://labs.fhcrc.org/tsukiyama. 
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Figure 6:  Systematic Annotation of NFRs 

(A) Representative screenshot (Chr12: 34,000-42,000) displaying the annotated 

NFRs with respect to nucleosome positions.  NFRs are shown as black boxes and 

nucleosomes are depicted as colored boxes with lighter boxes representing 

delocalized nucleosomes (nucleosomes with a lower r-value or higher standard 

deviation).  Genes are shown as grey rectangles with arrows indicating the direction 

of coding transcription and black horizontal lines represent the boundaries of each 

core NFR. 

(B) Venn diagram displaying the classification, 5'-, 3'-, ORF-, and Other-NFRs (as 

described in the Materials and Methods), of all 6589 annotated NFRs. 

(C) Venn diagram of all 5773 non-dubious ORFs associated with at least one 

annotated NFR at the 5'-end, 3'-end, or within the middle of the ORF.  Overlapping 

regions indicate ORFs associated with multiple NFRs.  No NFR refers to non-dubious 

ORFs not associated with any NFR. 
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Figure 7:  All Classes of NFRs are Surrounded by Phased Nucleosomes and 

Have a Sequence-Intrinsic Tendency to Exclude Nucleosomes 

(A) Top:  Nucleosome signals from two in vivo (Field et al., 2008; Whitehouse et al., 

2007) and one in vitro (Field et al., 2008) nucleosome mapping datasets are shown 

around the annotated NFRs.  NFRs for each dataset are aligned by their midpoint 

and then sorted by size, the smallest at the top and the largest at the bottom.  

“Outline” marks the edges of each NFR in black.  The nucleosome signals from 500 

bp on either side of a NFR midpoint are shown.  Yellow denotes high nucleosome 

occupancy and cyan denotes lack of nucleosomes.  Bottom:  A graph displaying the 

average nucleosome signals across each NFR from the datasets presented above.  

(B)  NFRs were broken down into 5’-NFRs, 3’-NFRs, ORF-NFRs, and Other-NFRs 

and the nucleosome signals were averaged for all NFRs within the class.  5'- and 3'-

NFRs were realigned to the downstream or upstream edge of each NFR, 

respectively, such that transcription of the associated coding gene proceeds from left 

to right.  ORF-NFRs are aligned by their midpoint such that transcription of the 

associated coding gene proceeds from left to right.  Other-NFRs are aligned as in (A). 
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Figure 11:  Classification of Cryptic Transcripts  

(A) Displayed is the total number of cryptic transcripts identified from comparison of 

each strain pair that directly overlaps with a cryptic transcript identified from a 

different strain pair.  The average percentage (%) of overlapping bp of cryptic 

transcript is shown in parenthesis. 

(B) Cryptic transcripts identified were classified as cryptic sense (cyan), antisense 

(red), other (green), and sense+antisense (purple, represents cryptic transcripts that 

overlap two ORFs in both the sense and antisense direction) as described in the 

Materials and Methods.  The numbers within the columns denote the number of 

transcripts from each strain identified in a particular class.  "N" denotes the total 

number of cryptic transcripts identified from comparison of each strain pairs. 

Δisw2 vs. WT Δtrf4 vs. WT Δrrp6 vs. WT Δisw2 trf4 vs. Δtrf4  Δisw2 rrp6 vs. Δrrp6 

Δisw2 vs. WT N/A 15 (79%) 8 (72%) 24 (83%) 22 (94%) 

Δtrf4 vs. WT 20 (82%) N/A 266 (74%) 41 (75%) 40 (68%) 

Δrrp6 vs. WT 8 (83%) 294 (95%) N/A 20 (69%) 10 (63%) 

Δisw2 trf4 vs. Δtrf4 24 (76%) 38 (79%) 19 (70%) N/A 47 (74%) 

Δisw2 rrp6 vs. Δrrp6 20 (78%) 34 (78%) 10 (72%) 46 (79%) N/A 

B 
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DNA LOOPING MEDIATES TARGETING OF THE ISW2 

CHROMATIN REMODEING ENZYME  

 

  

Abstract 

ATP-dependent chromatin remodeling enzymes are highly abundant protein 

complexes that play pivotal roles in the regulation of DNA-dependent processes.  The 

mechanisms by which they are recruited to target loci are not well understood.  Here we 

obtained the first genome-wide view for sequence-specific transcription factor (TF)-

dependent targeting of Isw2 and identified Ume6, Nrg1, Cin5, and Sok2 as global 

mediators of Isw2 targeting.  Unexpectedly, Isw2 is targeted in a TF-dependent fashion 

to a large number of loci not containing an annotated TF binding site.  Using 3C we 

discovered that Isw2 can be targeted to specific loci via both Ume6- and TFIIB-

dependent DNA looping, suggesting a model for DNA looping in mediating TF-

dependent targeting of a chromatin remodeling enzyme.  We thus established a novel 

role for repressor mediated DNA looping and identified DNA looping as a previously 

unknown mechanism for the recruitment of a chromatin remodeling enzyme.  Finally, 

abrogation of DNA looping using Δume6 or sua7-1 mutants also results in 

transcriptional derepression of target genes.  Our work has characterized the genome-

wide role for TF-dependent targeting of a chromatin remodeling enzyme and uncovered 

a novel physiological role for DNA looping in which the three-dimensional spatial 

organization of genomes in the nucleus affects chromatin structure. 
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Inroduction 

Over the past two decades, an unprecedented amount of information has 

accumulated on both the structure and function of eukaryotic genomes.  DNA 

sequences, their evolutionary conservation, transcription factor binding sites, 

nucleosome positions, DNA and histone modification patterns, and transcription start 

and end sites have been determined at high resolution across many eukaryotic 

genomes.  These studies established linear maps of genomic information that affects 

the regulation of DNA-dependent processes.  However, eukaryotic genomes are 

packaged and function within the three-dimensional space of the nucleus.  How this 

packaging of DNA affects DNA-dependent processes is not well understood.   

 The 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 

chromatin and the folding of the chromatin fiber.  Both proper compaction of DNA into 

chromatin and the folding of the chromatin fiber are required for normal cellular and 

developmental processes (Cremer and Cremer, 2001; Cremer and Cremer, 2010; Eisen 

et al., 1995; Radman-Livaja and Rando, 2010; Rando and Chang, 2009) and changes 

in either chromatin structure or the folding of the chromatin fiber are associated with 

many complex diseases (Matarazzo et al., 2007; Misteli, 2010; Timme et al., 2011; 

Wiech et al., 2009; Zardo et al., 2008).  Elucidating the roles that the three-dimensional 

packaging of DNA has on DNA-dependent processes would therefore reveal previously 

unknown layers of regulation for these DNA-dependent processes. 
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 Using microscopic approaches, chromosomes within the nuclei of animals 

(Cremer and Cremer, 2001), plants (Berr et al., 2006; Pecinka et al., 2004; Shaw et al., 

2002), and yeast (Bystricky et al., 2005; Cremer and Cremer, 2010; Duan et al., 2010) 

have been shown to occupy highly organized nonrandom "territories" (chromosome 

territories, CTs).  These discrete chromosome conformations have been postulated to 

reflect and/or regulate DNA-dependent processes.  In support of this, studies have 

shown that abnormal folding of the chromatin fiber is associated with many complex 

diseases, including cancer (Matarazzo et al., 2007; Misteli, 2010).  It is therefore 

important to fully understand the roles by which the spatial organization of the genome 

affects DNA-dependent process. 

 The chromosome conformation capture (3C) assay (Dekker et al., 2002) 

identifies DNA looping events by detecting the frequency of interactions between two 

distantly located chromosomal loci, enabling the discovery of loci that are in close 

proximity within three-dimensional space.  This assay has enabled the identification and 

functional characterization of DNA looping within eukaryotic nuclei.  Using 3C, two 

general classes of DNA loops have been identified: chromatin loops and gene loops.  

Chromatin loops have traditionally been defined as the juxtaposition of a distal 

regulatory region, such as an enhancer or silencer, with a gene promoter, while gene 

loops are defined as the physical association of the promoter and terminator regions of 

same gene.  To date, chromatin loops and gene loops have been described in human, 

fly, and yeast cells (Ansari and Hampsey, 2005; Duan et al., 2010; Hampsey et al., 

2011; Laine et al., 2009; Murrell et al., 2004; Nemeth et al., 2008; O'Reilly and Greaves, 

2007; O'Sullivan et al., 2004; Perkins et al., 2008; Singh and Hampsey, 2007; 
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Spilianakis et al., 2005; Tan-Wong et al., 2008; Tan-Wong et al., 2009; Tolhuis et al., 

2002; Vernimmen et al., 2007). 

Extensive characterization of these DNA loops using 3C has led to the 

identification of numerous interactions between structural proteins (Comet et al., 2011; 

Hadjur et al., 2009; Parelho et al., 2008; Wendt et al., 2008), 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), 

and RNA 3'-end processing factors (Singh and Hampsey, 2007) that are required for the 

formation and/or maintenance of DNA looping.  Functionally, chromatin loops have 

been shown to play roles in transcription (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).  However, the molecular mechanisms by which DNA 

loops affect transcription regulation or memory are not understood.  

The physical compaction of DNA within nuclei is achieved by wrapping 147 bp of 

DNA around an octamer of histone proteins to form the nucleosome (Arents et al., 1991; 

Kornberg and Lorch, 1999; Luger et al., 1997), the most basic repeating unit of 

chromatin.  The physical compaction of DNA into nucleosomes effectively inhibits 

access of 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. 
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To modulate chromatin structure and gain access to the underlying DNA, 

eukaryotic cells have evolved 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 their biochemical activities 

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 targets of ATP-dependent chromatin remodeling enzyme family 

members in a genome-wide scale (Damelin et al., 2002; Floer et al., 2010; Gkikopoulos 

et al., 2011; Hartley and Madhani, 2009; Ng et al., 2002; Parnell et al., 2008; Tirosh et 

al., 2010; Whitehouse et al., 2007; Yen et al., 2012).  For example, in yeast, Isw2 

targets nucleosome free regions (NFRs) to repress transcription by reducing NFR size 

(Whitehouse et al., 2007; Yadon et al., 2010) while RSC increases NFR size to activate 

transcription (Hartley and Madhani, 2009).  Ino80 also targets NFRs to enhance 

transcription activation and functions in the localization of the histone variant Htz1 

(H2A.Z) (Papamichos-Chronakis et al., 2011).  In contrast, Chd1 and Isw1 

predominately target the body of genes and are involved in positioning nucleosomes 

toward the 3’-end (Tirosh et al., 2010).  However, the underlying mechanisms for the 

targeting of chromatin remodeling activities to these specific loci remain a major 

unanswered question.   

To date, two distinct mechanisms have been implicated in the targeting of 

chromatin remodeling enzymes to specific loci: the direct interactions with the covalently 

modified N-terminal tails of histones and the physical interactions with TFs.  In yeast, 

both RSC and Chd1 contain bromo- and chromodomains, respectively, which are 
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capable of recognizing acetylated or methylated lysine residues (Clapier and Cairns, 

2009).  However, the extent by which these interactions contribute to targeting of these 

factors across the yeast genome remain to be determined.  On the other hand, Isw2 can 

physically interact with and be targeted directly by the TF Ume6 to its cognate binding 

sites at small number of loci (Gelbart et al., 2005; Goldmark et al., 2000).  The genome-

wide requirement for Ume6 in Isw2 targeting 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 proof for either of these TFs in RSC targeting has 

not been shown.   Indeed, no systematic genome-wide analysis of the targeting 

mechanisms for any chromatin remodeling enzyme has been undertaken.  This is a 

fundamental issue, as chromatin remodeling enzymes are very abundant proteins, 

estimated at one remodeler per ~14 nucleosomes (Erdel et al., 2010) in human cells, 

yet, they alter chromatin structure at select loci.   

In this study, we sought to determine the mechanisms for the targeting of the 

chromatin remodeling enzyme Isw2 to specific loci across the S. cerevisiae genome.  

To this end, we obtained the first comprehensive genome-wide view of TF-mediated 

targeting of Isw2.  Unexpectedly, Isw2 is targeted in a TF-dependent fashion to a large 

number of loci that lack an annotated TF binding site.  This led us to the discovery that 

Isw2 can be targeted to specific loci via DNA looping.  Finally, we show that both Ume6- 

and TFIIB-dependent DNA looping are required for maintaining transcriptional 

repression at gene looping and chromatin looping targets, respectively.  Therefore, our 

work has identified a previously unknown mechanism to target a chromatin remodeling 
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enzyme and uncovered a novel physiological role for DNA looping, in which the three-

dimensional spatial organization of genomes in the nucleus affects chromatin structure.  

 

Results 

 

Enrichment of TFs at Isw2 Targets 

In the budding yeast S. cerevisiae, the highly conserved ATP-dependent 

chromatin remodeling enzyme Isw2 has been found to target ~2,100 regions genome-

wide (Whitehouse et al., 2007).  Previous studies from our lab have demonstrated that 

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'-end 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., 2010).  Upstream of tRNA genes, Isw2 is required for the periodic integration 

pattern of the Ty1 retrotransposon (Bachman et al., 2005; Gelbart et al., 2005).  As 

such, TF-dependent Isw2 targeting could explain enrichment of Isw2 at some loci: 

Ume6 for the promoters of early meiotic genes during mitotic growth (~193 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 for tRNA genes 

(~275 genes) (Bachman et al., 2005; Gelbart et al., 2005).  It is therefore apparent that 

these three TFs account for the targeting of Isw2 to only a small fraction of loci genome-

wide.  Considering that other TFs, including Abf1, Reb1, Pho4, and Gal4, have also 
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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 

upstream of Isw2 targets located at the 5'-end of genes (see Materials and Methods for 

details).  A total of 15 TFs with a p-value≤0.01 were identified (Figure 20).  Ume6 was 

found to be the most highly enriched TF, validating our strategy for identifying TFs 

involved in Isw2 recruitment. 

 

TF-Dependent Isw2 Targeting 

Next, we assessed the role of these TFs in the targeting of Isw2 genome-wide.  

To this end, chromatin immunoprecipation of Isw2 on genome-wide tilling microarrays 

(Isw2 ChIP-chip) in strains containing a null mutation in the TFs, Δume6, Δnrg1, Δcin5, 

or Δsok2, was performed.  Each TF was chosen because their binding sites are highly 

enriched at Isw2 5'-end targets (Figure 20) and to bind a large number of genes 

genome-wide.  The Δume6 mutant was included as a positive control for Isw2 targeting 

to select loci. 

 Previous studies from our lab have 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).  As a result, 

Isw2 targets have been defined as sites at which Isw2-K215R is enriched relative to WT 

Isw2 (Fazzio et al., 2005; Gelbart et al., 2005; Whitehouse et al., 2007).  Therefore, 



72 
 
each Isw2 ChIP-chip experiment was performed by competitively hybridizing 

immunoprecipitated Isw2-K215R against WT Isw2 from the same parental strain 

background.  The direct hybridization of Isw2-K215R and WT Isw2 to the same 

microarray reduced the number of microarray hybridizations and the amount of data 

analysis and normalization.  Isw2 ChIP-chip was performed for at least 2 biological 

replicates of each strain (see Materials and Methods for details).  Visualization of the 

average log2 signal in each strain revealed defined peaks of Isw2 enrichment at many 

loci in all strains (Figure 21).  The enrichment of Isw2 ChIP signals observed around the 

Ume6 binding sites at both INO1 (Figure 21A) and SIP4 (Figure 21B) in UME6 strains is 

selectively lost in the Δume6 strains, validating our strategy (Goldmark et al., 2000).   

 

Annotation of TF-Dependent Isw2 Targets  

We next sought to systematically identify regions in which Isw2 targeting is 

affected in each of the TF mutants.  To this end, regions containing 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 the mutants relative to WT and containing an 

average of at least 1.65 fold-change were annotated (see Materials and Methods for 

details).  Manual evaluation of the results (Figure 21) confirms that our annotation 

accurately marks regions in which Isw2 targeting is reduced in the mutants relative to 

WT. 

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).  It should be noted that the 
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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 (see Materials and Methods for details).  Nonetheless, these data revealed, 

for the first time, a role for TFs in the targeting of a chromatin remodeling enzyme on a 

genome-wide scale. 

At Ume6-dependent Isw2 targets, we identified 49% (70 of 142) of the annotated 

Ume6 binding sites, representing a significant fraction of the total.  In contrast, only 21% 

(30 of 167) of the Nrg1 binding sites, 10% (36 of 355) of the Cin5 binding sites, and 

29% (160 of 544) of the Sok2 binding sites were identified within their respective Isw2 

target regions.  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 22): 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 a Ume6 binding site than without (Figure 22A, 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 a Ume6 binding site (Figure 

22A, dashed lines).  Similar trends were seen around Nrg1- (Figure 22B), Cin5- (Figure 

22C), and Sok2-dependent regions (Figure 22D), although the average Isw2 ChIP 

signals between regions with or without the TF binding site were more similar.  These 

results are consistent with a model in which TFs are required for the targeting of 
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chromatin remodeling factors to specific loci.  Importantly, they also reveal that there are 

many Isw2 targets across the S. cerevisiae genome which 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 the best 

characterized (Goldmark et al., 2000).   

 

Genome-Wide Ume6 ChIP-chip 

 As shown above, our analyses 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 

(examples are shown in Figure 23A and B, red arrows).  However, at a small number of 

loci either Ume6 binding sites were missed (Figure 23C) or no enrichment of Ume6 is 

observed at annotated binding sites (Figure 23B, black arrow).  To address the effect of 

Ume6 binding on Isw2 targeting, the average signal at Ume6-dependent Isw2 targets 

either containing or lacking an annotated binding site was determined (Figure 23D, blue 

and red lines, respectively).  As clearly seen, 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 23D).  Together, these data establish that there are a 

large number of Ume6-dependent Isw2 targets where there is no sign of Ume6 binding.   
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TFIIB-Dependent Isw2 Targeting 

During analysis of 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 (p-

value<10-50) (Figure 24A).  Recent studies examining the spatial organization of the 

yeast genome using chromosome confirmation capture (3C) have shown that many 

genes juxtapose their promoter and terminator regions via gene looping (Ansari and 

Hampsey, 2005; 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 genes that do and do not have either 

annotated Ume6 binding sites or Ume6 ChIP enrichment, respectively, mediates Ume6-

dependent targeting of Isw2. 

To test this hypothesis, we performed Isw2 ChIP-chip using the sua7-1 mutant.  

This mutant contains a single point mutation, E62K, 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 a Ume6 binding site at the 5’-end (Figure 24B).  Unexpectedly, 

however, it was far more common to observe a decrease in both Sua7- and Ume6-

dependent Isw2 signals far from Ume6 binding sites and across many genes (Figure 

24C and D).  These observations suggested that both gene looping and chromatin 

looping facilitate TF-dependent targeting of Isw2.   

The Isw2 ChIP signals in WT and sua7-1 strains were compared genome-wide 

(see Material and Methods for details).  This analysis identified a total of 454 regions as 
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Sua7-dependent Isw2 targets, which, for the first time, revealed that the general 

transcription factor TFIIB has a global effect on the targeting of Isw2.  If DNA looping 

indeed mediates Ume6-dependent targeting of Isw2 between two distant loci, one with 

and another without a Ume6 binding site, we would expect Isw2 ChIP signals at the 

Ume6 binding site to be dependent only on Ume6, while Isw2 ChIP signals at sites 

without a binding site to be dependent on both Ume6 and TFIIB.  We found that 255 

Isw2 targets satisfy these criteria (Figure 25A).  We named Ume6-dependent Isw2 

targets containing a Ume6 binding site “canonical” targets and Ume6- and Sua7-

dependent Isw2 targets without a Ume6 binding site “ectopic” targets.  It is noteworthy 

that the overlaps between Ume6- and Sua7-dependent Isw2 target regions are highly 

statistically significant (p-value<10-50), showing that ectopic targets represent a major 

class among both Ume6- and TFIIB-dependent Isw2 targets.  Analysis of all Ume6-

dependent Isw2 targets (Figure 25B) further confirmed our conclusion that DNA looping 

facilitates TF-dependent targeting of Isw2 and also shows that there are a large number 

of uncharacterized Ume6-dependent Isw2 targets that do not have Ume6 binding or 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 (data not shown).  In fact, 

there was not a single locus in the yeast genome where Ume6 binding was significantly 

different between the sua7-1 mutant and SUA7.  This result excludes the possibility that 

TFIIB indirectly affects Isw2 targeting through Ume6. 
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DNA Looping-Dependent Isw2 Targeting 

To directly test our model that DNA looping mediates Isw2 targeting, our 

collaborators, Dr. M. Hampsey and Dr. B.N. Singh, performed 3C assay to examine 

whether DNA looping takes place between canonical and ectopic Isw2 targets (see 

Materials and Methods for details).  To this end, three loci (depicted in Figure 24B-D), 

representing one gene looping locus (Figure 24B) and two chromatin looping loci 

(Figure 24C and D) were selected.  At all loci tested, DNA loops were specifically 

formed between the canonical and ectopic loci in WT cells (Figure 26).  Importantly, 

quantification of the PCR signal using primer pairs that spanned the entire region of 

each locus revealed maximal intensity corresponded specifically with the region directly 

around the canonical and ectopic loci (primer pairs F9-F4, F5-F3, and F9-F2 for Figure 

26A-C, respectively), not the intervening DNA.  For each canonical and ectopic locus 

(F9-F4, F5-F3, and F9-F2), the PCR products were cross-linking, ligation, and 

restriction digestion dependent (Figure 27).  These results are consistent with our model 

that DNA looping mediates Isw2 targeting to ectopic loci. 

To confirm that the decreased Isw2 ChIP signals observed at ectopic loci was the 

result of impaired/loss of DNA looping, 3C was then performed in the sua7-1 strain.  

Consistent with the known role of TFIIB in gene looping (Singh and Hampsey, 2007), a 

statistically significant loss of PCR signal was observed for the canonical and ectopic 

F9-F4 primer pair of the gene looping locus in the sua7-1 strain relative to WT (Figure 

28A).  Strikingly, a similar loss of PCR signal in the sua7-1 strain was also observed for 

the F5-F3 and F9-F2 primer pair of the chromatin looping loci (Figure 28B and C, 

respectively).  These results demonstrate for the first time at two loci, that chromatin 



78 
 
looping, analogous to gene looping, is partially dependent on TFIIB.  Furthermore, 

because Ume6 was also required for Isw2 targeting to ectopic loci we then evaluated 

DNA looping by 3C assay in Δume6 strains.  Strikingly, at each of the three loci tested, 

DNA looping between the canonical and ectopic loci was nearly completely abrogated 

(primer pairs F9-F4, F5-F3, and F9-F2 for Figure 29A-C, respectively), suggesting for 

the first time, a repressor-dependent role in DNA looping.  In contrast to the TFIIB- and 

Ume6-dependent role in DNA looping at these three loci, the catalytically inactive Isw2-

K215R mutant had no effect on either gene looping or chromatin looping at the three 

loci tested (Figure 29A-C).  Together, our 3C results confirm our model that DNA 

looping is required for Isw2 targeting to three ectopic loci and suggests a co-

dependence for both TFIIB and Ume6, but not the catalytic activity of Isw2, in mediating 

DNA looping at these loci. 

 

DNA Looping-Dependent Transcription Regulation  

 To determine a biological role for DNA looping-dependent Isw2 targeting, we 

next assessed the transcriptional status of canonical and ectopic loci in the presence or 

absence of DNA loops.  To this end, RT-qPCR (see Materials and Methods for details) 

was performed at three DNA looping loci in WT, Δume6, Δisw2, and sua7-1 strains.  As 

expected the absence of Ume6 resulted in transcriptional derepression at the canonical 

gene targets YMR018W, ACS1, and YGR067C (Figure 30A-C, respectively).  This is 

consistent with the known role for Ume6 in transcriptional repression at its binding sites 

(Anderson et al., 1995; Goldmark et al., 2000; Jackson and Lopes, 1996; Kadosh and 

Struhl, 1997; Steber and Esposito, 1995; Strich et al., 1994; Sweet et al., 1997) and 
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confirms that our assay is working as expected.  Additionally, transcriptional 

derepression in the Δume6 mutant was also observed at the gene looping associated 

ectopic target, SPO20 (Figure 30A), but not at the chromatin looping associated ectopic 

targets BDH1 (Figure 30B) or ERG25 (Figure 30C).  These results suggest that the 

effect of Ume6-dependent gene looping on transcription regulation may be different at 

gene looping versus chromatin looping loci. 

On the other hand, the sua7-1 mutant displayed a statistically significantly 

increase in transcription only at the chromatin looping associated ectopic target BDH1 

(Figure 30B), but not at ERG25 (Figure 30C) or the gene looping associated ectopic 

target SPO20 (Figure 30A).  Previous studies have shown using the sua7-1 mutant, that 

gene loops have no effect on either basal or activated transcription (Ansari and 

Hampsey, 2005; Hampsey et al., 2011; Laine et al., 2009; Singh and Hampsey, 2007; 

Tan-Wong et al., 2009).  Our results for SPO20 are consistent with these studies.  

However, our results do suggest that, at least for one locus, TFIIB-dependent chromatin 

looping affects transcription regulation.  Interestingly, at the canonical target YGR067C, 

the sua7-1 mutant resulted in a dramatic decrease in transcription, suggesting a novel 

role for TFIIB-dependent DNA looping for the activation of this gene. 

In contrast to either Ume6 or TFIIB, deletion of Isw2 had no statistically 

significant change in transcription at canonical or ectopic targets of gene looping or 

chromatin looping loci.  We speculate that this could be the result of Rpd3 working in a 

parallel pathway as Isw2 (see Discussion for details).  Together these results suggest 

that Ume6- and TFIIB-dependent DNA looping differentially regulates transcription at 

gene looping versus chromatin looping dependent ectopic targets, respectively.  
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Discussion 

   

Targeting of ATP-Dependent Chromatin Remodeling Enzymes 

 ATP-dependent chromatin remodeling enzymes are highly conserved and 

abundant protein complexes that play essential roles in numerous cellular and 

developmental processes.  Characterization of the genome-wide targets for many of 

these chromatin remodeling enzymes has often demonstrated both redundant and 

opposing roles for multiple remodelers at a single locus (Yen et al., 2012).  It has thus 

become apparent that elucidating the mechanisms for targeting these enzymes is 

critical in understanding their mechanisms of action and functions.  Previous studies 

from our lab had demonstrated that Ume6 targets Isw2 to its cognate binding site via 

physical interactions at a few loci.  Similarly, Abf1, Reb1, Pho4, and Gal4 have also 

been implicated in the recruitment of other classes of chromatin remodeling enzymes, 

including SWI/SNF and RSC (Adkins et al., 2007; Badis et al., 2008; Bryant et al., 2008; 

Hartley and Madhani, 2009).  However, to date, no comprehensive evaluation of the 

roles for TFs in chromatin remodeling factor targeting has been performed.  In this 

study, we obtained the first genome-wide view of TF-mediated 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.  

Previously, studies from our lab have shown that the physical interaction of 

Ume6 and Isw2 is required for the targeting of Isw2 to Ume6 binding sites.  The 
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mechanisms for Nrg1, Cin5, and Sok2-dependent targeting of Isw2 are not known.  

Interestingly, 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) that were enriched at the 5’-end of Isw2 target 

genes (Figure 20) were implicated in Tup1-Ssn6 targeting.  Studies from our lab have 

further shown that the MATα-specific transcriptional repressor α2 is required for Isw2 

targeting to a-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.  Hanlon et al. (Hanlon et al., 2011) further 

suggested that Tup1 can be simultaneously recruited to a single locus by multiple 

cofactors.  This is consistent with our observation that many of the Isw2 target regions 

with decreased Isw2 ChIP signal in Δnrg1, Δcin5, and Δsok2 strains directly overlap 

(data not shown). 

 

Physiological Role for DNA Looping 

The physiological roles for DNA looping are not well understood.  In mammalian 

cells, chromatin and DNA looping are correlated with transcriptional regulation, both 

activation and repression (Fullwood et al., 2009; Gheldof et al., 2010; Horike et al., 

2005; Kagey et al., 2010; Krivega and Dean, 2012; O'Reilly and Greaves, 2007; Perkins 

et al., 2008; Vernimmen et al., 2007).  On the other hand, in yeast, gene looping 
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appears to function in transcriptional memory to enable a more rapid transcriptional 

response to previously seen stimuli (Laine et al., 2009; Tan-Wong et al., 2009). Our 

results demonstrate a novel physiological role for DNA looping in facilitating repressor-

mediated targeting of an ATP-dependent chromatin remodeling enzyme.  Abrogation of 

either DNA loops, using the previously characterized sua7-1 mutant (Singh and 

Hampsey, 2007), or deletion of Ume6, prevented the targeting of Isw2 to ectopic loci, 

which do not contain a Ume6 binding site or Ume6 ChIP enrichment.  3C assay was 

used to demonstrate that DNA loops are specifically formed between Ume6 binding 

sites and three ectopic loci.  These results support the model that DNA looping 

facilitates Ume6-dependent targeting of Isw2. 

The fact that 255 ectopic Isw2 targets were identified suggests a major role for 

DNA looping in facilitating the transcription factor dependent targeting of Isw2.  

Unfortunately, the low throughput and laborious nature of 3C prevented the genome-

wide characterization of DNA looping-dependent Isw2 targeting.  Recently, a 

chromosome interaction map in yeast using a modified 4C (chromosome conformation 

capture-on-chip) assay combined with massively parallel sequencing has been 

published (Duan et al., 2010).  However, the low resolution (on the order of ~3-4 

kilobases) of this data set precluded its use for comparison to ectopic Isw2 targets.  

Future studies assessing the direct genome-wide role of DNA looping in Isw2 targeting 

will require genome-wide, high-resolution chromatin interaction maps. 

Gene looping in yeast has been shown to depend only on activator-mediated 

transcription (Ansari and Hampsey, 2005; El Kaderi et al., 2009; Hampsey et al., 2011; 

Laine et al., 2009; Singh and Hampsey, 2007).  Transcription itself, either basal or 



83 
 
activated, is unaffected by gene loops.  In contrast, in mammalian cells, gene looping at 

both the BRCA1 and CD68 genes in breast tumor cell lines and B- and T-lymphocytes, 

respectively, is associated with repression of transcription (O'Reilly and Greaves, 2007; 

Tan-Wong et al., 2008).  Here we show that similar to mammalian gene looping 

functions, both gene looping and chromatin looping are involved in transcriptional 

repression.  At ectopic gene looping and chromatin looping targets, which do not 

contain a Ume6 binding site or Ume6 ChIP enrichment, transcriptional deregulation was 

observed in the ume6 and sua7-1 mutants, suggesting for the first time in yeast that 

DNA looping facilitates repressor mediated transcriptional repression.  Transcriptional 

repression in the absence of Isw2 was not observed.  However, previous studies from 

our lab have shown that the histone deacetylase Rpd3 is recruited by Ume6 and 

functions to transcriptionally repress genes in a parallel pathway to Isw2 (Fazzio et al., 

2001; Goldmark et al., 2000).  Loss of both Isw2 and Rpd3 has been shown to be 

required for full transcriptional derepression of some Ume6 target genes (Fazzio et al., 

2001; Goldmark et al., 2000).  It is therefore likely Rpd3 is functioning in a similar 

capacity to maintain transcriptional repression at ectopic loci even in the absence of 

Isw2. 

A major unanswered question is how DNA looping specifies the ectopic targets.  

For gene looping, the act of transcription may facilitate the interactions between the 5’- 

and 3’-end of the same gene through the physical translocation of RNA polymerase II 

along DNA from the promoter to the terminator during the initial/pioneering round of 

transcription (Hampsey et al., 2011).  On the other hand, how chromatin looping takes 

place between two specific loci separated by 10s of kilobases is completely unknown.  
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In mammalian cells, it has been shown that some sequence-specific TFs bind DNA at 

both the promoter and ectopic locus and that their physical interaction is sufficient to 

maintain DNA looping.  However, we have found that Ume6 does cross-link to DNA at 

the ectopic Isw2 targets.  It is possible that Ume6 or TFIIB interacts with unidentified 

sequence-specific DNA binding proteins that bind both the promoter and ectopic locus 

to facilitate DNA looping.  However, Isw2 is unlikely to be one such protein.  Previous 

studies indicate that Isw2 does not bind DNA in any sequence-specific manner (Fazzio 

et al., 2005; Gelbart et al., 2005; Gelbart et al., 2001).  Furthermore, our results show 

that Isw2 is not required for DNA looping as demonstrated by the maintenance of DNA 

loops in the absence of Isw2. 

Strikingly, our analysis further demonstrated that a number of Ume6-dependent 

Isw2 targets neither contain an annotated Ume6 binding site nor are dependent on 

TFIIB-mediated DNA looping for targeting (Figure 25).  These results suggest that there 

are still uncharacterized mechanisms for the recruitment of Isw2 to these loci.  One 

possibility is TFIIB-independent DNA looping.  While all characterized DNA looping in 

yeast to date has been dependent on TFIIB, this does not exclude the possibility that 

TFIIB-independent DNA looping mechanisms exist.  In fact no genome-wide 

identification of TFIIB-dependent DNA looping has been done.  It is thus conceivable 

that other mechanisms, beyond TFIIB, can mediate DNA looping, which facilitates 

Ume6-dependent targeting to these loci. 

In summary, our work has established the first comprehensive genome-wide map 

for TF-dependent recruitment of a highly conserved chromatin remodeling enzyme.  We 

further report a previously unknown mechanism of chromatin remodeling enzyme 
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targeting, and uncovered a novel physiological role for DNA looping in facilitating the 

TF-dependent targeting of an ATP-dependent chromatin remodeling enzyme.  This 

work thus establishes functions for which the three-dimensional packaging of a 

eukaryotic genome into the nucleus affects chromatin structure.  

 

Materials and Methods 

 

Isw2 Targets and TF Enrichment 

Isw2 target genes are defined as Isw2-K215R enriched and classified as 5’-end 

or 3’-end targets as previously reported for non-dubious genes (Whitehouse et al., 

2007).  Transcription factor binding sites are as previously reported (Harbison et al., 

2004) using the binding threshold of p<0.005 and no conservation criteria.  The 

population 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 intergenic regions containing at least one 

annotated binding site for a particular transcription factor. 

 

Isw2 ChIP-chip 

Chromatin from strains with 3X-Flag-tagged Isw2 was crosslinked for 20 min, 

fragmented by sonication, and immunoprecipitated using approximately 6 mL (of 

OD660=0.70 +/- 0.05) of cell equivalent as described (Gelbart et al., 2005). Purified 

DNA was amplified using linker-mediated PCR amplification.  dUTP incorporation was 

achieved by boiling of 3 µg DNA, 55 µM Tris-HCl pH6.8, 5.55 mM MgCl2, 15 µg 
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Random Hexamers, and H2O to final volume of 45 µL for 5 min followed by 5 min 

incubation on ice.  5 µL dNTP mix (1.2 mM dATP, 1.2 mM dCTP, 1.2 mM dGTP, 0.95 

mM dTTP, and 0.25 mM dUTP) and 1 µL 50 U/µL Klenow (exo-) was incubated 10 min 

at 22°C, 30 min at 37°C, 5 min at 95°C, and 5 min at 4°C.  Incubation was repeated 

following the addition of 1 µL Klenow (exo-).  After phenol-chloroform extraction and 

ethanol precipitation, DNA was fragmented and Cy-dye labeled (WT Isw2=Cy3, and 

Isw2-K215R=Cy5) as described (Yadon et al., 2010).  Equal concentrations of WT Isw2 

and Isw2-K215R were competitively hybridized onto custom Nimblegen microarrays 

according to 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.  

Visualization of the average log2 signal of chromomsomes II, V, and XII revealed gross 

abnormal increase and/or decrease of Isw2 enrichment chromosome wide in the Δume6 

strain.  We speculate this is partially the result of chromosomal duplications and/or 

deletions, as has been previously reported (Fazzio et al., 2001).  As a result these 

chromosomes were removed from the analysis in all strains.  The sequence of the 

probes on the microarrays is available upon request.  Raw and normalized data are 

available for download at http://labs.fhcrc.org/tsukiyama 
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Changes in Isw2 Targeting 

Changes in Isw2 enrichment was performed 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 marked.  Reported regions represent the directly 

overlapping areas of forward and reverse comparisons.  Annotated regions are 

available for download at http://labs.fhcrc.org/tsukiyama 

 

RT-qPCR 

RNA harvest and reverse transcription was performed as previously described 

(Yadon et al., 2010).  qPCR was performed using an ABI 7900HT Real Time PCR 

System and 384 well plates in triplicate for each cDNA sample.  The relative 

quantification of the average triplicate Ct values for each gene was performed using the 

paired average Ct values of Act1 as the calibrator and then normalized to WT.  The 

average and standard deviations displayed are the results from two independent qPCR 

reactions performed on two dilutions of cDNA derived from two biological replicates for 

each strain. 
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Chromosome Confirmation Capture 

DNA loops were analyzed by a modified version of 3C (Dekker, 2006; Dekker et 

al., 2002), as described elsewhere (Singh et al., 2009).  PCR reactions (40 cycles) were 

performed using the indicated tandem or convergent primer pairs (Table 1).  Control 

PCR products were generated using a convergent primer pair corresponding to an 

intergenic region of chromosome V (Ahn et al., 2004).  Control template DNA was 

generated by digesting yeast genomic DNA with MspI and ligating in high concentration 

and used  to check primer pair efficiency (Dekker, 2006).  PCR products were 

fractionated on a 1.5% agarose gel, visualized, and quantified by ethidium bromide 

staining using an AlphaImager 2000.  Control reactions were also performed to 

establish that PCR products are dependent on formaldehyde cross-linking, restriction 

digestion, and subsequent ligation (Figure 27).  PCR primer sequences are listed in 

(Table 1).  

 

Microarray Data Accession 

 All raw and processed microarray data is available for download at Gene 

Expression Omnibus (GEO), http://www.ncbi.nlm.nih.gov/projects/geo/, using accession 

number GSE39542. 

 

 

 



UME6 1.75E-16 

NRG1 2.62E-10 

SUT1 1.28E-07 

SKN7 9.86E-07 

PHD1 4.15E-06 

SOK2 7.3E-06 

RGT1 3.38E-05 

CIN5 7.67E-05 

SKO1 0.000104 

MBP1 0.000267 

AFT2 0.00029 

SWI6 0.000872 

ROX1 0.001666 

SWI4 0.002744 

RFX1 0.003276 

Figure 20:  Transcription Factors Enriched at 5’-End Isw2 Targets 

Transcription factors whose annotated binding sites were found to be statistically 

enriched (P-Value, hypergeometric distribution) upstream of Isw2 targets located at 

the 5’-end of a gene.  Red dots indicate transcription factor mutants used in this 

study. 
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Figure 21:  Ume6, Nrg1, Cin5, and Sok2 Targeting Isw2 Genome-Wide 

(A) and (B) The average log2 Isw2 ChIP signal for WT (black), Δume6 (red), Δnrg1 

(blue), Δcin5 (green), and Δsok2 (purple) strains is displayed in the “Average Log2 

Ratio – Isw2 ChIP” track.  In the “Significant Regions” track colored boxes indicate 

annotated regions having significantly different Isw2 ChIP signal between WT and 

mutant strains (box color is the same as ChIP signal color). Non-dubious genes are 

displayed as black (Watson strand) and grey (Crick strand) boxes in “Genomic 

Features” track. Loss of Isw2 ChIP enrichment is highlighted by arrows (red, Ume6 

binding sites, and black, no Ume6 binding site) (A) ChrVII:113000-140000  (B) 

ChrX:260500-270500 
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Figure 23:  Ume6 Binding Does Not Account for All Ume6-Dependent Isw2 

Targets 

(A), (B), and (C) The average log2 Isw2 ChIP signal for UME6 (black) and Δume6 

(red) strains is displayed in the “Average Log2 Ratio – Isw2 ChIP” track .  The 

average log2 Ume6 ChIP signal for UME6 (black) strains is displayed in the “Average 

Log2 Ratio – Ume6 ChIP” track. Red boxes (in “Significant Regions” track) indicate 

annotated regions having significantly different Isw2 ChIP signal between UME6 and 

Δume6 strains.  Non-dubious genes are displayed as black (Watson strand) and grey 

(Crick strand) boxes in “Genomic Features” track. Loss of Isw2 ChIP enrichment is 

highlighted by arrows (red, Ume6 binding sites, and black, no Ume6 binding site) (D) 

The average log2 Ume6 ChIP signal in Ume6 strains is plotted for a 6000 bp window 

centered around Ume6-dependent Isw2 targets.  Targets containing an annotated 

Ume6 binding site (+TF, N=58, blue line) and not containing an annotated Ume6 

binding site (– TF, N=505, red line). (A) ChrXVI:500000-525000  (B)  ChrVIII:368500-

384500 (C) ChrXIV:281000-297000 
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N=5767 
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Figure 24:  Evidence for DNA Looping-Dependent Isw2 Targeting 

(A) Venn diagram displaying the number of genes with annotated Isw2 targets 

located only at the 5’-end of the gene (5’-End), only at the 3’-end of the gene (3’-

End), or at both the 5’- and 3’-end of the same gene (overlapping region). P-value 

was calculated with a hypergeometric distribution using non-dubious genes only.  (B), 

(C), and (D) The average log2 Isw2 ChIP signal for UME6 (WT, black), Δume6 (red), 

and sua7-1 (orange) strains is displayed in the “Average Log2 Ratio – Isw2 ChIP” 

track .  The average log2 Ume6 ChIP signal for UME6 (WT, black) strains is 

displayed in the “Average Log2 Ratio – Ume6 ChIP” track. Red and orange boxes (in 

“Significant Regions” track) indicate annotated regions having significantly different 

Isw2 ChIP signal between UME6 and Δume6 or sua7-1 strains, respectively.  Non-

dubious genes are displayed as black (Watson strand) and grey (Crick strand) boxes 

in “Genomic Features” track. 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 25:  Overlapping Ume6- and TFIIB-Dependent Isw2 Targets Reveal Many 

Ectopic Isw2 Targets Genome-Wide 

(A) Venn diagram displaying the number of Ume6- (Δume6) and TFIIB-dependent 

(sua7-1) Isw2 targets that directly overlap (Ectopic regions).  P-value was calculated 

using a hypergeometric distribution. (B)  The average log2 Isw2 ChIP signal in UME6 

(WT Isw2 ChIP), Δume6 (Δume6 Isw2 ChIP), or sua7-1 (sua7-1 Isw2 ChIP) strains or 

the average log2 Ume6 ChIP signal in UME6 (WT Ume6 ChIP) strains for Ume6-

dependent Isw2 targets is displayed for a 3000 bp window centered around the 

midpoint.  Regions containing an annotated Ume6 binding site and/or that directly 

overlap with an annotated sua7-1 region are marked. 
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Figure 26:  DNA Loops are Formed Between Canonical and Ectopic Isw2 

Targets in WT Strains 

(A) (B) and (C)  Schematic diagram of each locus analyzed by 3C is displayed at the 

top.  Watson and Crick genes are displayed as black and grey boxes.  Ectopic Isw2 

targets and Ume6 binding sites are marked in red.  Arrows depict primer locations 

and directionalities and are numbered below.  Double headed, dashed arrows 

indicate looping between canonical and ectopic Isw2 targets.  Ethidium bromide 

staining of 3C and Control PCRs are displayed and quantitated using the indicated 

primer pairs for each locus. Asterisk indicates non-specific background band and was 

not included in the quantitation. 

(A) Gene looping locus SPO20-YMR018W 

(B) Chromatin looping locus BDH1-ACS1 

(C) Chromatin looping locus ERG25-YGR067C 
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Figure 27:  3C PCR Products are Cross-Linking, Ligation, and Restriction 

Digestion Dependent 

3C PCR products from the canonical and ectopic or control primer pairs at the 

indicated locus are shown for samples with (+) or without (-) either formaldehyde, 

ligase, or restriction enzyme. 
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Figure 28:  DNA Looping Between Canonical and Ectopic Isw2 Targets are 

Significantly Reduced in sua7-1 Strains 

(A) (B) and (C) 3C PCR products (top) and quantitation (bottom) using the canonical 

and ectopic or control primer pairs at the indicated locus are shown for WT and sua7-

1 strains 

(A) Gene looping locus SPO20-YMR018W 

(B) Chromatin looping locus BDH1-ACS1 

(C) Chromatin looping locus ERG25-YGR067C 
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Figure 29:  DNA Looping Between Canonical and Ectopic Isw2 Targets are 

Significantly Reduced in Δume6, but not Isw2-K215R Strains 

(A) (B) and (C) 3C PCR products (top) and quantitation (bottom) using the canonical 

and ectopic or control primer pairs at the indicated locus are shown for WT, Δume6, 

and Isw2-K215R strains 

(A) Gene looping locus SPO20-YMR018W 

(B) Chromatin looping locus BDH1-ACS1 

(C) Chromatin looping locus ERG25-YGR067C 
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Figure 30:  Gene Expression of Canonical and Ectopic Isw2 Targets by qPCR 

(A) (B) and (C) Normalized log2 fold change of the genes immediately adjacent to 

canonical and ectopic Isw2 targets in the Δume6 (blue), Δisw2 (red), and sua7-1 

(green) relative to WT control (*, p-value≤0.05, **, p-value≤0.01) 

(A) Gene looping locus SPO20-YMR018W 

(B) Chromatin looping locus BDH1-ACS1 

(C) Chromatin looping locus ERG25-YGR067C 
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Name - Tandem Primers Sequence (5'-3') 

SPO20-YMR018W_F1 GGAAGGTTGTGGATAGTTTGAC 

SPO20-YMR018W_F2 CGAAGAACTGAGTGAAGGC 

SPO20-YMR018W_F3 CGAAGAACTGAGTGAAGGC 

SPO20-YMR018W_F4 GTTTTGCCCATTCAGAAACAATATC 

SPO20-YMR018W_F5 GCCATTGTTGAAGTACGGAATC 

SPO20-YMR018W_F6 CCGGTTAAGGCTGTTAGTCAG 

SPO20-YMR018W_F7 AAGAAAGATAGATACCGCTGTC 

SPO20-YMR018W_F8 CCTACAAGAAATGTACACGAC 

SPO20-YMR018W_F9 TTTTGATGTGCACCTGGGAAC 

SPO20-YMR018W_F10 ACTTGTTCCATAACTGGTGAC 

BDH1-ACS1_F1 GAAGATGGACACACACATGAG 

BDH1-ACS1_F2 AGGCTAAACTGCGTCACAC 

BDH1-ACS1_F3 GGTCCTAAAGTGACAAAGGTG 

BDH1-ACS1_F4 CAAATAGGAGAGCTAGCGTTC 

BDH1-ACS1_F5 GAATAATGGCATCGGAGGCTC 

BDH1-ACS1_F6 AGGCTGAGCTGCTTACTTAC 

ERG25-YGR067C_F1 TCCAAGAAGAACAACCTGATAGG 

ERG25-YGR067C_F2 AGCCAATAATTTCGCGCAAG 

ERG25-YGR067C_F3 GGGCCTACGTAGAAGATGATG 

ERG25-YGR067C_F4 GCCGTTTTCAACAACGCTAC 

ERG25-YGR067C_F5 GATTTAAAGATTTCACATCAGCAGC 

ERG25-YGR067C_F6 GCAATTTAGTGTCCTGTTCAGAC 

ERG25-YGR067C_F7 GCTGGAGTACAAAATACTTTCTTCC 

ERG25-YGR067C_F8 GTAGTGATGAGAACAGGTCTGG 

ERG25-YGR067C_F9 GGGATCAGTCATCGTCGCAG 

ERG25-YGR067C_F10 GTCGTTGGTAAGAATTTGGTTAGG  

Name - Convergent Primers Sequence (5'-3') 

ChrV F GGCTGTCAGAATATGGGGCCGTAGTA 

ChrV R CACCCCGAAGCTGCTTTCACAATAC 

Table 1:  List of 3C DNA Primers 
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CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

As described in this dissertation, I have utilized genome-wide molecular biology 

techniques to elucidate and characterize the in vivo functions for an ATP-dependent 

chromatin remodeling enzyme and DNA looping.  This work has further extended our 

understanding of the molecular mechanisms underlying both Isw2-dependent chromatin 

remodeling and transcriptional regulation and describes novel physiological roles for 

DNA looping in mediating Isw2 targeting genome-wide.  These results reveal new 

insights into the relationships that link our knowledge of the three-dimensional 

packaging of genomes into eukaryotic nuclei and our understanding of the linear maps 

of genomic information to the regulatory mechanisms governing chromatin structure and 

DNA-dependent processes. 

 

Major Findings and Conclusions 

 A consensus set of nucleosome free regions (NFRs) was systematically 

annotated across the genome of the budding yeast S. cerevisiae from multiple 

nucleosome mapping studies.  In addition to the previously identified NFRs located 

within promoters (5’-NFRs) and transcription termination regions (3’-NFRs), two novel 

classes of NFRs located within open reading frames (ORF-NFRs) and far from open 

reading frames (Other-NFRs) were characterized.  The targets of the ATP-dependent 

chromatin remodeling enzyme Isw2 were found significantly enriched at all classes of 
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NFRs, thus identifying a previously unknown target of Isw2, ORF-NFRs.  Importantly, at 

all classes of NFRs Isw2 function is required to restrict access to the underlying DNA by 

sliding nucleosomes toward the centers of NFRs to reduce their size.  This is the first 

example in which a chromatin remodeling enzyme has been shown to be required for 

decreasing the size of NFRs in vivo.   

Transcriptional profiling using strand-specific tiled microarrays further revealed 

that Isw2 is globally required to repress cryptic non-coding RNA (ncRNA) transcription 

from initiating around NFRs.  Isw2-dependent chromatin remodeling reduced the size of 

these target NFRs, effectively positioning nucleosomes to occlude access to the cryptic 

transcription start site.  Isw2-dependent repression of some cryptic transcripts was 

required to prevent transcriptional interference, providing an important biological 

consequence for proper transcriptional regulation by Isw2-depedent chromatin 

remodeling. 

Numerous sequence-specific transcription factors (TFs) were found to be 

statistically enriched at Isw2 targets located at the 5’-end of genes.  Genome-wide 

chromatin immunoprecipitation of Isw2 (Isw2 ChIP-chip) in the TF null mutants, Δume6, 

Δnrg1, Δcin5, and Δsok2, revealed a widespread role for each of these factors in the 

targeting of Isw2 to numerous loci genome-wide.  This result provides the first 

systematic genome-wide evaluation of TF-mediated targeting for any chromatin 

remodeling enzyme.  

Not all Isw2 targets could be accounted for solely by enriched TF binding sites.  

Additionally, a highly statistically significant number of genes have Isw2 targeted to both 

the 5’- and 3’-end of the same gene.  These results led us to evaluate the role of DNA 
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looping in mediating targeting of Isw2.  Isw2 ChIP-chip in the DNA looping deficient 

mutant, sua7-1, identified numerous Sua7-dependent targets of Isw2.  This revealed a 

novel role for the general transcription factor TFIIB (Sua7) in facilitating the targeting of 

Isw2 genome-wide.  At many loci a decrease in Isw2 ChIP signals was observed in both 

sua7-1 and Δume6.  These loci, termed ectopic targets, lacked both an annotated 

Ume6 binding site and Ume6 ChIP enrichment.  These results suggested that DNA 

looping facilitates targeting of Isw2 from a Ume6 binding site to an ectopic target. 

Chromosome confirmation capture (3C) demonstrated that DNA loops are 

formed at three loci between a Ume6 binding site and an ectopic target in WT strains.  

Importantly, the frequency of DNA loops were significantly reduced in both Δume6 and 

sua7-1 strains at all loci tested.  Transcriptional analysis in Δume6 and sua7-1 strains 

revealed a dependence on both Ume6- and TFIIB-mediated DNA looping in maintaining 

proper transcription regulation at the ectopic locus.  These results identified Ume6 as 

the first repressor required for mediating DNA looping and demonstrated a novel 

physiological role for DNA looping in mediating the transcription factor dependent 

targeting of Isw2.  

 

In Vivo Model of Isw2 Function 

 The results presented in this dissertation combined with previous studies support 

a primary model for the in vivo functions, mechanisms of action, and targeting of the 

ATP-dependent chromatin remodeling enzyme Isw2.  In this model, Isw2 functions as a 

general transcriptional repressor of both coding and ncRNA that initiate from the edges 

of NFRs located at the 5’- and 3’-end of target genes.  Transcriptional repression is 
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achieved through the Isw2-dependent sliding of nucleosomes toward the centers of 

NFRs, which effectively reduces the size of NFRs and occludes access to the 

underlying transcription start sites.  The targeting of Isw2 is mediated directly through 

the physical interaction of Isw2 with the sequence-specific transcription factor Ume6 

which binds its cognate binding sites within promoters.  TFIIB- and Ume6-mediated 

DNA looping further facilitate Ume6-dependent targeting of Isw2 between a Ume6 

binding site and a distally located locus. 

 

Future Directions 

In light of this model, much is still to be understood regarding the in vivo 

functions, mechanisms of action, and targeting of Isw2.  While conceivably there are 

many potentially very interesting directions with which to further explore, I propose to 

focus on elucidating additional mechanisms and details regulating the targeting of Isw2. 

 

ChIA-PET: Elucidating Both DNA Looping-Dependent and Independent Isw2 

Targets Genome-Wide 

 The work in this dissertation has suggested a genome-wide role for DNA Looping 

in facilitating the TF-dependent targeting of Isw2.  In fact, based on our analysis, we 

estimate that at least 255 Isw2 targets (Figure 25) are dependent on DNA looping.  This 

however is likely an underestimation, which is based only on the overlap of Ume6- and 

TFIIB-dependent Isw2 targets.  How can one unbiasedly and systematically identify all 

Isw2 and DNA looping-dependent targets genome-wide independently of either Ume6 

or TFIIB?  While, the use of ChIP based techniques are highly sensitive assays for the 
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identification of protein targets, they only provide linear information about protein 

binding sites along chromosomes.  On the other hand, the 3C assay is capable of 

analyzing long-distance chromatin interactions, but is extremely low throughput and 

laborious to perform, preventing the genome-wide characterization of or protein-specific 

interactions associated with DNA looping. 

 I propose that combining Isw2 ChIP, 3C, and paired-end tag deep sequencing, 

using ChIA-PET (Chromatin Interaction Analysis by Paired-End Tag Sequencing) 

(Fullwood et al., 2009; Fullwood and Ruan, 2009)  one could simultaneously identify 

and characterize both the genome-wide targets of Isw2 and the DNA looping 

interactions between these sites.  In summary, this assay would utilize traditional ChIP 

techniques by fixing cells using formaldehyde to covalently cross-link and stabilize long-

range chromatin interactions with bound DNA-protein interactions.  Sonicated chromatin 

is then enriched for a protein of interest using immunoprecipitation.  Next, using 3C 

based approaches, enriched chromatin is connected with DNA linkers by proximity 

ligation and finally paired-end tags (PETs) are extracted for deep sequencing.  This 

technique thus allows for the identification of both traditional ChIP fragments, by self-

ligation of the same DNA fragments, and DNA looping fragments, by inter-ligation 

between different DNA fragments, which are all bound by the protein of interest.  

Additionally, the use of sonication, rather than restriction enzyme digestion, would 

increase the resolution of the assay and provide better signal to noise ratio (Fullwood 

and Ruan, 2009).  Finally, mapping of sequenced fragments back to the genome and 

utilization of bioinformatics approaches, would in theory allow for the simultaneous 
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identification of both DNA looping-dependent and independent Isw2 targets genome-

wide. 

 Furthermore, by performing Isw2 ChIA-PET in TF null mutants, such as Δume6, 

or DNA looping-deficient mutants, such as sua7-1, the contribution of Ume6- and/or 

TFIIB-dependent DNA looping on Isw2 targeting genome-wide could be established.  In 

fact, this analysis may help to explain the uncharacterized mechanisms of Ume6-

dependent Isw2 targeting to loci that do not have either a Ume6 binding site nor are 

TFIIB-dependent (Figure 25).  For example, it is possible that TFIIB-independent DNA 

looping facilitates targeting of Isw2 to these loci.  We have already demonstrated 

(Figure 29) that Ume6 itself is partially required for DNA looping at some loci.  The 

genome-wide contribution of neither Ume6 nor TFIIB in DNA looping has been 

established.  Understanding their global role in DNA looping genome-wide would 

provide an unprecedented glimpse into how the three-dimensional packing of DNA into 

eukaryotic nuclei affects chromatin structure. 

 

Tup1-Dependent Isw2 Targeting 

Previous studies from the Tsukiyama lab (Gelbart et al., 2005; Goldmark et al., 

2000) lab have shown that the physical interactions of Ume6 and Isw2 are required for 

the targeting of Isw2 to Ume6 binding sites.  The mechanisms for Nrg1-, Cin5-, and 

Sok2-dependent targeting of Isw2 are not known.  As mentioned in a previous chapter, 

we hypothesized that the transcriptional co-repressor complex Tup1-Ssn6 mediates 

Nrg1-, Cin5-, and Sok2-dependent targeting of Isw2.  Because neither Tup1 nor Ssn6 

has sequence-specific DNA binding activity their role in transcription depends on their 
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targeting by sequence-specific DNA binding proteins (Keleher et al., 1992; Komachi et 

al., 1994).  It is therefore possible that the role for Nrg1, Cin5, and Sok2 in mediating 

Isw2 targeting is dependent on their ability to actively recruit Tup1 to promoters (Hanlon 

et al., 2011).  It is interesting to further note that Tup1 functionally represses target 

genes in part through interactions with multiple histone deacetylase complexes, 

including Rpd3 (Davie et al., 2003; Watson, 2000).  Isw2 is known to function in a 

parallel pathway as Rpd3 in a Ume6-dependent manner (Goldmark et al., 2000).  These 

findings further suggest that the co-repressor complex Tup1-Ssn6 is likely directly 

involved in Isw2 targeting. 

I propose to test this hypothesis by performing genome-wide Isw2 ChIP-chip in 

Tup1 null mutants.  By comparing Δtup1 to TUP1 the genome-wide contribution of Tup1 

to Isw2 targeting can be determined.  Based on our hypothesis, I would expect a very 

large statistically significant overlap between Tup1-dependent Isw2 targets and the 

previously characterized Nrg1-, Cin5-, and Sok2-dependent Isw2 targets.  Co-

immunoprecipitation experiments of Isw2 with the Tup1-Ssn6 complex could then be 

performed to verify that the physical interactions with Tup1 are required for Isw2 

targeting, similar to those observed for Ume6 (Goldmark et al., 2000).   

The targeting mechanism for ISWI homologues in higher eukaryotes is extremely 

poorly understood.  Intriguingly, Ume6 is not conserved in plants or animals, however 

both Tup1 (Braun and Johnson, 1997; Fisher and Caudy, 1998; Grbavec et al., 1999; 

Levanon et al., 1998; Liu and Karmarkar, 2008; Pflugrad et al., 1997; Todd et al., 2003) 

and Rpd3 are highly conserved (Yang and Seto, 2008).  It is interesting to speculate 

that perhaps Tup1 homologues may also be required for the targeting of ISWI 
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complexes in higher eukaryotes, just as they are for Rpd3 homologues (Chen et al., 

1999; Choi et al., 1999; Mannervik and Levine, 1999; Sekiya and Zaret, 2007; Winkler 

et al., 2010).  Therefore, the results obtained from these experiments would likely have 

far reaching implications, not just in S. cerevisiae, but also in plant and animal cells. 
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