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Regulation of eukaryotic transcription by  

modification of chromatin structure 

 

Shivkumar Venkatasubrahmanyam 

 

ABSTRACT 

 

Modification of chromatin is a highly conserved and fundamental mode of 

transcriptional regulation in eukaryotes.  Chromatin structure can be altered by 

covalent histone modification, variant histone incorporation and nucleosome 

remodeling.  This thesis describes the study of these mechanisms in a model 

eukaryote, the budding yeast S. cerevisiae.  Methylation of histone H3 on lysine 

4 (K4) by Set1, the yeast homolog of human leukemia-related methyltransferases 

MLL1 and ALL1, is enriched along coding sequences and associated with active 

transcription.  In contrast, the histone variant H2A.Z is found exclusively at the 

two nucleosomes flanking the transcription start site.  H2A.Z regulates the spread 

of Sir-mediated silencing, which was believed to occur only in the vicinity of 

telomeres.  Through the collaborative research detailed within, I identified 

members of the Set1 complex in a genetic screen for factors that cooperate with 

H2A.Z to antagonize Sir activity.  I found that Set1 and H2A.Z share a genome-

wide anti-silencing function that prevents ectopic binding and gene repression by 

the Sir2/3/4 complex across euchromatin.  Exploring such functional 

redundancies between various chromatin modifiers will be important to fully 
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understand their roles in transcription.  Further collaborations led to the discovery 

of mechanisms that operate upstream of H2A.Z and Set1.  H2A.Z interacts with a 

complex of 13 proteins, including the SWI/SNF-related ATPase Swr1.  Swr1 is 

required for incorporation of H2A.Z into chromatin; loss of Swr1 or H2A.Z results 

in similar gene expression defects.   H3 K4 methylation by Set1 requires histone 

H2B K123 mono-ubiquitination, which involves the E2 ubiquitin-conjugating 

enzyme Rad6.  The RING-finger protein Bre1 is required for this modification.  

Rad6 acts on multiple protein targets; this putative E3 ubiquitin-ligase is likely to 

direct the mono-ubiquitination activity of Rad6 onto H2B.  Finally, I have 

developed a software tool for the analysis of chromatin-profiling data from high-

density tiling oligonucleotide microarrays.  The use of this tool has shown that 

Sth1, an essential chromatin-remodeling enzyme and member of the RSC 

complex, slides nucleosomes around the 5’ ends of coding sequences away from 

their predicted positions at nucleosome-positioning sequences (NPS).  Thus 

nucleosome appear to be positioned by a combination of cis- and trans-acting 

factors. 



 ix 

Table of Contents 

 

 

1.  Introduction  ……………………………………………………………….. 

 

1 

2.  Genome-wide, as opposed to local, anti-silencing is mediated 

redundantly by the euchromatic factors, Set1 and H2A.Z  …………... 

 

19 

3.  A Protein Complex Containing the Conserved Swi2/Snf2-Related 

ATPase Swr1p Deposits Histone Variant H2A.Z into Euchromatin  … 

 

75 

4.  A Conserved RING Finger Protein Required for Histone H2B  

Monoubiquitination and Cell Size Control  ……………………………... 

 

139 

5.  Role of DNA sequence and chromatin-remodeling activity   

in nucleosomes positioning  ……………………………………………... 

 

169 

6.  Conclusion  ………………………………………………………………… 

 

190 

7.  Appendix  ………………………………………………………………….. 

 

204 

8. UCSF Library Release  …………………………………………………... 223 

 



 x 

List of Tables 

 

Chapter 2  

 S1 Genes whose deletion results in a synthetic growth phenotype in 

an htz1∆ mutant  

62 

 S2 Levels of H2A.Z and H3 K4 methylation at genes down-regulated 

in set1∆ htz1∆ cells  

69 

 S3 S. cerevisiae strains used in this study  70 

 S4 Sir3-dam and Sir4-dam are functional fusions 72 

 S5 List of PCR primers used in DamID and ChIP assays 73 

    

Chapter 3  

 1 Peptides in TAP Purifications 131 

 S1 Peptides in the Rvb2-TAP purification (SWR1-Com is listed first) 135 

 S2 Yeast strains used in this study 136 

 S3 ChIP oligos 138 

    

Chapter 4  

 S1 Yeast strains 168 

 



 xi 

List of Figures 

 

Chapter 2  

 1 Identification of the Set1 complex in a screen for anti-silencing 

factors that cooperate with H2A.Z 

46 

 2 Genes up-regulated in set1∆ and H3K4A cells are enriched near  

telomeres 

47 

 3 Transcriptional profiling of set1∆ htz1∆ and set1∆ htz1∆ sir2∆ 

mutants 

48 

 4 DamID chromatin profiling of Sir3 and Sir4 in the set1∆ htz1∆ 

mutant 

49 

 5 Model of genome-wide anti-silencing mediated redundantly by 

H2A.Z and Set1 

50 

 S1 Suppression of the set1∆ htz1∆ slow growth phenotype by sir4∆ is  

not due to change in mating-type identity 

56 

 S2 Genes repressed by Sir2 in the set1∆ htz1∆ mutant occur in 

clusters along chromosomes 

57 

 S3 DamID can be more sensitive than ChIP for profiling Sir3 

association at telomere-distal loci 

58 

 S4 DamID profiling of Sir3 and Sir4 association in wild-type and set1∆  

htz1∆ cells at control genes 

59 

 S5 High levels of DNA methylation negatively correlate with 

detectable increases in Sir3 and Sir4 association by DamID 

60 



 xii 

 S6 Comparison of Sir2, Sir3 and Sir4 protein levels in wild-type and  

set1∆ htz1∆ cells 

61 

    

Chapter 3  

 1 Subunit Architecture of SWR1-Com and Overlap with NuA4 and 

Ino80-C Complexes 

121 

 2 SWR1-Com Shared Subunits with NuA4 and Contained Proteins 

with Motifs Involved in Chromatin Biology 

122 

 3 Swc4p and Bdf1p Were Components of SWR1-Com 123 

 4 SWR1-Com Associated Selectively with H2A.Z and Contained 

H2B 

124 

 5 Chromosomal Distribution of Swr1p-Activated Genes 125 

 6 Relationship of Genes Activated by Swr1p or H2A.Z 126 

 7 ChIP Analysis of HA3-H2A.Z Deposition in the HMR Region and 

Near the Right Telomere of Chromosome XIV 

127 

 8 ChIP Analysis of H2A.Z Deposition at Nontelomeric Euchromatic 

Sites 

128 

 9 Eaf1p Was a Subunit of the NuA4 HAT 129 

 10 NuA4 and SWR1-Com Shared Similar Phenotypes and Interacted  

Genetically 

130 

 S1 A Fraction of SWR1-Com Subunits Cosedimented 133 

 S2 H2A.Z Was Protected from Degradation by SWR1-Com 134 

    



 xiii 

Chapter 4  

 1 Genetic Identification of BRE1 and LGE1 164 

 2 Conservation of Bre1 across Eukaryotic Evolution 165 

 3 Analysis of H2B Monoubiquitination and H3 Methylation 166 

 4 Analysis of Cell Size 167 

    

Chapter 5  

 1 Schematic of nucleosome/NFR alignment algorithm 185 

 2 Alignment of nucleosome occupancy data from wild-type cells by 

start codon and by NFR 

186 

 3 Comparison of nucleosome position in the presence and absence 

of Sth1 

187 

 4 Sth1 regulates nucleosome position at a subset of genes 188 

 5 Role of Sth1 and nucleosome-positioning sequences (NPS) in 

NFR formation 

189 

 



 1 

 

 

 

 

Chapter 1 

 

 

 

Introduction 



 2 

Eukaryotic transcription and chromatin 

DNA, the genetic material of living organisms, encodes the information 

required to build and operate the enormous array of molecular machinery within 

cells.  Transcription, the process by which this information is transferred onto 

RNA, is central to decoding this information.  The identity and behavior of cells is 

governed by their transcriptional past and present.  The study of transcription – 

its mechanism, the molecules involved and their regulation – remains one of the 

foremost pursuits of molecular biology. 

The act of transcription involves the enzyme RNA polymerase which 

catalyzes the formation of an RNA transcript off the DNA template.  In 

eukaryotes, transcription is initiated by the recruitment of RNA polymerase to 

DNA by the general transcription factors, some of which recognize specific 

signals that mark the beginning of coding sequences (reviewed in Thomas and 

Chiang, 2006).  Research over the last few decades has shown that transcription 

initiation is a highly regulated process.  Much of this regulation is specified by 

DNA sequence upstream of coding sequences, called promoters.  A variety of 

signals, both intra- and extra-cellular, converge on these promoters , culminating 

in the decision to enhance or inhibit transcription.  This process involves the 

action of transcription factors, proteins that bind to specific promoter elements 

and stimulate or inhibit the recruitment or activity of RNA polymerase.  As cells 

and organisms become more and more complex, the length of promoters and the 

number and diversity of transcription factor binding sites is greatly increased.  

This observation underscores the immense complexity in regulation that is 
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believed to specify the elaborate cellular behavior and variety of cell types in 

higher eukaryotes (reviewed in Kapranov et al., 2007).  To understand the 

biology of multi-cellular organisms, including humans, it is crucial to understand 

the mechanisms of transcriptional regulation. 

In eukaryotes, DNA occurs in the context of chromatin, which comprises 

DNA and tightly associated proteins, primarily histones.  DNA is wound around 

an octamer of the core histones H2A, H2B, H3 and H4 to form nucleosomes 

(Luger et al., 1997).  These nucleosomes are thought to be further arranged in 

higher order structures, involving increasing degrees of compaction (Woodcock 

and Dimitrov, 2001).  This intimate association between DNA and histones 

influences all aspects of DNA metabolism including transcription.  Nucleosomes 

represent a barrier to transcription by impeding the movement of RNA 

polymerase along its DNA template (Chang and Luse, 1997).  In addition, 

nucleosomes can occupy key DNA sequences, preventing the recruitment of 

various transcription factors (Gutierrez et al., 2007).  Changes in chromatin 

structure, therefore, have profound effects on transcription.  A rapidly growing 

body of research indicates that these changes represent fundamental and highly 

conserved mechanisms of transcriptional regulation. 

 

Modification of chromatin structure 

The structure of chromatin is altered in a number of ways, including 

covalent histone modification, variant histone substitution and nucleosome 

remodeling.  Nucleosomes can be modified post-translation by the addition of 
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chemical moieties or peptides (reviewed in Berger, 2002).  These include 

acetylation, methylation, phosphorylation, ubiquitination, sumolyation and ADP-

ribosylation, some of which occur prior to incorporation of histones into 

chromatin.  Histones can be modified on multiple residues, singly or in 

combination, raising the possibility of combinatorial regulation.  Many of these 

modifications are associated with the presence or absence of active transcription.  

Acetylation of several histone residues is associated with active genes.  

Conversely, histone deacetylation plays in important role in transcriptional 

repression and silencing (Kurdistani and Grunstein, 2003).  However, in a few 

instances, histone deacetylation seems to promote transcription (Wang et al., 

2002).  Methylation of certain histone residues, notably H3 lysines 9 and 27, is 

required for the formation of silent chromatin (Bannister et al., 2001; Rea et al., 

2000).  On the other hand, methylation of H3 lysines 4 and 79, for instance, 

marks active genes or euchromatin (Guenther et al., 2005; Ng et al., 2002; 

Santos-Rosa et al., 2002; van Leeuwen et al., 2002).  Ubiquitination of H2B K123 

and phosphorylation of H3 S10 seem to play a role in activating transcription (Lo 

et al., 2001; Lo et al., 2005; Sun and Allis, 2002).  Modified or unmodified histone 

residues can be bound specifically by certain protein domains.  For instance, 

bromo domains recognize acetylated residues on histones (Zeng and Zhou, 

2002) whereas methylated residues bind chromo, PHD and WD40 domains 

(Lachner et al., 2001; Shi et al., 2006; Wysocka et al., 2005).  The current 

paradigm explains the role of histone modifications in regulating transcription via 

the recruitment (or inhibition of recruitment) of various proteins to chromatin, 
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including components of the transcription machinery, co-activators, chromatin 

remodeling complexes and other histone modifying enzymes. 

The genomes of eukaryotes encode highly conserved histone variants, 

which are homologous to but distinct from the core histones.  These include the 

histones H2A.X, H2A.Z, macroH2A, H3.3 and CENP-A (reviewed in Kamakaka 

and Biggins, 2005).  These proteins replace the corresponding core histones  in 

certain nucleosomes.  Variant histones may function in a manner analogous to 

modified core histones i.e. by recruiting specific effectors or by altering the 

biophysical properties of chromatin.  For instance, the C-terminal region of H2A.Z 

(which distinguishes H2A.Z from H2A) can interact with the transcriptional 

machinery (Adam et al., 2001).  In addition, H2A.Z-containing nucleosomes are 

thought to be more readily evicted from chromatin during gene activation (Zhang 

et al., 2005).  The macro domain of macroH2A can bind to ADP-ribose 

metabolites and may be involved in ADP ribosylation of histones (Karras et al., 

2005). 

Finally, the position and conformation of nucleosomes along DNA  can be 

altered by chromatin-remodeling enzymes (reviewed in Narlikar et al., 2002; 

Saha et al., 2006).  These proteins utilize the energy of ATP hydrolysis to 

reconfigure histone-DNA contacts, resulting in the sliding of nucleosomes along 

DNA and/or changes in the accessibility of nucleosomal DNA.  The action of 

these proteins can occlude or reveal DNA sequences relevant for transcription, 

or evict nucleosomes enabling the passage of RNA polymerase.  For instance, 

genetic evidence suggests that Swi2, the founding member of the Swi/Snf family 
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of remodeling enzymes, recruited to the HO promoter stimulates the binding of 

TATA-binding protein (TBP), which in turn recruits the transcription machinery 

(Mitra et al., 2006). 

Mutations in genes encoding proteins known to modify chromatin structure 

are linked to a variety of human diseases including many cancers (Marfella and 

Imbalzano, 2007; Pui et al., 1995; Timmermann et al., 2001; Xue et al., 2003).  

For instance, translocations involving the histone methyltransferase MLL are 

associated with up to 80% of acute infant leukemias.  Mutations in ATRX, a gene 

encoding a chromatin remodeling enzyme, are linked to a form of X-linked mental 

retardation.  What are the factors and mechanisms that bring about changes in 

chromatin structure and how do these changes regulate transcription?  Answers 

to these questions will not only further our understanding of transcriptional 

regulation but also illuminate the role of these processes in human disease. 

 

Chromatin modification and regulation of transcription in the yeast S. 

cerevisiae 

Experiments in the model unicellular eukaryote S. cerevisiae have 

revealed striking patterns in the organization and modification of chromatin 

around genes.  Nucleosomes in the region surrounding the 5’ end of coding 

sequences tend to occur at regular intervals, with a 150-200 basepair 

nucleosome-free region (NFR) coinciding with the transcription start site (Yuan et 

al., 2005).  H2A.Z is found specifically in the two nucleosomes flanking the NFR 

(Raisner et al., 2005).  Tri-methylation of H3 K4 as well as acetylation of H2A K7, 
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H3 K9, H3 K14, H3 K18, H4 K5 and H4 K12 are enriched at the 5’ ends of coding 

sequences and their levels correlate with transcription (Liu et al., 2005).  In 

contrast, mono- and di-methylation of H3 K4, together with acetylation of H2B 

K16, H4 K8 and H4 K16 are found further downstream, along the length of 

coding sequences; their levels are not strongly correlated with transcription.  

Recent studies have shown that this chromatin architecture is conserved in 

higher eukaryotes – strong  evidence of its functional significance (Guenther et 

al., 2005; Liang et al., 2004; Ozsolak et al., 2007; Roh et al., 2005; Schubeler et 

al., 2004). 

Deposition of H2A.Z is stimulated by the Gcn5 histone acetyltransferase 

and the bromo-domain protein Bdf1 (Zhang et al., 2005).  This deposition at 

inactive promoters is believed to poise them for transcriptional activation.  In vitro 

experiments suggest that that H2A.Z-containing nucleosomes are more easily 

displaced from chromatin, possibly facilitating the initial steps in transcription, 

although this remains controversial (Abbott et al., 2001; Park et al., 2004; Zhang 

et al., 2005).  This is consistent with observations in vivo indicating that H2A.Z 

appears to be more strongly associated with the promoters of quiescent genes 

(Guillemette et al., 2005; Li et al., 2005).  Following initiation, the heptapeptide 

repeats in the C-terminal domain of RNA polymerase II are phosphorylated on 

serine 5 (Komarnitsky et al., 2000).  Paf elongator complex becomes associated 

with the transcribing RNA polymerase (Squazzo et al., 2002), which directs 

Rad6-mediated mono-ubiquitination of H2B at K123 (Ng et al., 2003a; Robzyk et 

al., 2000).  This histone modification is required for methylation of H3 on K4 and 
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K79, catalyzed by the Set1 and Dot1 histone methyltransferases respectively 

(Shahbazian et al., 2005; Sun and Allis, 2002; Wood et al., 2003).  H3 K4 

methylation thus deposited appears to persist after transcriptional inactivation, 

leading to the hypothesis that it serves as an epigenetic memory of recent 

transcription (Ng et al., 2003b).  Recently, several proteins have been identified 

to specifically bind K4-methylated H3.  These include members of histone 

acetyltransferase complexes, NuA3 and NuA4 (Shi et al., 2006; Taverna et al., 

2006), the Rpd3 and Set3 histone deacetylase complexes (Shi et al., 2006) and 

the chromatin-remodeling enzymes, Chd1 (Pray-Grant et al., 2005) and Isw1 

(Santos-Rosa et al., 2003).  Experiments on individual genes as well as genome-

wide studies indicate that Set1 plays a role in promoting transcription (Bernstein 

et al., 2002; Morillon et al., 2005; Santos-Rosa et al., 2002). 

In addition to promoter-specific mechanisms, transcription is also 

regulated in a location-specific manner by silencing. In S. cerevisiae, silent 

chromatin is formed at telomeres and silent mating-type loci by the action of the 

Sir2/3/4 histone deacetylase complex (reviewed in Moazed, 2001).  Sir3 and Sir4 

bind to the N-terminal tail regions of histones H3 and H4 (Hecht et al., 1995), with 

a strong preference for the deacetylated tails that are a prominent feature of 

silent domains.  Silencing can spread progressively from these silent domains 

into adjacent non-silenced regions (Hecht et al., 1996; Renauld et al., 1993).  

This local spreading of silent chromatin is antagonized by multiple factors, 

including Sas2, Dot1, H2A.Z and to a lesser degree, H3 K4 methylation (Kimura 

et al., 2002; Meneghini et al., 2003; Santos-Rosa et al., 2004; Suka et al., 2002; 
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van Leeuwen et al., 2002).  Acetylation of H4 K16 and methylation of H3 K4 by 

Sas2 and Set1 respectively, interfere with the binding of Sir3 and Sir4 to histone 

tails. 

Despite these advances, much remains to be learnt about the role of 

these modifications in transcription.  The mechanisms involved in H2A.Z and H3 

K4 deposition and their roles in regulating chromatin structure are the subject of 

this thesis.  In Chapter 2, I describe the role of the H3 K4 methylation and H2A.Z 

in genome-wide anti-silencing.  Chapter 3 describes the identification and 

characterization of the machinery that deposits H2A.Z into chromatin.  Chapter 4 

reports the identification of the E3 ligase that ubiquitinates H2B on K123.  In 

Chapter 5, I present an analysis of the role of cis- and trans- acting factors in 

specifying nucleosome architecture around transcription start sites. 
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ABSTRACT 

 

In S. cerevisiae, several nonessential mechanisms including histone 

variant H2A.Z deposition and transcription-associated histone H3 methylation  

antagonize the local spread of Sir-dependent silent chromatin into adjacent 

euchromatic regions.  However, it is unclear how and where these factors 

cooperate.  To probe this question, we performed systematic genetic array (SGA) 

screens for gene deletions that cause a synthetic growth defect in an htz1∆ 

mutant but not in an htz1∆ sir3∆ double mutant.  Of the four genes identified, 

three – SET1, SWD1 and SWD3 – encode components of the Set1 complex, 

which catalyzes the methylation of histone H3 on lysine 4 (H3-K4), a highly 

conserved modification that occurs in the coding sequences of transcribed 

genes.  Using microarray-based transcriptional profiling, we find that H2A.Z and 

Set1 cooperate to prevent Sir-dependent repression of a large number of genes 

located across the genome, rather than the local effects reported previously for 

the individual mechanisms.  This global, redundant function appears to be direct: 

using a DamID chromatin profiling method, we demonstrate ectopic association 

of Sir3 and Sir4 in htz1∆ set1∆ mutants at loci distant from silent chromatin 

domains.  Anti-silencing mechanisms may therefore cooperate to play a 

considerably broader role in regulating genome-wide transcription than 

previously thought. 
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INTRODUCTION 

 

Eukaryotic genomes are organized into transcriptionally permissive 

euchromatin and silent heterochromatin.  In S. cerevisiae, heterochromatin is 

formed at telomeres and the silent mating-type cassettes through the action of 

the Sir2-Sir3-Sir4 complex (reviewed in 1).  Sir2 is a histone deacetylase; Sir3 

and Sir4 are histone binding proteins that preferentially bind the deacetylated N-

terminal tails of histones H3 and H4.  Sir proteins are recruited to chromatin by 

DNA sequences called silencer elements.  From these sites, the Sir complex is 

thought spread progressively along the chromatin fiber, by a mechanism 

involving rounds of histone deacetylation by Sir2, and binding of the deacetylated 

histone tails by Sir3 and Sir4.   

A number of highly conserved anti-silencing factors have recently been 

defined, including H2A.Z, Sas2 and Dot1 (2-5).  These proteins antagonize the 

‘local spread’ of Sir-mediated silencing, from telomeric heterochromatin to 

neighboring euchromatic genes.  The histone variant H2A.Z (encoded by HTZ1) 

is selectively deposited at the promoters of genes within euchromatin (6-9).  The 

histone acetyltransferase Sas2 and histone methyltransferase Dot1 generate 

euchromatin-specific modifications at H4-K16 and H3-K79, respectively (3-5).  In 

cells lacking either H2A.Z or Sas2, Sir proteins spread from telomeres, silencing 

genes located within 20-30kb of telomeres (2-4).  Similarly, loss of Dot1 results in 

increased binding of Sir proteins at sub-telomeric Y’ elements with a concomitant 

decrease within telomeres (5). 
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Disruption of any one of the above mechanisms has only limited 

consequences on gene expression, raising the possibility that these anti-

silencing factors have redundant roles.  Presumably, if local spread of Sir 

proteins resulted in the silencing of even a single essential gene or sufficiently 

reduced transcription of multiple essential genes, then loss of H2A.Z, Sas2 or 

Dot1 should be lethal.  However, htz1∆, sas2∆ and dot1∆ cells are viable and 

have only a mild growth defect (2, 10, 11).  In this paper, we describe our 

analysis of double mutant phenotypes, which has revealed a genome-wide, as 

opposed to local, anti-silencing function that is shared by H2A.Z and the histone 

methyltransferase Set1.  In contrast to the local spread of Sir2-4 in htz1∆ cells, 

set1∆ htz1∆ cells exhibit a global redistribution of Sir proteins from telomeres to 

genes located across the genome.  This results in widespread ectopic repression 

at sites more than 100kb from heterochromatin, a phenomenon that has not been 

described previously.  These results suggest that anti-silencing mechanisms 

have a very broad scope, operating not only in the vicinity of heterochromatin, 

but also throughout euchromatin. 



 25 

RESULTS 

 

Identification of the Set1 complex in a genetic screen for anti-silencing 

factors that act redundantly with H2A.Z 

To identify pathways that operate in parallel with H2A.Z to inhibit Sir-

mediated silencing, we used the synthetic genetic array (SGA) method (12) to 

perform a systematic screen for gene deletions that have a synthetic growth 

defect in an htz1∆ mutant but not in an htz1∆ sir3∆ double mutant (see Materials 

and Methods). Of the 45 synthetic interactions with the HTZ1 deletion (Table S1), 

four were Sir3-dependent (Fig. 1A), one of which is between HTZ1 and SIF2, 

which encodes a Sir4-interacting protein that antagonizes telomeric silencing 

(13).  Notably, the remaining three interactions involved genes encoding 

members of the highly conserved Set1 complex, which methylates histone H3 on 

lysine 4 in euchromatin (14-20).  The growth defect of the set1∆ htz1∆ mutant 

was also suppressed by deletion of SIR2 or SIR4 (Fig. 1B).  This suppression is 

not due to differences in mating-type identity caused by de-repression of the 

silent mating-type cassettes in a sir mutant (Fig. S1).  These genetic data are 

consistent with a model in which the histone methyltransferase Set1 and H2A.Z 

play redundant roles in antagonizing Sir-dependent silencing. 

 

set1∆ and H3K4A cells exhibit increased expression of genes near 

telomeres 
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How Set1 regulates Sir-mediated silencing remains unclear.  set1∆ 

mutants exhibit decreased Sir3 association (21) and reduced gene silencing at 

telomeres (16, 22), suggesting that Set1 acts within heterochromatin to promote 

silencing.  However, Set1-mediated H3-K4 methylation is enriched outside 

heterochromatin.  One explanation for this discrepancy would be that Set1 

promotes silencing via methylation of a novel heterochromatic target.  If this were 

the case, robust silencing would require Set1 but not H3-K4 methylation.  To test 

this hypothesis, we compared the expression of genes near telomeres in set1∆ 

and H3K4A mutants using spotted cDNA microarrays (see Methods).  We 

observed increased expression for 200 and 157 genes in the set1∆ and H3K4A 

mutants, respectively; very few genes decreased in expression in either mutant.  

Genes up-regulated in a set1∆ mutant were enriched near telomeres, consistent 

with prior observations of the silencing defect (Fig. 2A).  We observed a similar 

enrichment in an H3-K4A mutant (Fig. 2B), indicating that the role of Set1 in 

regulating silencing is mediated through H3-K4 methylation.  This role is likely to 

be indirect, given that H3-K4 methylation is depleted from silent regions.  The 

results described below are consistent with this role being an indirect 

consequence of the anti-silencing function of Set1 across euchromatin (see 

Discussion). 

 

set1∆ htz1∆ cells display a genome-wide transcription defect that is 

suppressed by deletion of SIR2 
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Our genetic data suggested that Set1 and H2A.Z have redundant roles in 

antagonizing Sir2 activity (Fig. 1B).  To elucidate these roles, we profiled 

genome-wide transcription in set1∆ htz1∆ and set1∆ htz1∆ sir2∆ mutants.  1133 

genes are up-regulated in a set1∆ htz1∆ double mutant, with a strong enrichment 

for telomere-proximal genes (Fig. 3A).  This phenotype is similar to that of a 

set1∆ single mutant, but much more severe, encompassing nearly half of all 

genes within 20kb of telomeres.  However, unlike set1∆ or htz1∆ single mutants 

(2), the set1∆ htz1∆ double mutant also exhibited a widespread, albeit 

quantitatively subtle, transcription defect, with 1446 genes (24%) being down-

regulated 1.4-fold on average.  These changes in expression were consistent 

across four independent replicate experiments (Fig. 3B), controlled using the 

Significance Analysis of Microarrays (SAM) statistical tool for false discovery (see 

Methods).  Of these 1446 genes, the expression level of 585 (40%) was 

significantly higher in set1∆ htz1∆ sir2∆ cells compared to set1∆ htz1∆ cells, 

indicating that deletion of SIR2 suppresses a large part of the transcription defect 

in set1∆ htz1∆ cells (Fig. 3B).  We observed no enrichment of these genes near 

the telomeres.  Thus, in the absence of Set1 and H2A.Z, we observed Sir2-

dependent repression of 10% of telomere-distal euchromatic genes.  If this 

repression were direct, it might be expected to occur at clusters of adjacent 

genes, reflecting the regional nature of Sir-mediated silencing.  This prediction 

was verified – using the Pyxis algorithm (23), we found statistically significant 

clusters distributed across the genome (Fig. S2). 
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The down-regulation of the remaining 60% (861) of genes in set1∆ htz1∆ 

cells appears not to be Sir2-dependent, suggesting additional redundant roles for 

these chromatin modifications in gene expression that remain to be explored.  

Nonetheless, the suppression of the set1∆ htz1∆ growth defect by genetic 

removal of the Sir complex from cells together with the microarray data makes it 

clear that promiscuous Sir-dependent repression is a prominent phenotype of 

cells that lack both H3-K4 methylation and H2A.Z. 

 

Chromatin association of Sir3 and Sir4 is increased at telomere-distal 

euchromatic genes in set1∆ htz1∆ cells 

Transcriptional profiling experiments suggested increased binding of the 

Sir complex at ectopic sites within euchromatin in the absence of Set1 and 

H2A.Z.  To test this hypothesis, we measured the in vivo association of Sir3 and 

Sir4 to chromatin in wild-type and set1∆ htz1∆ cells.  Using chromatin 

immunoprecipitation (ChIP) as described (2), Sir3 association at several 

telomere-distal euchromatic genes appeared to be at background levels, 

consistent with a previous report (21) and likely reflecting weak or transient Sir3 

binding and/or inefficient cross-linking of Sir3 to DNA at telomere-distal loci. 

To overcome this potential limitation of ChIP, we modified the DamID 

methodology established in D. melanogaster to profile chromatin associated 

proteins (24).  We fused Sir3 and Sir4 to E. coli dam (DNA adenine 

methyltransferase) in wild-type and set1∆ htz1∆ strains, resulting in dam-

mediated DNA methylation at sites where Sir3 or Sir4 bind to chromatin (Fig. 4A).  
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With no endogenous DNA methylation in S. cerevisiae, the percentage of cells 

methylated at a particular locus provides a read-out of the chromatin association 

of Sir3 or Sir4.  We accounted for variations in chromatin accessibility using 

paired strains bearing fused and unfused dam (Fig. 4A) (24).  A comparison of 

Sir3 enrichment values obtained by ChIP and DamID at HMRa, the adjoining 

gene GIT1 and two telomere-distal loci suggests that DamID can be more 

sensitive than ChIP (see Methods and Fig. S3). 

For this analysis, we chose 38 genes that displayed reduced transcription 

in the set1∆ htz1∆ double mutant, in a SIR2-dependent manner.  Strikingly, at 11 

of these genes, DamID experiments revealed increased association of Sir3 and 

Sir4 in set1∆ htz1∆ cells compared to wild-type cells (Fig. 4B, C).  We also 

probed 17 control genes that exhibit no detectable Set1-, H2A.Z- or Sir2-

dependent transcriptional regulation.  In the set1∆ htz1∆ mutant, Sir3 association 

was increased at these genes; in contrast, the changes in Sir4 association were 

significantly lower compared to the Sir2-repressed genes (Fig. S4).  The broader 

distribution of Sir3 compared to Sir4 is reminiscent of an earlier observation of an 

extended subtelomeric domain of Sir3, but not Sir4, association in cells 

overexpressing SIR3 (25).  The correlation between concomitant binding of both 

Sir3 and Sir4 at euchromatic genes in set1∆ htz1∆ cells and ectopic Sir2-

mediated repression argues that this repression is direct. 

At some of the above 11 genes, the chromatin association of Sir3 or Sir4 

was also elevated in set1∆ or htz1∆ single mutants (Fig. 4B, C), suggesting that 

ectopic Sir binding, but not repression, can occur in the absence of either Set1 or 
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H2A.Z alone.  We did not detect increased Sir3 or Sir4 binding by DamID at 27 of 

the above 38 genes; however, these 27 genes consistently displayed a higher 

level of DNA methylation in wild-type strains bearing Sir3-dam, Sir4-dam or 

unfused dam (Fig. S5).  Our data suggest that for genes with high levels of DNA 

methylation, DamID may not be sensitive to increased Sir3 or Sir4 binding due to 

saturation effects, consistent with the observations of Greil et al (26).  In 

summary, the above data indicate that, in the absence of both Set1 and H2A.Z, 

Sir3 and Sir4 bind to euchromatic genes far removed from telomeric 

heterochromatin (Fig. 5). 



 31 

DISCUSSION 

 

In this paper, we present evidence for a genome-wide anti-silencing 

function shared by Set1 and H2A.Z.  We identified the Set1 complex in an 

unbiased genetic screen for factors that act redundantly with histone variant 

H2A.Z to antagonize the activity of the Sir2-4 complex.  We show that Set1 and 

H2A.Z function in parallel to prevent the global redistribution of silencing factors 

from telomeric heterochromatin to sites across euchromatin and this redundant 

function is important for cellular fitness. 

 

Set1 and H2A.Z act redundantly to antagonize the global redistribution of 

Sir2-4 

Loss of both Set1 and H2A.Z (but not either alone) results in Sir2-

dependent repression of nearly 10% of all genes (Fig. 3B), some of which occur 

within clusters across euchromatin (Fig. S2), consistent with the regional nature 

of Sir-mediated silencing.  We observed a concomitant increase in Sir3 and Sir4 

binding to a subset of these genes (Fig. 4B, C).  These changes are not due to 

increased expression of the Sir proteins – the levels of Sir3 and Sir4 protein are 

unaffected in set1∆ htz1∆ cells; Sir2 protein levels are decreased 3-fold (Fig. S6).  

Together, these results indicate that Set1 and H2A.Z share a genome-wide anti-

silencing function that prevents ectopic silencing of genes across euchromatin.  

In contrast, ectopic silencing in htz1∆ cells is localized near telomeres and the 

silent mating cassette HMRa (2).  Similarly, set1∆ cells have been shown to 
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display silencing of two genes adjacent to telomeres (21).  Using published data 

(9, 14), we determined that genes anti-silenced redundantly by Set1 and H2A.Z 

are associated with slightly higher (10%) H3-K4 methylation in wild-type cells 

(Table S2).  While these genes do exhibit modestly higher levels of H2A.Z, the 

same is true for genes down-regulated in set1∆ htz1∆ cells in a Sir2-independent 

manner.  Thus the levels of these chromatin modifications do not appear to be 

strong predictors of sites of global anti-silencing. 

Genes up-regulated in H3-K4A, set1∆ and set1∆ htz1∆ cells are enriched 

near telomeres and overlap significantly with genes de-repressed in a sir2∆ 

mutant (p < 110-16, p < 310-12 and p < 210-22, respectively) (2).  Moreover, 

previous reports indicate that set1∆ mutants exhibit reduced silencing of reporter 

genes placed adjacent to telomeres (16, 22).  These observations indicate that, 

in addition to preventing ectopic silencing in euchromatin, Set1 and H3-K4 

methylation are required for robust silencing in telomeric heterochromatin.  Since 

the bulk of H3-K4 methylation is found outside heterochromatin (14), it is likely 

Set1 functions in euchromatin to exclude Sir proteins rather than in 

heterochromatin to promote silencing, as proposed by Santos-Rosa et al (21).  

Our analysis indicates that the scope of Sir-mediated silencing and Set1- and 

H2A.Z-mediated anti-silencing is considerably wider than has been observed 

previously, extending more than 100 kb beyond the boundaries of native 

heterochromatin.   

According to our model (Fig. 5), Sir proteins can bind to chromatin far 

removed from telomeres, although this binding appears to be much weaker than 
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that within and adjacent to telomeres.  Either H2A.Z or H3-K4 methylation alone 

is sufficient to prevent this weaker binding.  Chromatin lacking both H3-K4 

methylation and H2A.Z has a higher affinity for Sir3 and Sir4, resulting in ectopic 

binding of the Sir complex in set1∆ htz1∆ cells at sites across the genome.  This 

global redistribution of a limited pool of Sir2-4 to 10% of euchromatin would be 

expected to result in (i) weak silencing at euchromatic loci, and (ii) depletion of 

Sir proteins from telomeres, and (iii) dramatically reduced telomeric silencing.  

Indeed, the fact that Sir3 is undetectable at euchromatic loci by ChIP suggests 

that, compared to Sir protein association at sites near and within telomeres, 

ectopic Sir binding is much weaker and/or transient or occurs at a given gene 

only in a fraction of all cells.   In addition, loss of Sir proteins from telomeres 

would explain the silencing defect in set1∆ and set1∆ htz1∆ mutants discussed 

above.  This competition model is also consistent with observed competition 

between rDNA and telomeres for the limited pool of Sir2 protein (27). 

There is evidence for multiple mechanisms by which H3-K4 methylation 

could inhibit the chromatin association of Sir3 and Sir4 in vivo.  These include 

direct inhibition by the methylated lysine residue of binding between Sir3 and the 

H3 tail (21) and inhibition via recuitment of effector molecules such as the 

nucleosome-remodeling enzymes Chd1 (28) and Isw1 (29), the histone 

acetyltransferase (HAT) complexes NuA3 (30, 31) and NuA4 (31).  Additional 

support for histone acetylation as an effector mechanism comes from the 

parallels between set1∆ htz1∆ cells and gcn5∆ elp3∆ cells (32).  The latter, 
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lacking the HATs Gcn5 and Elp3, exhibit a Sir-dependent slow growth phenotype 

and local spreading of Sir3 from telomeres into telomere-proximal chromatin. 

 

Why have redundant anti-silencing mechanisms? 

The distribution of euchromatic modifications along chromatin is dynamic, 

especially during transcription and DNA replication.  For instance, gene activation 

results in removal of H2A.Z from promoters and deposition of H3-K4 methylation 

within coding sequences.  Were anti-silencing to be mediated by one 

euchromatic mark alone, transient removal of this mark could render the gene 

more susceptible to deacetylation and silencing by the Sir complex.  Redundancy 

between anti-silencing mechanisms might in this way buffer gene transcription 

from the transient changes in the euchromatic landscape.  Finally, given that the 

pools of Sir proteins are limiting, preventing their titration by ectopic binding sites 

could also promote efficient and stable silencing which may be important for the 

fidelity of cellular processes that depend on robust silencing such as mating type 

switching. 
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MATERIALS AND METHODS 

 

S. cerevisiae strains:  Strains used in this study are listed in Table S3.  For all 

experiments, cells were grown on YPD medium (Qbiogene, Inc.) supplemented 

with tryptophan and adenine, solidified with agar for the plate assays. 

 

Synthetic Genetic Array (SGA) Analysis:  An htz1∆ strain was mated to each 

of the ~5000 mutants in the S. cerevisiae gene deletion library using a colony 

arraying robot (12).  Upon diploid selection, sporulation and germination, the 

double mutant haploid progeny were selected by growth on appropriate media 

and scored for slow growth based on colony size.  This screen was performed 

three times, yielding 67 genes that were scored positive in at least two of the 

three trials.  We were able to confirm 45 of the 67 interactions by tetrad 

dissection.  To test for suppression by sir3∆, we deleted one copy of SIR3 in the 

corresponding diploids, performed tetrad analysis and compared the sizes of 

double and triple mutant colonies. 

 

Transcriptional profiling:  Exponentially-growing paired cultures of wild-type 

and mutant strains, grown in liquid YPD medium supplemented with tryptophan 

and adenine, were rapidly harvested at 0.7 OD600.  Total RNA was extracted 

using the hot phenol method as described 

(http://derisilab.ucsf.edu/microarray/protocols.html), followed by mRNA 

purification using the OligoTex kit (Qiagen).  mRNA (set1∆, set1∆ htz1∆ and 
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set1∆ htz1∆ sir2∆) or total RNA (H3K4A) was reverse transcribed into cDNA, 

which was labeled with Cy3 or Cy5 dyes and hybridized to microarrays 

representing all annotated ORFs in S. cerevisiae (33).  After washing, the 

fluorescent intensity of spots on the microarrays were quantitated using an Axon 

Genepix 4000A/B scanner and Genepix 3.0 software.  We removed spots of poor 

quality or low signal and normalized the mutant-to-wildtype mRNA ratios, such 

that the average ratio of all genes in each experiment was 1.  Thus, each ratio 

reflects the change (between mutant and wild-type cells) in the mRNA level of 

any given gene relative to the average of all genes.  Statistical analysis was 

performed on data from four independent replicate experiments using SAM 

(Significance Analysis of Microarrays) software with a 10% false-detection rate.  

The data for these experiments have been deposited into the GEO database 

(Accession number GSE4826). 

 

DamID chromatin profiling:  Translational fusions of E. coli dam (DNA adenine 

methyltransferase) to the C-termini of Sir3 and Sir4 were expressed from the 

chromosomal SIR3 and SIR4 loci under the control of the corresponding native 

promoters.  We verified that the fusions did not disrupt Sir activity using two 

assays, a quantitative mating assay and growth rate measurements (Table S4).  

In addition, we expressed unfused dam from the chromosomal SIR4 promoter.  

Wild-type and mutant strains bearing these constructs were grown in liquid YPD 

medium to 0.5-1.0 OD600.  Genomic DNA was prepared from 5ml of yeast culture 

by mechanical disruption in 25mM Tris pH 8, 25mM EDTA, 200mM NaCl, 0.4% 
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SDS, followed by Proteinase K treatment, phenol-chloroform extraction and 

ethanol precipitation.  1/50th of this DNA was digested overnight with 40U of 

DpnII (NEB).  The percent undigested DNA (i.e. percent DNA methylation) was 

determined by real-time PCR quantitation of digested and un-digested control 

DNA.  For each gene, a single GATC site located in a 300bp region centered on 

the start codon was probed using the primers listed in Table S5.  To account for 

variations in chromatin accessibility, we normalized the percent DNA methylation 

in strains bearing Sir3-dam (or Sir4-dam) by that in corresponding strains 

expressing unfused dam.  Using this assay, we observed high levels of 

methylation within (HMRa) and adjacent to (GIT1) a silenced region where high 

levels of Sir3 are detectable by ChIP (Fig. S3).  On the other hand, we obtained 

lower, though above-background, levels of methylation at euchromatic loci, 

where Sir3 binding appears to be at background levels by ChIP.  This suggests 

that DamID may be more sensitive than ChIP for profiling chromatin associated 

proteins.  
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FIGURE LEGENDS 

 

Figure 1.  Identification of the Set1 complex in a screen for anti-silencing factors 

that cooperate with H2A.Z.  (A) Results of a synthetic genetic array (SGA) screen 

for factors that act redundantly with H2A.Z (Htz1) to antagonize Sir3 activity.  

Each node represents a gene and each line a synthetic genetic interaction 

between two genes.  45 gene deletions have a synthetic growth defect with a 

deletion of HTZ1.  These genes are grouped according to membership in a 

complex or common function.  The nodes are colored according to whether 

suppression of the corresponding genetic interaction by deletion of SIR3 was 

observed (red), not observed (black) or not tested (gray).  Of the 4 interactions 

that are SIR3-dependent, 3 represent members of the Set1 complex (circled in 

red).  (B) Deletion of SIR2, SIR3 or SIR4 rescues the slow growth phenotype of a 

set1∆ htz1∆ mutant as seen by growth on plates (upper panels) and in liquid 

cultures (graph). 

 

Figure 2.  Genes up-regulated in set1∆ and H3K4A cells are enriched near 

telomeres.  (A and B) Histograms, showing the fraction of genes in 5 kb intervals 

that are up-regulated in set1∆ and H3K4A mutants, plotted as a function of their 

distance to the nearest telomere.  The p-values were calculated using a χ2 test. 

 

Figure 3.   Transcriptional profiling of set1∆ htz1∆ and set1∆ htz1∆ sir2∆ mutants.  

(A) Telomere-proximal genes are preferentially up-regulated in a set1∆ htz1∆ 
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mutant.  Histogram of the fraction of genes up-regulated in a set1∆ htz1∆ mutant 

as a function of distance to nearest telomere.  (B) Deletion of SIR2 suppresses 

the transcription defect of set1∆ htz1∆ cells.  Shown is a color representation of 

the expression of 585 genes (~10% of the genome) in set1∆, htz1∆, set1∆ htz1∆ 

and set1∆ htz1∆ sir2∆ mutants relative to wild-type.  Each row indicates the 

change in expression of a single gene in each of the above mutants (columns).  

The colors indicate the average change in expression across four independent 

replicate experiments according to the scale shown.  Hierarchical clustering of 

genes was performed using Cluster 3.0 and the results visualized using Java 

Treeview software.  These genes exhibit a reproducible expression defect in 

set1∆ htz1∆ cells, but not in either set1∆ or htz1∆ cells.  The expression of these 

genes is significantly higher in set1∆ htz1∆ sir2∆ cells compared to the set1∆ 

htz1∆ cells, indicating suppression of the set1∆ htz1∆ expression defect by 

deletion of SIR2. 

 

Figure 4.  DamID chromatin profiling of Sir3 and Sir4 in the set1∆ htz1∆ mutant.  

(A) Schematic showing the use of DamID to measure relative chromatin 

association of Sir3 in set1∆ htz1∆ cells compared to wild-type.  Expression of a 

functional fusion of Sir3 to E. coli dam results in local DNA methylation (red dots) 

at genes (rectangle), in a manner proportional to the extent of Sir3 binding to 

chromatin (gray).  The percentage of cells methylated at a particular site in wild-

type or mutant strains bearing Sir3-dam (or Sir4-dam) was normalized to that in 

corresponding strains bearing unfused dam, to account for differences in 
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chromatin accessibility.  (B and C) Increased Sir3 and Sir4 binding at 11 

telomere-distal euchromatic loci in the set1∆ htz1∆ mutant.  The values on the Y-

axis indicate the ratio of normalized DNA methylation in set1∆ htz1∆ cells to that 

in wild-type cells (average +/- SEM, n=3).  Also shown is the relative chromatin 

association of Sir3 and Sir4 in set1∆ and htz1∆ cells. 

 

Figure 5.  Model of genome-wide anti-silencing mediated redundantly by H2A.Z 

and Set1.  In wild-type cells, nucleosomes containing H2A.Z (blue) and 

methylated on H3-K4 (green) by Set1 antagonize the binding of the Sir2-4 

complex (red) across euchromatin.  Disruption of both these anti-silencing 

pathways in set1∆ htz1∆ cells results in redistribution of Sir proteins from 

telomeric heterochromatin to ectopic sites across the genome. 
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Supplementary Figure and Table Legends 

 

Figure S1.  Suppression of the set1∆ htz1∆ slow growth phenotype by sir4∆ is 

not due to change in mating-type identity.  The doubling times of the indicated 

haploid strains were measured in exponentially growing liquid cultures (average 

+/- SEM, n=3).  Statistical significance between the indicated groups was 

assessed using Analysis of Variance (ANOVA) followed by Student’s t-Test.  

Deletion of SIR4 suppresses the slow growth phenotype of set1∆ htz1∆ cells.  

sir4∆ haploid cells behave as pseudo-diploids due to de-repression of the silent 

mating-type cassettes, resulting in expression of both a- and α-specific 

transcription factors from HMRa and HMLα.  To exclude the possibility that the 

above suppression was due to differences in mating-type identity, we generated 

a MATa set1∆ htz1∆ sir4∆ hml∆ strain, which lacks Sir4 and should behave as a 

MATa haploid.  Deletion of HMLα  does not affect suppression of the set1∆ htz1∆ 

phenotype by sir4∆. 

 

Figure S2.  Genes repressed by Sir2 in the set1∆ htz1∆ mutant occur in clusters 

along chromosomes.  Schematic of 16 chromosomes (horizontal lines), showing 

the location of genes (blue ticks) whose expression defect in set1∆ htz1∆ cells is 

suppressed by deletion of SIR2.  Centromeres are shown in yellow.  Statistically 

significant clusters identified by the Pyxis tool are indicated by the red 

arrowheads (p < 0.001).   
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Figure S3.  DamID can be more sensitive than ChIP for profiling Sir3 association 

at telomere-distal loci.  (A) Relative Sir3 abundance in wild-type cells at genes 

proximal (HMR, GIT1) and distal (YDR398W, YGR235C) to silenced regions, by 

chromatin immuno-precipitation (ChIP).  The values on the Y-axis indicate 

enrichment of immuno-precipitated DNA relative to a control locus, PRP8 

(average +/- SEM, n=3).  (B) Chromatin association of Sir3 in wild-type cells at 

the same genes by DamID.  Y-axis indicates DNA methylation in cells expressing 

Sir3-dam, divided by that in cells expressed unfused dam to account for 

variations in chromatin accessibility (average +/- SEM, n=3; see Methods and 

Fig. 4A).  Using DamID, we observed differences in the levels of Sir3 association 

between GIT1, YDR398W and YGR235C that appear to be at or below the 

threshold of detection by ChIP. 

 

Figure S4.  DamID profiling of Sir3 and Sir4 association in wild-type and set1∆ 

htz1∆ cells at control genes.  We measured Sir3 and Sir4 association as shown 

in Fig. 4A at 17 control genes whose transcription is regulated by Set1, H2A.Z or 

Sir2.  These genes are matched with those shown in Fig. 4B and 4C for levels of 

DNA methylation to avoid DamID saturation artifacts.  (A)  Increased Sir3 

association at control genes in a set1∆ htz1∆ mutant.  The values on the Y-axis 

indicate the ratio of DNA methylation due to Sir3-dam (normalized to unfused 

dam) in set1∆ htz1∆ cells to that in wild-type cells (average +/- SEM, n=3).  The 

dashed red line indicates the mean increase in Sir3 association at the 

experimental genes shown in Fig. 4B.  The increases in Sir3 association at these 
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control genes are similar in magnitude to those at genes that exhibit Sir2-

dependent repression in set1∆ htz1∆ cells.  (B) Changes in Sir4 association at 

control genes are significantly lower compared to the Sir2-repressed genes.  

Dashed red line indicates average of values shown in Fig. 4C.  The statistical 

significance was assessed using the Student’s t-Test. 

 

Figure S5.  High levels of DNA methylation negatively correlate with detectable 

increases in Sir3 and Sir4 association by DamID.  (A)  The relative change in 

Sir3 association between wild-type and set1∆ htz1∆ cells appears to be small at 

loci where the absolute levels of DNA methylation are high.  Shown is a scatter 

plot of the absolute levels of DNA methylation in wild-type cells bearing Sir3-dam 

(X-axis) against the change in chromatin association of Sir3 as measured in Fig. 

4B (Y-axis).  There is a strong negative correlation between  these variables.  (B) 

Same as (A) for Sir4.  (C)  Same as (A), except the X-axis indicates absolute 

levels of DNA methylation in wild-type cells bearing unfused dam.  (D)  Same as 

(C) for Sir4. 

 

Figure S6.  Comparison of Sir2, Sir3 and Sir4 protein levels in wild-type and 

set1∆ htz1∆ cells.  Wild-type and set1∆ htz1∆ strains bearing Sir2-, Sir3- or Sir4-

GFP fusions expressed from the native promoters were grown in liquid cultures.  

Whole-cell extracts, prepared by boiling cell pellets in loading buffer, were 

resolved by SDS-PAGE, transferred to a nitrocellulose membrane western 

blotting, and probed using the following antibodies:  mouse anti-GFP (1:1000), 
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rat anti-Tubulin (1:2000), 680nm anti-mouse (1:10,000) and 800nm anti-rat 

(1:10,000).  The blot was quantitated on a LI-COR Odyssey Infrared Imaging 

System.  The ratio of each Sir protein in mutant cells relative to wild-type, 

normalized to Tubulin (loading control) is indicated below each lane.  set1∆ htz1∆ 

cells exhibit a 3-fold decrease in Sir2, but no change in Sir3 or Sir4. 

 

Table S1:  Genes whose deletion results in a synthetic growth phenotype in an 

htz1∆ mutant 

 

Table S2:  Levels of H2A.Z and H3 K4 methylation at genes down-regulated in 

set1∆ htz1∆ cells 

 

Table S3:  S. cerevisiae strains used in this study 

 

Table S4:  Sir3-dam and Sir4-dam are functional fusions.  We tested the function 

of Sir3- and Sir4-dam fusions using both a quantitative mating assay as well as 

growth rate measurements.  For the quantitative mating assay, 2 x 106 cells of 

each experimental strain (MATα  lys2∆0) was mixed with 107 cells of a mating 

tester strain (MATa met15∆0) and collected by vacuum filtration on a 

nitrocellulose membrane.  The membrane was incubated on the surface of a 

YPD plate for 5 hrs at 30ºC to allow mating.  The cells were then washed off the 

membrane, serially diluted and plated on appropriate media.  The ratio of diploids 

to MATα  haploids plus diploids is reported as mating efficiency.  Whereas, a null 
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mutation in SIR4 results in mating defect of 7 orders of magnitude, SIR3-dam 

and SIR4-dam mate nearly as efficiently as wild-type, indicating that these 

fusions are functional.  Similarly, unlike sir4∆, these fusions do not cause a 

significant decrease in the doubling time of a set1∆ htz1∆ strain. 

 

Table S5:  List of PCR primers used in DamID and ChIP assays.  The DamID 

primers were chosen to flank a single GATC site located in a 300bp region 

centered on the start codon of each gene.  The primer pairs generate ~ 250-300 

bp amplicons.  The ChIP primers listed are described in Meneghini et al.  (2003) 

Cell 112, 725-36.  
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Figure S2 
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Figure S3 
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Figure S4 
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Table S1:  Genes whose deletion results in a synthetic growth phenotype in an 
htz1∆ mutant. 
 
ORF Gene Descriptiona Synthetic 

growth 
phenotype 
in an 
htz1∆ 
mutant 

Synthetic 
phenotype 
suppressed 
by deletion 
of SIR3? 

YHR119W SET1 Histone methyltransferase, 
subunit of the COMPASS 
(Set1C) complex which 
methylates histone H3 on 
lysine 4, contains a SET 
domain  

very sick yes 

YAR003W SWD1 Subunit of the COMPASS 
(Set1C) complex, which 
methylates histone H3 on 
lysine 4, WD40 beta propeller 
superfamily member with 
similarity to mammalian Rbbp7 

sick yes 

YBR175W SWD3 Subunit of the COMPASS 
(Set1C) complex, which 
methylates histone H3 on 
lysine 4, WD40 beta propeller 
superfamily member and 
ortholog of mammalian WDR5 

sick yes 

YDR469W SDC1 Subunit of the COMPASS 
(Set1C) complex, which 
methylates histone H3 on 
lysine 4, has similarity to C. 
elegans Dpy-30 

sick not tested 

YDL074C BRE1 E3 ubiquitin ligase for Rad6p, 
required for the recruitment of 
Rad6p to promoter chromatin, 
mono-ubiquitination of histone 
H2B on lysine 123, and 
subsequent methylation of 
histone H3 (on K4 and K79), 
contains RING finger domain  

lethal not tested 

YPL055C LGE1 Interacts with Bre1, required 
for the mono-ubiquitination of 
histone H2B on lysine 123 

lethal no 

YGL244W RTF1 Subunit of the RNA 
polymerase II-Paf1 complex; 
required for mono-

sick no 
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ubiquitination of histone H2B 
on K123, and subsequent 
methylation of histone H3 (on 
K4 and K79) 

YOR123C LEO1 Component of the Paf1 
complex, which associates 
with RNA polymerase II and is 
involved in histone mono-
ubiquitination and methylation 

slightly 
sick 

no 

YLR418C CDC73 Component of the Paf1 
complex, which associates 
with RNA polymerase II and is 
involved in histone mono-
ubiquitination and methylation 

lethal no 

YJL168C SET2 Histone methyltransferase with 
a role in transcriptional 
elongation, methylates histone 
H3 on lysine 36; associates 
with the C-terminal domain of 
Rpo21p; histone methylation 
activity is regulated by 
phosphorylation status of 
Rpo21p 

lethal no 

YLR055C SPT8 Subunit of the SAGA 
transcriptional regulatory 
complex but not present in 
SAGA-like complex 
SLIK/SALSA, required for 
SAGA-mediated inhibition at 
some promoters 

lethal no 

YGL194C HOS2 Histone deacetylase required 
for gene activation via specific 
deacetylation of lysines in H3 
and H4 histone tails; subunit of 
the Set3 complex, a meiotic-
specific repressor of 
sporulation specific genes that 
contains deacetylase activity 

sick no 

YBR103W SIF2 WD40 repeat-containing 
subunit of the Set3C histone 
deacetylase complex, which 
represses early/middle 
sporulation genes; antagonizes 
telomeric silencing; binds 
specifically to the Sir4p N-
terminus 

very sick yes 
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YDR207C UME6 Key transcriptional regulator of 
early meiotic genes, binds 
URS1 upstream regulatory 
sequence, couples metabolic 
responses to nutritional cues 
with initiation and progression 
of meiosis, forms complex with 
Ime1p, and also with Sin3p-
Rpd3p 

lethal no 

YBR095C RXT2 Subunit of the histone 
deacetylase Rpd3L complex; 
possibly involved in cell fusion 
and invasive growth 

lethal no 

YPL181W CTI6 / 
RXT1 

Protein that relieves 
transcriptional repression by 
binding to the Cyc8p-Tup1p 
corepressor and recruiting the 
SAGA complex to the 
repressed promoter; contains a 
PHD finger domain 

lethal no 

YAL013W DEP1 Transcriptional modulator 
involved in the regulation of 
structural genes involved in 
phospholipid biosynthesis, also 
participates in regulation of 
metabolically unrelated genes 
as well as maintenance of 
mating efficiency and 
sporulation 

lethal no 

YMR263W SAP30 Subunit of a histone 
deacetylase complex, along 
with Rpd3p and Sin3p, that is 
involved in silencing at 
telomeres, rDNA, and silent 
mating-type loci 

lethal no 

YNL097C PHO23 Probable component of the 
Rpd3 histone deacetylase 
complex, involved in 
transcriptional regulation of 
PHO5; C-terminus has 
similarity to human candidate 
tumor suppressor p33(ING1) 

lethal not tested 

YDR159W SAC3 Nuclear pore-associated 
protein, forms a complex with 
Thp1p that is involved in 
transcription and in mRNA 

lethal no 
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export from the nucleus 
YOL072W THP1 Nuclear pore-associated 

protein, forms a complex with 
Sac3p that is involved in 
transcription and in mRNA 
export from the nucleus; 
contains a PAM domain 
implicated in protein-protein 
binding 

lethal no 

YIL040W APQ12 Protein involved in 
nucleocytoplasmic transport of 
mRNA 

lethal no 

YGL173C KEM1 5'-3' exonuclease involved in 
mRNA decay, evolutionarily 
conserved component of 
cytoplasmic processing (P) 
bodies, plays a role in 
microtubule-mediated 
processes, filamentous growth, 
and ribosomal RNA maturation 

very sick no 

YOR308C SNU66 66kD U4/U6.U5 snRNP 
associated protein 

very sick no 

YPL178W CBC2 / 
MUD13 

Small subunit of the 
heterodimeric cap binding 
complex that also contains 
Sto1p, component of the 
spliceosomal commitment 
complex; interacts with Npl3p, 
possibly to package mRNA for 
export from the nucleus; 
contains an RNA-binding motif 

lethal no 

YER014C-
A 

BUD25 Protein involved in bud-site 
selection; diploid mutants 
display a random budding 
pattern instead of the wild-type 
bipolar pattern 

lethal no 

YML034W SRC1 Protein with a putative role in 
sister chromatid segregation, 
potentially phosphorylated by 
Cdc28p; green fluorescent 
protein (GFP)-fusion protein 
localizes to the nuclear 
periphery 

slightly 
sick 

no 

YLR262C YPT6 Ras-like GTP binding protein 
involved in the secretory 
pathway, required for fusion of 

slightly 
sick 

not tested 
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endosome-derived vesicles 
with the late Golgi; has 
similarity to the human 
GTPase, Rab6 

YGL240W DOC1 Processivity factor required for 
the ubiquitination activity of the 
anaphase promoting complex 
(APC), mediates the activity of 
the APC by contributing to 
substrate recognition; involved 
in cyclin proteolysis 

sick not tested 

YCR065W HCM1 Forkhead transcription factor 
involved in cell cycle specific 
transcription of SPC110, 
encoding a spindle pole body 
(SPB) calmodulin binding 
protein; dosage-dependent 
suppressor of calmodulin 
mutants with specific defects in 
SPB assembly 

sick not tested 

YAR002W NUP60 Subunit of the nuclear pore 
complex (NPC), functions to 
anchor Nup2p to the NPC in a 
dynamic process that is 
controlled by the 
nucleoplasmic concentration of 
Gsp1p-GTP; potential Cdc28p 
substrate 

sick no 

YGL020C MDM39 Protein required for normal 
mitochondrial morphology and 
inheritance 

lethal no 

YEL013W VAC8 Phosphorylated vacuolar 
membrane protein that 
interacts with Atg13p, required 
for the cytoplasm-to-vacuole 
targeting (Cvt) pathway; 
interacts with Nvj1p to form 
nucleus-vacuole junctions 

slightly 
sick 

no 

YOL081W IRA2 GTPase-activating protein that 
negatively regulates RAS by 
converting it from the GTP- to 
the GDP-bound inactive form, 
required for reducing cAMP 
levels under nutrient limiting 
conditions, has similarity to 
Ira1p and human 

sick not tested 
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neurofibromin 
YKL069W  Hypothetical protein lethal no 
YML124C TUB3 Alpha-tubulin; associates with 

beta-tubulin (Tub2p) to form 
tubulin dimer, which 
polymerizes to form 
microtubules; expressed at 
lower level than Tub1p 

lethal no 

YNL153C GIM3 Subunit of the 
heterohexameric cochaperone 
prefoldin complex which binds 
specifically to cytosolic 
chaperonin and transfers 
target proteins to it 

lethal no 

YGR078C PAC10 Part of the heteromeric co-
chaperone GimC/prefoldin 
complex, which promotes 
efficient protein folding 

lethal no 

YDR289C RTT103 Protein that interacts with 
exonuclease Rat1p and Rai1p 
and plays a role in transcription 
termination by RNA 
polymerase II, has an RPR 
domain (carboxy-terminal 
domain interacting domain); 
also involved in regulation of 
Ty1 transposition 

slightly 
sick 

no 

YGR262C BUD32 Protein involved in bud-site 
selection; diploid mutants 
display a random budding 
pattern instead of the wild-type 
bipolar pattern 

sick not tested 

YDR363W-
A 

SEM1 Component of the lid 
subcomplex of the regulatory 
subunit of the 26S 
proteasome; ortholog of 
human DSS1 

sick no 

YFR010W UBP6 Ubiquitin-specific protease 
situated in the base 
subcomplex of the 26S 
proteasome, releases free 
ubiquitin from branched 
polyubiquitin chains; deletion 
causes hypersensitivity to 
cycloheximide and other toxic 
compounds 

slightly 
sick 

not tested 



 68 

YER151C UBP3 Ubiquitin-specific protease that 
interacts with Bre5p to co-
regulate anterograde and 
retrograde transport between 
endoplasmic reticulum and 
Golgi compartments; inhibitor 
of gene silencing; cleaves 
ubiquitin fusions but not 
polyubiquitin 

lethal no 

YJL115W ASF1 Nucleosome assembly factor, 
involved in chromatin 
assembly after DNA 
replication, anti-silencing 
protein that causes 
derepression of silent loci 
when overexpressed 

sick not tested 

YHR013C ARD1 Subunit of the N-terminal 
acetyltransferase NatA (Nat1p, 
Ard1p, Nat5p); N-terminally 
acetylates many proteins, 
which influences multiple 
processes such as the cell 
cycle, heat-shock resistance, 
mating, sporulation, and 
telomeric silencing 

lethal no 

 
aDescriptions adapted from the Saccharomyces Genome Database 
(www.yeastgenome.org) 
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Table S2:  Levels of H2A.Z and H3 K4 methylation at genes down-regulated in 
set1∆ htz1∆ cells 
 
Dataset All genes Genes down-

regulated in 
set1∆ htz1∆ 
cells in a Sir2-
independent 
manner 

Genes down-
regulated in 
set1∆ htz1∆ 
cells in a Sir2-
dependent 
manner 

 
Zhang, H. et al. (2005) Cell 123, 219-31. 
Average H2A.Z ChIP ratio 
in intergenic regions 1.28 +/- 0.82 1.78 +/- 0.91 1.72 +/- 0.82 

    
Bernstein, B.E. et al. (2002) PNAS 99, 8695-700. 
Average H3 K4 di-
methylation ChIP ratio in 
coding sequences 

1.05 +/- 0.31 1.06 +/- 0.29 1.17 +/- 0.25 
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Table S3:  S. cerevisiae strains used in this study 
 
Strain 
Number 

Genotype 

YM2295 MATα htz1∆::natMX4 can1∆::MFA1pr-HIS3-MFα1pr-LEU2 his3∆1 
leu2∆0 ura3∆0 lys2∆0 met15∆0 

YM1729 MATα his3∆1 leu2∆0 ura3∆0 lys2∆0 
YM2616 MATα set1∆::HIS3MX6 his3∆1 leu2∆0 ura3∆0 lys2∆0 
YM2617 MATα htz1∆::natMX4 his3∆1 leu2∆0 ura3∆0 lys2∆0 
YM2300 MATα set1∆::HIS3MX6 htz1∆::natMX4 his3∆1 leu2∆0 ura3∆0 

met15∆0 
YM2301 MATa set1∆::HIS3MX6 htz1∆::natMX4 sir2∆::URA3MX4 his3∆1 

leu2∆0 ura3∆0 met15∆0 lys2∆0 
YM2618 MATα set1∆::HIS3MX6 htz1∆::natMX4 sir3∆::URA3MX4 his3∆1 

leu2∆0 ura3∆0 lys2∆0 
YM2619 MATα set1∆::HIS3MX6 htz1∆::natMX4 sir4∆::URA3MX4 his3∆1 

leu2∆0 ura3∆0 
YM2296 MATa his3∆1 leu2∆0 ura3∆0 met15∆0 
YM2297 MATa set1∆::HIS3MX6 his3∆1 leu2∆0 ura3∆0 met15∆0 
YM2298 MATα ura3-52, leu2-3,112 trp1 his3 ∆[HHT1-HHF1] ∆[HHT2-

HHF2] pRS314 (HHT2-HHF2) 
YM2299 MATα ura3-52, leu2-3,112 trp1 his3 ∆[HHT1-HHF1] ∆[HHT2-

HHF2] pRS314 (hht2K4A-HHF2) 
YM2302 MATα SIR3-dam::kanMX6 his3∆1 leu2∆0 ura3∆0 lys2∆0 
YM2303 MATα SIR3-dam::kanMX6 set1∆::HIS3MX6 htz1∆::natMX4 

his3∆1 leu2∆0 ura3∆0 met15∆0 
YM2620 MATα SIR3-dam::kanMX6 htz1∆::natMX4 his3∆1 leu2∆0 ura3∆0 

lys2∆0 
YM2312 MATα SIR3-dam::kanMX6 set1∆::HIS3MX6 his3∆1 leu2∆0 

ura3∆0 lys2∆0 
YM2304 MATα SIR4-dam::kanMX6 his3∆1 leu2∆0 ura3∆0 lys2∆0 
YM2305 MATα SIR4-dam::kanMX6 set1∆::HIS3MX6 htz1∆::natMX4 

his3∆1 leu2∆0 ura3∆0 met15∆0 
YM2621 MATα SIR4-dam::kanMX6 htz1∆::natMX4 his3∆1 leu2∆0 ura3∆0 

lys2∆0 
YM2313 MATα SIR4-dam::kanMX6 set1∆::HIS3MX6 his3∆1 leu2∆0 

ura3∆0 lys2∆0 
YM2306 MATα SIR4pr-dam::kanMX6 SIR4+ his3∆1 leu2∆0 ura3∆0 lys2∆0 
YM2307 MATα SIR4pr-dam::kanMX6 SIR4+ set1∆::HIS3MX6 

htz1∆::natMX4 his3∆1 leu2∆0 ura3∆0 met15∆0 
YM2622 MATα SIR4pr-dam::kanMX6 SIR4+ htz1∆::natMX4 his3∆1 leu2∆0 

ura3∆0 lys2∆0 
YM2314 MATα SIR4pr-dam::kanMX6 SIR4+ set1∆::HIS3MX6 his3∆1 

leu2∆0 ura3∆0 lys2∆0 
YM2631 MATa SIR2-GFP::HIS3MX his3∆1 leu2∆0 ura3∆0 met15∆0 
YM2623 MATa SIR2-GFP::HIS3MX set1∆:: natMX4 htz1∆::kanMX his3∆1 
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leu2∆0 ura3∆0 met15∆0 
YM2632 MATa SIR3-GFP::HIS3MX his3∆1 leu2∆0 ura3∆0 met15∆0 
YM2624 MATa SIR3-GFP::HIS3MX set1∆:: natMX4 htz1∆::kanMX his3∆1 

leu2∆0 ura3∆0 met15∆0 
YM2633 MATa SIR4-GFP::HIS3MX his3∆1 leu2∆0 ura3∆0 met15∆0 
YM2625 MATa SIR4-GFP::HIS3MX set1∆:: natMX4 htz1∆::kanMX his3∆1 

leu2∆0 ura3∆0 met15∆0 
YM1529 MATa htz1∆::kanMX his3∆1 leu2∆0 ura3∆0 met15∆0 
YM2626 MATa set1∆::HIS3MX6 his3∆1 leu2∆0 ura3∆0 met15∆0 
YM2627 MATa set1∆::HIS3MX6 htz1∆::natMX4 his3∆1 leu2∆0 ura3∆0 
YM2628 MATa set1∆::HIS3MX6 htz1∆::natMX4 sir4∆::URA3MX4 his3∆1 

leu2∆0 ura3∆0 lys2∆0 
YM2629 MATa set1∆::HIS3MX6 htz1∆::natMX4 sir4∆::URA3MX4 

hml∆::CgLEU2 his3∆1 leu2∆0 ura3∆0 lys2∆0 
YM2630 MATa hml∆::CgLEU2 his3∆1 leu2∆0 ura3∆0 met15∆0 
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Table S4:  Sir3-dam and Sir4-dam are functional fusions 
 
Genotype Mating efficiency Source 
SIR3+ SIR4+ 1 this study 
SIR3-dam 0.77 this study 
SIR4-dam 0.9 this study 
sir4-351 (nonsense 
mutation) 

1.1 x 10-7 Rine, J. and Herskowitz, I. (1987) 
Genetics 116, 9-22. 

 
 
Genotype Doubling time 

(hours) 
 

set1∆ htz1∆ SIR3+ 
SIR4+ 

2.35 

set1∆ htz1∆ SIR3-dam 2.17 
set1∆ htz1∆ SIR4-dam 2.21 

Analysis of Variance (ANOVA) 
indicates that the differences 
between these values are not 
statistically significant (p > 0.05) 
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Table S5:  List of PCR primers used in DamID and ChIP assays 
 
Gene Forward primer Reverse primer 
 

DamID primers 
YOR179C AGATTTTTTTTTTTAACTTCGGATG CAGTTTCGTGGCATTTTCCGTTGCA 
YDR398W TTATACTGGTAACTCTGCACGATAG GGGGAACTGTACAACACGTTCAACC 
YMR188C GAATTCTGAAGCAATTTGGGATTGT TTCACCTTCATCATGCACTAAATAA 
YGR235C CATACGCAAAACAACAAGACCCCAG TATATTGGAGAAAATGAGCTGGTAG 
YKL137W GAAAACGGAGTGCCCTGTATTTATA CATTCCATTTGCCTTAGCACAATCT 
YKL003C TTTATCTATCTTTTCGCAGTTATCA AAGATACCTTATGCCCATGGGTACA 
YGL068W AAAACAAAATTTTTCAACTTACCCG AACTGGCCTTACATCATCCTTATGT 
YKL170W TCATGTTGCTAAATGACGGATGGAA CAAGGGCTTTGCTTTCTGTATAACA 
YDL205C CAGATTGACGCTCGTGTTTGCATGG GAATTGAATCTGGTCACCAAGAGTT 
YOL033W AGGCTTCACCAAATAAAGAACTAAT CGCAAACCTAGTTCTAACAGGTAAA 
YOL031C GGTAACGGAATTGTGATAATTAAGA CGAATTCCCTGAAATTTCAAGTTCT 
HMR GCCTACCTTCTTGAACAAGA CCGTCCAAGTTATGAGCTTA 
GIT1 TAGCATGGATTGATTATATAGGCAT TTACCGATGTGATATCTTTGTCTTC 
YOR035C ATGATGATTATCAGCCGCGATAAG  CCGGCATTTTCCCAGATTC 
YPL212C CACTTTTAGTCATCGCTATAGTTCGAG CATTTTCATCCAAACGAGGACC 
YMR309C CGGATGAAGAACTGGCTACATC AAAAATTAGCTACAGGTTCGCAGTTG 
YDR362C CCTGGATGAGTTGTTAAAGCTTTG CGAAATTTGCAACTGCTTTCTTAGATG 
YNR007C AGAGCGAAGGGCTATTTAAAGG TTCCACTTCCAGGTGGGAAAC 
YML117W GAGGTGTAGTTGGCTCATTCAC GCAGTATCAAAAGGTGTTGGTGG 
YLR074C GTAGCGGGAGATGAGATGAGG CGCTATAGCAGTCTCCATGTATTTG 
YJL098W ATAGTGGCGTTTATCGTTTTGCC CAGTAGAGACAGGTTTGGCTTATAAG 

YPL150W GTAACGTTTTTTCCCTCATATCATTCC 
GCTTTTTATATTGTTTTGTTCCAATTTCGA
G 

YOL054W CTATGTCCACTACAATTTAGATGAGCTC TAGCAATAATTATGACCACAAGGTGTC 
YDR372C ACGCTAACAAATAGAGCTAAATTAGCAG TTTTGTTTGTTCCATTGTCATCATCC 
YJL020C TCTCCTTAAGACTTCAACTAGAAGTGG CCTGGTATTCACCAAAGTACCATTC 
YDL141W GGTTGTTACAGGTTCAGAGTTCC GACAGTACTGACGGCGTAATAG 
YKL105C TCGCCATTCCATCTTCTTCATATTC GTAGTTCGAGAGGTAAAACTCTGATTG 
YER121W AGGGTCTTGGATGCACATTAAC TCCTGTTGCATTTCTTCGCTC 
YNL091W TCAAAGCTAGAAGAAGAGTGATTTGTC GTAATCCGATTCTGTATGATACAACTCTG 
YPL020C GCACATAATGAGAAGATGTGTGTGATAG CTAGACTCGGAGGGATTGTTCAATA 
YLR186W GGAAAAAGTGAAAAATTATTGTTCG GAGGGATGCCATCGCTAATACCACA 
YBR154C ATATTATTCAAAACGACGCAATTCG CATGGAGTCACAATACTTGGCCTTG 
YDR194C GATGCTTCAATCATCATCTGTTTCA CCTACCAAAATTTCTTTGATCTCTG 
YDR337W ACGGTTTTCCGTGATAGAGCAAGCA ATTTTTCTGTTTTCGTCTTTGAGCC 
YOR305W TCAAATTATTTATCGAGGCCAACTG TCGTAGTTTCTCAGATAACTCCCTC 
YDR016C ACCATTGAGCGGAAAGGGCCACCTC CTCCAATGATATATTGAGACCATTC 
YDL092W CATATTCTTACTTCCTCGCCCGTGC ATCAAATTCAAGATTCCCTTCCACA 
YLR261C GATTACAGTTATGGGATACAGCAGG AGCCTGCCTTTGTGGACGTTTCCAT 
YBL003C CATGTTCCGTTAAAGTTTTACTTTT TGGAGCACCAGAACCAATTCTCTGG 
YCR003W ATCTATTTGTGGTCTCTCGAGGAAA CTTTTCTCTCAACCAACGGTGGATA 
YJL107C TTTTACGTTTGTTTTAAGCCTACTA ACCACTTAAATTGCCTTTTTTGCTC 
YDR397C TCTCCCTCCTATATAAATGGAAGCG ATATCATCTTTTGTACGGTCGCTAA 
YDR225W CTTGTAGATTTTCTGGTCTTGTTGA TGGAGCACCAGAACCAATTCTTTGG 
YDL208W GCCTTCAATACATAATGGAAAATTT TGGTTTAGCGAATGGCAACACAGCA 
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YIL070C ATAAAACCAACGCGAATTGGATATT GGTCTCTTGGTTCCTCATGATTGCA 
YER062C TAAATACACAAGCTAAAACAACATA GATAACGTGTTCAGCATCGAAATAA 
YNR020C ATGAAATGGAAAAGGGTTCTGCTAA ATTATCCCCACTGCTATTCATATCG 
YBR155W AAAAAAGAAAGAAAAAAAGAATATG GAAAAAAGGCATTCTGTTCATTTCT 
YNR074C ATGAAGCCTATTATAAGTATTAATA GACAGCTGAGGGTAGAAAATACACA 
YNL036W CTGACATAGAGTACTATAAATACTT AGGGGACTGGCCCTTCGCATTGTGA 
YNL177C TCTGTGGGCGGGGTAACTAAGCCTT TGGTTTATTTTCTGTAATGCTTCCG 
YDR175C TTGCACGTCGGAGCTCTTTAATGAG GAGATCTGCTGAAAAAGCTGGTCCT 
YFL046W GAGATATAATTATTTACATTATTGT TTGATCCTCTTGAAATTTACCGTTC 
YHR136C ACGCACGTGGGCGAAAGTTCATTAC ACCATCTTTAAGTTGTTTGTGTTGT 
YBR156C GAAACCGATCTTCATATTTTAAATT CCATTCACTACTTTCGTACAATCGT 
YOL032W AAAAGCGAAATTTGGGGATAAAAGG AAAGGTAACATTAGGTAATATAAAC 
YFL034C-A AAGCAAAAAAGAGCTAATTACCTAA TGTAACTTCGAGATGGAATCCACTA 
   

ChIP primers 
HMR GGCGATATAATTTATCATGTTTTGG TCTCTAACTTCGTTGACAAATTTTC 
GIT1 TTCATGAATTTCCTTACTGGAC  GTTGACTAGTCACAAGAAACAG 
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A Protein Complex Containing the Conserved Swi2/Snf2-Related ATPase 

Swr1p Deposits Histone Variant H2A.Z into Euchromatin 
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SUMMARY 

The conserved histone variant H2A.Z functions in euchromatin to 

antagonize the spread of heterochromatin. The mechanism by which histone 

H2A is replaced by H2A.Z in the nucleosome is unknown. We identified a 

complex containing 13 different polypeptides associated with a soluble pool of 

H2A.Z in Saccharomyces cerevisiae. This complex was designated SWR1-Com 

in reference to the Swr1p subunit, a Swi2/Snf2-paralog. Swr1p and six other 

subunits were found only in SWR1-Com, whereas six other subunits were also 

found in the NuA4 histone acetyltransferase and/or the Ino80 chromatin 

remodeling complex. H2A.Z and SWR1 were essential for viability of cells lacking 

the EAF1 component of NuA4, pointing to a close functional connection between 

these two complexes. Strikingly, chromatin immunoprecipitation analysis of cells 

lacking Swr1p, the presumed ATPase of the complex, revealed a profound defect 

in the deposition of H2A.Z at euchromatic regions that flank the silent mating type 

cassette HMR and at 12 other chromosomal sites tested. Consistent with a 

specialized role for Swr1p in H2A.Z deposition, the majority of the genome-wide 

transcriptional defects seen in swr1Δ cells were also found in htz1Δ cells. These 

studies revealed a novel role for a member of the ATP-dependent chromatin 

remodeling enzyme family in determining the region-specific histone subunit 

composition of chromatin in vivo and controlling the epigenetic state of 

chromatin. Metazoan orthologs of Swr1p (Drosophila Domino; human SRCAP 

and p400) may have analogous functions. 
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INTRODUCTION 

Histones are the major constituent of chromatin and exert a profound 

influence on most if not all aspects of chromosome behavior. The functional state 

of chromatin is regulated, in part, by histone modifying enzymes and ATP-

dependent chromatin remodeling enzymes. Members of the latter enzyme class 

alter the structure of nucleosomes or slide them along DNA in vitro (reviewed in 

Becker and Horz 2002; Peterson 2002). These enzymes have a catalytic DNA-

dependent ATPase subunit, which is similar in sequence to those of the 

DEAD/DEAH-box class of RNA-dependent ATPases. The prototype for this 

family is the Saccharomyces cerevisiae Swi2/Snf2 protein, originally identified for 

its role in promoting transcription. 

In addition to histone modification and nucleosome remodeling/sliding, 

there is a third form of chromatin regulation that involves the replacement of 

canonical histones with histone variants. For example, replacement of histone H3 

by a conserved H3 variant (called Cse4p in S. cerevisiae, Cid in Drosophila, or 

CENP-A in humans) is essential for the assembly of the kinetochore (reviewed in 

Smith 2002). The other histone variant that is conserved between yeast and 

humans is H2A.Z, which replaces H2A in about one in ten nucleosomes. By 

convention, the gene encoding H2A.Z in Saccharomyces is referred to as HTZ1 

and mutant forms of the gene are referred to as htz1. We have shown previously 

that an important function of H2A.Z in S. cerevisiae is to prevent the spreading of 

silent chromatin, also termed heterochromatin, into adjacent euchromatic regions 

(Meneghini et al. 2003). Silencing in S. cerevisiae occurs at the HMR and HML 
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silent mating type cassettes, near telomeres, and in the rDNA (reviewed in 

Rusche et al. 2003). All three types of silencing require the NAD-dependent 

histone deacetylase Sir2p. Telomeric and HM silencing also require the histone 

H3/H4 tail binding proteins, Sir3p and Sir4p. In yeast cells lacking H2A.Z, the Sir 

complex spreads beyond its normal boundaries at HMR and into neighboring 

euchromatin, resulting in the repression of gene expression (Meneghini et al. 

2003). This repression is reversed by a deletion of SIR2 or a deletion of the 

nucleation sites for silencing at HMR. Likewise, the silencing of genes near 

telomeres in htz1Δ cells is reversed by a deletion of SIR2. In yeast, H2A.Z itself 

is enriched in the euchromatic region flanking HMR and is depleted in silent 

regions. Genetic analysis indicates that H2A.Z acts independently of a 

characterized chromatin boundary element that occurs on the right border of the 

HMR silent cassette. Thus, H2A.Z is a euchromatin-specific factor that 

antagonizes the spread of silencing through a mechanism that is independent of 

at least one characterized boundary element (Meneghini et al. 2003). However, 

the creation of a boundary for the spread of silenced chromatin likely involves 

additional protein factors, such as the double bromodomain protein, Bdf1p, 

whose function is similar to that of H2A.Z and which binds preferably to 

acetylated histones that are found in euchromatin outside of silenced regions 

(Ladurner et al. 2003; Matangkasombut and Buratowski 2003). 

Despite its critical role in preventing the spread of heterochromatin, the 

mechanism by which H2A.Z is deposited in euchromatin is unknown. The 

canonical histones can be deposited by both replication-coupled and replication-
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independent deposition mechanisms (reviewed in Haushalter and Kadonaga 

2003). In human cells, the replication-coupled deposition pathway is essential for 

progression through S-phase and for cell viability (Hoek and Stillman 2003; Ye et 

al. 2003). In contrast, in budding yeast, no single deposition pathway is essential 

for viability (Kaufman et al. 1998; Formosa et al. 2002). For example, the histone 

H3/H4 chaperones CAF-I and Asf1p function synergistically during replication-

coupled histone deposition in vitro and cooperate to form heterochromatin in 

vivo. However, neither CAF-I nor Asf1p is essential for cell viability in S. 

cerevisiae, and mutants lacking both proteins are also viable (Tyler et al. 1999). 

Nap1p, a yeast homolog of a mammalian histone chaperone purified on the basis 

of a replication-independent assembly assay, is also dispensable for viability in 

S. cerevisiae (Ishimi and Kikuchi 1991; Kellogg and Murray 1995). Thus, other 

mechanisms must operate to deposit chromatin in living cells. One candidate is 

the Drosophila factor ACF and the orthologous human complex RSF, which each 

contain a ISWI-type Swi2/Snf2 ATPase subunit (reviewed in Haushalter and 

Kadonaga 2003). These factors promote the ATP-dependent assembly of 

ordered nucleosome arrays in vitro, but their precise in vivo roles have not been 

firmly established. 

Even less is known about the mechanisms of deposition of variant 

histones. Understanding the mechanism by which euchromatin that contains 

H2A.Z is formed requires the identification of the machinery that catalyzes its 

deposition. The results of this study identify a multisubunit protein complex, 

SWR1-Complex (SWR1-Com), which contains a Swi2/Snf2 paralog and is 
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required for H2A.Z deposition and function in S. cerevisiae. We link this complex 

structurally and genetically to the NuA4 histone acetyltransferase (HAT) and the 

Ino80-C chromatin remodeling complex. 
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RESULTS 

A Protein Complex (SWR1-Com) Associated with the Histone Variant H2A.Z 

H2A.Z is important for specifying euchromatic regions in the genome of S. 

cerevisiae (Meneghini et al. 2003). To determine which other proteins contribute 

to directing H2A.Z to its chromosomal locations, we purified proteins associated 

with a soluble pool of H2A.Z from whole cell extracts of a yeast strain harboring 

an allele of HTZ1 that encodes a carboxyl-terminal fusion to the tandem affinity 

purification (TAP) tag (see Materials and Methods) (Rigaut et al. 1999). These 

initial purifications were performed under low salt conditions and with limited 

wash steps to maximize protein complex recovery, with more stringent conditions 

used subsequently to distinguish strong from weak and potentially artifactual 

interactions (see below). The protein compositions of the samples were 

determined using Direct Analysis of Large Protein Complexes methodology, 

which consists of tryptic digestion of the mixture, multidimensional microcapillary 

chromatography, tandem mass spectrometry, and genome-assisted analysis of 

the acquired spectral data (Link et al. 1999; Sanders et al. 2002). A protein was 

judged to be associated with H2A.Z if the number of corresponding peptides in 

the H2A.Z-TAP purified material was higher than in the material purified from 

strains lacking a tagged H2A.Z protein and if the protein passed additional 

criteria described below. Proteins established to nonspecifically copurify with 

TAP-tagged proteins were excluded from the analysis (Shevchenko et al. 2002). 

Using these criteria and additional purifications (described below), we identified 

15 proteins associated with H2A.Z (Table 1), of which 13 form a complex 
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designated SWR1-Com (Figure 1 and see below). The largest subunit 

corresponded to Swr1p (Swi2/Snf2-related), an uncharacterized member of the 

Swi2/Snf2 family of ATP-dependent chromatin remodeling enzymes (Pollard and 

Peterson 1998). 

 

SWR1-Com Shared Subunits with the Essential HAT NuA4 and the Ino80-C 

Chromatin Remodeling Complex 

Four SWR1-Com subunits that are also found in the Ino80-C chromatin 

remodeling complex are Rvb1p, Rvb2p, Arp4, and actin (Shen et al. 2000). 

Similarly, Yaf9p, as shown below and by others (Le Masson et al. 2003), as well 

as Arp4p and actin, are also components of the NuA4 HAT (Galarneau et al. 

2000). To determine whether the proteins that associated with H2A.Z formed one 

discrete complex, multiple complexes, or were copurifying contaminants, three of 

these proteins were themselves tagged with the TAP domain. Complexes from 

the soluble fraction of whole cell extracts were purified in conditions similar to 

those used for the H2A.Z-TAP purification, and the composition of the purified 

material was evaluated by the same procedure used for the H2A.Z-TAP 

(summarized in Table 1 and Figure 1). With the exception of the histone 

chaperone Nap1p and the import protein Kap114p, the proteins that copurified 

with TAP-tagged Swr1p were similar to the set found with H2A.Z, except that two 

additional proteins, designated here as Swc3p and Swc7p, were identified. 

Similarly, purifications from strains with TAP-tagged Swc4p and Yaf9p yielded 

nearly all the proteins associated with Swr1p and H2A.Z and lacked Nap1p and 
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Kap114p. Like the Swr1-TAP material, the Swc4-TAP-associated material 

contained Swc3p and Swc7p, supporting the assignment of these two proteins to 

SWR1-Com. TAP-tagged Swc4p and Yaf9p also associated with most of the 

subunits of the NuA4 complex (including Tra1p, Epl1p, Eaf3p, Yng2p, and the 

catalytic subunit Esa1p). These data suggested that SWR1-Com and NuA4 

shared the Yaf9p, Swc4p, Arp4, and actin subunits. 

Representative complex purifications under high stringency conditions 

(see Materials and Methods) from strains with either the Swr1-TAP, Yaf9-TAP, or 

an untagged control strain are shown in Figure 2A. Proteins that copurified with 

both Swr1-TAP and Yaf9-TAP represented subunits of SWR1-Com (Figure 2A, 

arrows), whereas proteins that only copurified with Yaf9-TAP represented 

specific NuA4 subunits (Figure 2A, stars). A schematic representation of the 

domain structures of SWR1-Com subunits is presented in Figure 2B. Several of 

the proteins in the complex contained motifs (SANT, Bromo, YEATS, and HIT) 

found in proteins associated with chromatin, suggesting that SWR1-Com acts 

directly on chromatin. 

Since the histone chaperone Nap1p and the import factor Kap114p 

copurified with H2A.Z but not other members of the complex, they were likely to 

be part of an H2A.Z-containing protein complex distinct from SWR1-Com. Affinity 

purification of TAP-tagged Rvb2p, an established component of the Ino80-C 

chromatin remodeling complex, yielded peptides corresponding to the other 

known subunits of the Ino80-C complex as well as six members of SWR1-Com, 

three of which (Swc4p, Arp4p, and actin) are also subunits of NuA4 (Table S1). 
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Consistent with the assignment of SWR1-Com subunits, a percentage of the 

cellular pool of these proteins cosedimented with each other upon glycerol 

gradient centrifugations of whole cell extracts (Figure S1). 

The initial purifications suggested that Swc4p and Bdf1p, both of which have 

domains that are involved in recognition of histone tails, copurified with H2A.Z-

TAP and might be part of SWR1-Com. Independent assessment of the 

composition of the complexes deduced by mass spectrometry was obtained by 

analytical-scale affinity purifications of Yaf9-TAP, Esa1-TAP, Rvb2-TAP, Swr1-

TAP, and Ino80-TAP from cells containing a version of Swc4p that was fused at 

its carboxyl-terminus to a triple hemagglutinin (HA) tag. These analytical-scale 

affinity purifications were more stringent than the initial TAP purifications and 

therefore served to eliminate false-positive results and to provide independent 

tests of interactions. Anti-HA epitope antibodies and antibodies against Tra1p, 

the largest subunit of NuA4, were used to analyze the copurified material. Both 

Yaf9-TAP and Esa1-TAP associated with comparable amounts of Tra1p and 

Swc4p, supporting the assignment of Yaf9p and Swc4p as new subunits of 

NuA4. Likewise, Rvb2-TAP and Swr1-TAP copurified with a substantial amount 

of Swc4-HA, but Ino80-TAP did not. Rvb2-TAP, Swr1-TAP, and Ino80-TAP were 

not associated with Tra1p (Figure 3A). These data were consistent with Swr1p 

and Rvb2p being components of SWR1-Com and not of NuA4. Further 

supporting the assignment of Swc4p as a subunit of NuA4, significant amounts of 

the NuA4 subunits Tra1p and Esa1p were present in material from Swc4-TAP 

analytical-scale purifications (Figure 3B). 
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The number of peptides corresponding to Bdf1p in the TAP purifications 

was low, and Bdf1p was found only in the H2A.Z-TAP and the Yaf9-TAP (Table 

1). Bdf1p's potential presence was tested further by additional analytical-scale 

affinity purifications from strains carrying Yaf9-TAP, Swr1-TAP, Swc4-TAP, and 

Esa1-TAP and immunoblotting with an antibody against Bdf1p. Bdf1p associated 

with Swr1-TAP, Yaf9-TAP, and Swc4-TAP but not with Esa1-TAP or untagged 

control material, supporting the assignment of Bdf1p as a subunit of SWR1-Com 

(Figure 3C). 

 

SWR1-Com Selectively Associated with Histone H2A.Z Versus H2A 

To determine whether subunits of SWR1-com associated specifically with 

H2A.Z or both H2A.Z and H2A, TAP-tagged versions of H2A.Z and H2A were 

purified from cells containing HA-tagged versions of the five different SWR1-Com 

components Swr1p, Swc2p, Swc3p, Swc4p, and Swc7p, and the nuclear import 

factor Kap114p. The composition of the copurifying material was then evaluated 

by immunoblotting with antibodies against the HA tag, Bdf1p, and Tra1p. Yaf9-

TAP served as a positive control for recovery of SWR1-Com and NuA4. 

H2A.Z associated with a substantial fraction of the SWR1-Com as judged by the 

comparable intensity of the signal for SWR1-Com subunits in the material 

copurified with H2A.Z-TAP and Yaf9-TAP, whereas no NuA4 copurified with 

H2A.Z-TAP based upon the absence of Tra1p in the H2A.Z-TAP sample (Figure 

4A). In contrast, histone H2A copurified with only trace amounts of Swc2-HA, 

Swc3-HA, Swc4-HA, Swc7-HA, and Bdf1p and with virtually no Swr1-HA (see 
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Figure 3). Kap114-HA associated with both H2A.Z-TAP and H2A-TAP but not 

Yaf9-TAP, suggesting that it did not discriminate canonical and variant H2A. 

Hence, based on the apparent relative strength of the interactions, SWR1-Com 

(in contrast to Kap114-HA) associated primarily with H2A.Z, although weak 

affinity of SWR1-Com to H2A was possible. Furthermore, these experiments also 

supported the assignment of Swc3p and Swc7p to SWR1-Com despite peptides 

for these two proteins being present only in the initial Swr1-TAP and Swc4-TAP 

purifications. 

Canonical H2A that is not bound to chromatin is usually found in a 

H2A/H2B dimer (Jackson 1987). The presence of H2B in the SWR1-Com was 

investigated by purifying SWR1-Com from strains containing H2A.Z-HA and 

H2B-HA. SWR1-Com contained H2A.Z-HA and also H2B-HA (Figure 4B). These 

data raised the possibility that this complex used H2A.Z/H2B dimers as a 

substrate. 

 

Similar Gene Expression Profiles of htz1Δ and swr1Δ Cells 

To determine the extent to which the role of H2A.Z depends upon SWR1-

Com function, genome-wide transcription profiles of swr1Δ cells were compared 

to the profiles of htz1Δ cells (Meneghini et al. 2003). To permit an optimal 

comparison, experiments were performed under the conditions used previously 

to analyze htz1Δ cells (see Materials and Methods). Due to the role of H2A.Z in 

anti-silencing, H2A.Z-dependent genes tend to be located near silenced domains 

such as telomeres. This theme was echoed in the results from the swr1Δ mutant. 
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Specifically, 42 of the 94 (45%) Swr1p-dependent genes were within 20 kb of a 

chromosome end, which is less than 3% of the genome (Figure 5A). This 

enrichment is highly significant, as judged by p-values estimated from the 

hypergeometric distribution (Figure 5B). Swr1p-dependent genes were 

underrepresented from regions more than 40 kb from a telomere, suggesting 

that, as seen earlier for H2A.Z, the telomere-proximal genes were most sensitive 

to loss of Swr1p function. 

Comparison of the transcript profile across the genome of swr1Δ cells to 

that of htz1Δ cells also revealed a marked overlap (Figure 6A). Ninety-four genes 

displayed reduced expression in the swr1Δ mutant compared to wild type. Of 

these 94 Swr1p-dependent genes, 64 were also reduced in expression in htz1Δ 

(Figure 6A). This remarkably large overlap is highly significant (p = 2.9 × 10−80, 

calculated using the hypergeometric distribution) and even more impressive for 

telomere-proximal genes. These data suggested that Swr1p and H2A.Z shared a 

common function in regulating gene expression. 

A substantial number of H2A.Z-dependent genes (116) did not appear to 

require Swr1p for expression. A color representation of the swr1Δ and htz1Δ 

datasets grouping the genes described in Figure 6A (Figure 6B) revealed that a 

subset of these appeared to have mildly reduced expression levels in swr1Δ cells 

but were not reduced enough to meet the stringent significance cutoff. However, 

there also were clear examples of genes that required H2A.Z for expression but 

not Swr1p. Likewise, there were clear examples among the 94 genes that 

required Swr1p for expression but did not require H2A.Z (Figure 6). 
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Swr1p Was Required for H2A.Z Deposition In Vivo 

The evidence linking H2A.Z and Swr1p function and the association of 

both H2A.Z and H2B with SWR1-Com suggested that SWR1-Com was 

responsible for depositing H2A.Z onto chromatin in vivo, perhaps in the form of 

an H2A.Z/H2B dimer. (The Swr1p relatives in the ACF and RSF complexes 

perform related roles in assembling chromatin in vitro (reviewed in Haushalter 

and Kadonaga 2003). If so, then cells lacking Swr1p should display reduced 

levels of H2A.Z in chromatin. 

To test this prediction, we performed chromatin immunoprecipitation 

(ChIP) experiments comparing wild type to swr1Δ strains expressing a functional 

amino-terminal triple-HA-tagged version of H2A.Z expressed from the HTZ1 

promoter at the normal chromosomal locus (HA3-H2A.Z). Consistent with H2A.Z 

being in a stable complex with Swr1p that protected it from protein degradation, 

the level of HA3-H2A.Z in swr1Δ strains was reduced approximately 2- to 3-fold 

(Figure S2). To normalize the signals from each experimental locus assayed, we 

measured the levels of DNA derived from a control locus whose expression is 

H2A.Z independent (the middle of the PRP8 open reading frame [ORF]) in 

samples derived from each whole cell extract and precipitate (see Materials and 

Methods). We first examined HA3-H2A.Z levels at two chromosomal regions 

where H2A.Z prevents the spread of Sir-dependent silencing: one flanking the 

silent mating locus HMR and another near the telomere on the right arm of 

chromosome XIV (Figure 7A). In wild type, H2A.Z was present at levels similar to 
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those described previously (Figure 7B); HA3-H2A.Z was depleted from the 

silenced HMR locus and enriched in the flanking euchromatic regions (Figure 

7B). In addition, HA3-H2A.Z was depleted from the most telomere-proximal locus 

tested, AAD3, presumably because of telomeric silencing of this gene. Likewise, 

HA3-H2A.Z was highly enriched at the YNR074C gene, a telomere-proximal 

gene on chromosome XIV strongly protected from silencing by H2A.Z. 

In striking contrast, in swr1Δ cells, the enrichment (relative to the PRP8 

locus) of HA3-H2A.Z at every locus tested approached a ratio of one (Figure 7C). 

These data were consistent with Swr1p being essential for the deposition of 

H2A.Z in the HMR region and near the right telomere of chromosome XIV. 

However, because the ChIP measurements were normalized to the PRP8 locus, 

we considered the possibility that a uniform amount of HA3-H2A.Z remained at 

all chromosomal loci examined in the mutant, for instance if there was a specific 

increase in the association of HA3-H2A.Z with the PRP8 locus rather than a 

decrease at all other loci. This possibility was discounted by the approximately 

13-fold mean decrease in the ratio of DNA obtained from the pellet versus whole 

cell fractions in swr1Δ cells relative to wild type, indicating a substantial defect in 

the absolute chromatin association of HA3-H2A.Z in cells lacking Swr1p. 

H2A.Z is also deposited at several loci that are not near silenced regions 

(Meneghini et al. 2003). The function of H2A.Z at these regions is unknown. To 

determine if Swr1p was also required for H2A.Z deposition at such loci, we 

examined H2A.Z levels at 12 euchromatic regions on chromosome III that each 

displayed some level of deposition of HA3-H2A.Z (Figure 8A). These loci were 
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identified in a comprehensive study of H2A.Z deposition on chromosome III 

(M.D.M., M. Bao, H.D.M., unpublished data). As with the regions examined 

above, the relative ChIP enrichment of HA3-H2A.Z approached one at each of 

these loci in the absence of Swr1p (Figure 8B), and the absolute amount of DNA 

precipitated from these loci showed a large decrease in the swr1Δ mutant (data 

not shown). Thus, Swr1p was broadly required for the deposition of HA3-H2A.Z, 

even in regions distant from silenced domains. It is worth noting that for several 

of the loci examined in the swr1Δ mutant, the ChIP enrichment was significantly 

less than one, suggesting that there may exist some residual deposition of HA3-

H2A.Z at the PRP8 locus in these cells. 

 

NuA4 Function Was Required for SWR1-Com to Support Cell Growth 

The sharing of four proteins between the SWR1-Com and NuA4 (see 

Figure 1) raised the possibility that SWR1-Com was functionally linked to NuA4, 

which is the major HAT for histones H4 and H2A. Initial purifications from Yaf9-

TAP and Swc4-TAP strains suggested that the protein encoded by the 

nonessential gene YDR359C was a subunit of NuA4, consistent with some 

earlier results from high-throughput studies (Gavin et al. 2002). Initial efforts to 

fuse a triple HA-tag to the carboxy-terminus of YDR359C were unsuccessful, but 

we noticed that all proteins encoded by YDR359C orthologs from the 

Saccharomyces sensu strictu strains had a carboxy-terminal extension of 

approximately 22 amino acids, suggesting a possible error in the S. cerevisiae 

sequence. Therefore, we chose to integrate a triple HA-tag at the chromosomal 
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location that corresponded to the second-to-last codon of the sensu strictu 

strains and found that this version was now successfully tagged. Recently, a 

revised copy of YDR359C with the stop codon at the location we chose was 

deposited in GenBank and named EAF1. Therefore, we used this name here 

rather than a previously assigned name for the shorter version of YDR359C. 

Eaf1p contained a SANT domain as well as an HSA domain that is associated 

with SANT domains and found in helicases (Letunic et al. 2002). 

Analytical-scale affinity purifications showed that Eaf1-HA, similar to 

Tra1p, copurified with Yaf9-TAP, Swc4-Tap, and Esa1-TAP but not with H2A.Z-

TAP and Swr1-TAP (Figure 9A). In addition, global H4 acetylation defects were 

evident in eaf1Δ but not in htz1Δ, yaf9Δ, or swr1Δ cells (Figure 9B). This was 

based on the reduced signal in immunoblot experiments obtained with an 

antibody directed against tetra-acetylated H4. Similar experiments with 

antibodies directed against individual acetylated residues revealed that the H4 

acetylation defect of strains lacking EAF1 was most profound on K8 and K12 of 

H4, whereas K5 and K16 of H4 were less affected (Figure 9B). Similarly, K9 of 

H2A did not have a strong acetylation defect in any of the mutants (Figure 9B). 

The physical association and the H4 acetylation defects provided independent 

evidence that Eaf1p was a subunit of NuA4. 

To explore genetic links between SWR1-Com and NuA4, phenotypic and 

double mutant analyses were performed. SWR1-Com mutants and the strain 

lacking EAF1 shared sensitivities to genotoxic and stress conditions (Figure 

10A). The eaf1Δ strains were also slow growing whereas the other strains were 
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not. All mutant strains tested were sensitive to the DNA replication inhibitor 

hydroxyurea (HU) and the microtubule poison benomyl and to caffeine and 

formamide, reagents that elicit a number of cellular responses (Figure 10A). 

Strains lacking HTZ1 and YAF9 were comparably sensitive to HU and 

formamide, but htz1Δ strains were more sensitive to benomyl and caffeine. 

Strains lacking SWR1 were less sensitive than the other strains to HU and 

formamide, but the sensitivity to caffeine and benomyl was comparable to that of 

yaf9Δ strains (Figure 10A). Cells lacking the NuA4 subunit Eaf1p were most 

sensitive to HU and caffeine, and their sensitivity to benomyl and formamide was 

comparable to that of htz1Δ mutants (Figure 10A). While the severity of the 

defects varied, the similar phenotypes of mutants in SWR1-Com and NuA4 

suggested that the two complexes were broadly required for resistance to DNA 

damage and genotoxic stress. 

To test whether the sensitivity to DNA damage and genotoxic stress was a 

shared function of SWR1-Com and NuA4, or whether these sensitivities were 

caused by independent functions, double mutant analysis was performed using 

the EAF1 gene as an exemplary NuA4 subunit. No viable spores were obtained 

that had deletions of EAF1 and HTZ1, SWR1, or YAF9 (Figure 10B). Thus, 

SWR1-Com and NuA4 interacted genetically, and the two complexes shared at 

least one essential function. 
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DISCUSSION 

Protein complexes that can substitute canonical histones with variant 

histones represent a fundamental mechanism for regulating the functional state 

of chromatin. Previous work has identified large protein complexes that 

assemble, remodel, and modify chromatin (reviewed in Becker and Horz 2002; 

Peterson 2002). In contrast, the studies described here identified a novel 

complex, referred to as SWR1-Com, whose putative ATPase, Swr1p, promoted 

the deposition of the histone H2A variant, H2A.Z, into chromatin in vivo. 

 

SWR1-Com, a Multisubunit Complex, Associated Specifically with H2A.Z 

SWR1-Com was identified by its specific association with H2A.Z. SWR1-

Com consisted of 13 subunits: six were only found in SWR1-Com, four were 

shared between SWR1-Com and NuA4, and four were shared between SWR1-

Com and the Ino80 complex. Two subunits, Arp4 and actin, were in all three 

complexes (see Figure 1). Several of the subunits of SWR1-Com contained 

motifs highly suggestive of a role for this complex in affecting chromatin 

structure. Chief among these was Swr1p, a relative of the ATPase-containing 

subunit of the Swi2/Snf2 ATP-dependent chromatin remodeling enzyme complex 

(Pollard and Peterson 1998). The Swc4p subunit contained a SANT domain, 

suggested in other contexts to mediate association of proteins with histone tails 

(Boyer et al. 2002; Sterner et al. 2002). Similarly, Bdf1p contained two 

bromodomains that preferentially bind to acetylated tails of histones H3 and H4 

(Ladurner et al. 2003; Matangkasombut and Buratowski 2003). The Swc6p 
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subunit contained a HIT domain found in a human protein that binds to steroid 

receptors (Lee et al. 1995), and the Yaf9p subunit contained a YEATS domain 

found in several proteins involved in chromatin modification, such as the SAS-I 

HAT complex, and several proteins implicated in human leukemias (Xu et al. 

1999; Le Masson et al. 2003). The weak interactions between SWR1-Com 

subunits and H2A relative to those between SWR1-Com subunits and H2A.Z 

suggested that the role of SWR1-Com was dedicated to those chromatin 

structures enriched for H2A.Z. This was further supported by the association of 

H2B-HA along with H2A.Z-HA with highly purified SWR1-Com, suggesting that 

this histone dimer was the physiological substrate for activity of SWR1-Com. 

 

Genome-Wide Expression Profiles and Phenotypic Analysis Identified 

Functional Links between H2A.Z and SWR1-Com 

Similarities between the consequences of disruptions of SWR1-Com 

function and loss of H2A.Z protein implied that SWR1-Com was required for 

H2A.Z function. These similarities included the striking sensitivities of cells 

lacking SWR1-Com function or H2A.Z to a variety of cellular and genotoxic 

stresses. Comparison of the genome-wide expression profiles of swr1Δ and 

htz1Δ strains also revealed similar responses to loss of either function at many 

loci. These included silencing of genes near telomeres and the HMR silent 

mating type locus, which is antagonized by H2A.Z (Meneghini et al. 2003). In 

addition, there were genes distal to silenced domains that required both H2A.Z 

and Swr1p for their expression. Because the majority of gene expression defects 
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seen in swr1Δ cells also occurred in htz1Δ cells, the role of Swr1p, and 

presumably SWR1-Com, was predominantly in promoting the function of H2A.Z. 

 

H2A.Z Deposition into Chromatin was Promoted by SWR1-Com 

SWR1-Com promoted the deposition of H2A.Z into chromatin. At 20 sites 

flanking the silent HMR locus that were previously identified as enriched or 

depleted for H2A.Z, the ratio of H2A.Z at these loci relative to the PRP8 ORF as 

determined by ChIP converged to unity in swr1Δ cells. In addition, a dramatic 13-

fold decrease in the absolute enrichment of HA-H2A.Z-associated DNA was 

observed in swr1Δ cells. A similar picture emerged from the analysis of 12 sites 

of H2A.Z deposition across chromosome III. Therefore, Swr1p was required for 

enrichment of H2A.Z at a wide variety of loci, including those distal to silent 

regions. 

Several lines of evidence suggested that Swr1p and presumably SWR1-

Com play direct roles in H2A.Z deposition into chromatin. Foremost in favor of 

this view is the tight physical association of H2A.Z with SWR1-Com in whole cell 

extracts. Additionally, Swr1p, and other members of SWR1-Com, had sequence 

motifs found in proteins acting in chromatin and were localized in the nucleus. In 

particular, the Bdf1 protein via its bromodomains might be responsible for the 

recruitment of SWR1-Com to deposit H2A.Z to euchromatic regions, which are 

generally characterized by acetylation of the H4 tail. Lastly, the profound defect 

of swr1Δ cells in H2A.Z deposition, and the established actions of the Swi2/Snf2 
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family members directly on nucleosomes, provided further support for a direct 

role of Swr1p and SWR1-Com in H2A.Z deposition. 

Several observations were consistent with a small amount of H2A.Z 

deposition in chromatin in cells lacking Swr1p function. First, some genes 

affected by htz1Δ were not affected by swr1Δ. Second, the enrichment of H2A.Z 

at some loci relative to the PRP8 ORF was less than unity in the swr1Δ mutant, 

suggesting residual H2A.Z present at PRP8. Perhaps in the absence of SWR1-

Com, some H2A.Z is deposited by the same mechanisms responsible for the 

bulk deposition of H2A. Nevertheless, the key observation was a pronounced 

deficiency in H2A.Z deposition in the absence of Swr1p function. 

The conservation of Swr1p orthologs raises the possibility of SWR1-Com-

like complexes dedicated to the deposition of variant histones in other organisms. 

The Drosophila Domino protein, human SRCAP, and human p400 are orthologs 

of SWR1, and serve as candidates for the founding members of such complexes. 

Mutations in Domino affect silencing by Polycomb proteins, although the 

directness of these effects is unknown (Ruhf et al. 2001). The SRCAP protein is 

associated with CREB-binding protein, and p400 is recruited by the Adenovirus 

E1A oncoprotein (Johnston et al. 1999; Fuchs et al. 2001). Although SRCAP and 

p400 are known primarily as transcription factors, our results suggest possible 

roles for these proteins in deposition of variant histones. While this work was 

under review, two groups independently reported on the SWR1-Com and 

described its role in H2A.Z deposition (Krogan et al. 2003; Mizuguchi et al. 2004). 

Consistent with our data, purified SWR1-Com has a Swr1p-dependent histone 
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exchange activity (Mizuguchi et al. 2004) and hence presents a third mechanism 

of chromatin remodeling. 

 

SWR1-Com and NuA4 Function Were Linked 

The SANT-domain-containing proteins Swc4p and Eaf1p were subunits of 

NuA4, newly described here. Both proteins associated with other NuA4 subunits, 

and cells lacking EAF1 had defects in global histone H4 acetylation. Similar 

defects were found in a strain carrying a conditional allele of the essential SWC4 

gene (M.S.K., H.Xu, C. Boone, and J.R., unpublished data). Whereas Swc4p 

was shared with SWR1-Com, Eaf1p was not. However, cells lacking EAF1 were 

sensitive to DNA-damaging drugs and genotoxic stress conditions, as were cells 

lacking subunits of SWR1-Com and H2A.Z. While NuA4's involvement in DNA 

damage survival was known (Bird et al. 2002; Choy and Kron 2002; Boudreault 

et al. 2003), the data presented here extended this view, suggesting that it might 

be more broadly required in the maintenance of genomic integrity in concert with 

SWR1-Com. Genetic interactions between EAF1 and three SWR1-Com subunits 

uncover a deeper connection. Specifically, the synthetic lethality of eaflΔ in 

combination with null alleles of SWR1-Com indicated that these complexes were 

likely to share an essential function. That is, genes encoding subunits of SWR1-

Com became essential when NuA4 activity was compromised by deletion of 

EAF1, and vice versa. While understanding the mechanisms will require further 

work, these data suggested important functional links between the H2A.Z 

deposition machinery and the NuA4 HAT. 
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Why Do SWR1, NuA4, and Ino80 Complexes Share Subunits? 

As discussed above, a third of the subunits of SWR1-Com are shared with 

the Ino80 complex, the NuA4 HAT, or both. While the sharing of subunits 

between different protein complexes is not unprecedented, it may reflect highly 

related functions, rather than vagaries of chance and circumstance in evolution. 

This was supported by the functional overlap and genetic interactions between 

SWR1-Com and NuA4. The shared subunits may act as a core scaffold, upon 

which the unique subunits can be assembled and exchanged during a cycle of 

chromatin modification. This notion finds some support in the existence of a mini-

NuA4 complex, known as piccolo NuA4, which contains only some of those 

subunits that are unique to NuA4 (Boudreault et al. 2003). Shared subunits of 

SWR1-Com could coordinate the recruitment of an analogous mini-SWR1-Com 

to achieve histone subunit replacement, with the replacement of mini-SWR1-

Com by piccolo NuA4 to achieve the acetylation of the newly reconstituted 

nucleosome. This model could explain why two subunits of NuA4 (Tra1 and 

Epl1p) were detected in the H2A.Z-associated material under low stringency 

conditions (see Table 1). Alternatively, the acetylation of H2A by NuA4 may 

facilitate its replacement by H2A.Z. Other orders of action involving the SWR1-

Com, NuA4, and Ino80-C complex are also possible, such as acetylation of 

H2A.Z by NuA4 being a prerequisite for its exchange by SWR1-Com. Other 

potential roles for the sharing of subunits include targeting complexes to common 

locations or promoting their biogenesis or assembly. Our data may resolve an 



 101 

interesting paradox concerning the localization of Bdf1p on chromatin. Earlier 

work showed that Bdf1p is a subunit of TFIID, yet Bdf1p was found in regions 

where TATA box binding protein, the core subunit of TFIID, was not 

(Matangkasombut and Buratowski 2003). The discovery that Bdf1p is part of two 

distinct complexes, SWR1-Com and TFIID, explains the lack of a perfect 

correspondence between Bdf1p and TATA box binding protein localization. 
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MATERIALS AND METHODS 

 

Yeast techniques Strains are listed in Table S2. Sequences encoding the TAP-

tag (Rigaut et al. 1999) or a triple HA-tag (Longtine et al. 1998) were integrated in 

frame at the 3′ end of genes using homologous recombination and one-step gene 

integration of PCR-amplified modules. Similarly, complete deletion of genes was 

achieved by a similar strategy as described before (Longtine et al. 1998). 

 

Large-scale affinity purifications Purifications of native protein complexes 

were performed using extracts from strains with a segment encoding the TAP tag 

fused in-frame to the 3′ end of the chromosomal gene of interest (Rigaut et al. 

1999). In general, purifications were performed from extracts obtained from 2 l 

cultures that were harvested in late logarithmic phase. Our protocol for the initial 

purifications presented in Table 1 was modified from published protocols in a way 

to maximize recovery of intact protein complexes. Briefly, cells were disrupted 

with a coffee grinder in the presence of dry ice pellets and resuspended in 0.8 

volumes/weight of TAP-B1 (50 mM Tris-Cl [pH 7.8], 200 mM NaCl, 1.5 mM 

MgAc, 1 mM DTT, 10 mM NaPPi, 5 mM EGTA, 5 mM EDTA, 0.1 mM Na3VO4, 5 

mM NaF, Complete Protease inhibitor cocktail [Roche, Basel, Switzerland]). 

Crude extracts were prepared by centrifugation in a SS34 rotor for 20 min at 

14,000 rpm. These were then further clarified by ultracentrifugation (Ti70 rotor, 

33,500 rpm for 60 min). NP-40 was added to a final concentration of 0.15%, and 

the extract was incubated with 200 µl of IgG Sepharose beads (Amersham 



 103 

Biosciences, Little Chalfont, United Kingdom) for 90 min at 4 °C. The beads were 

then washed with 800 µl of TAP-B2 (50 mM Tris-Cl [pH 7.8], 200 mM NaCl, 1.5 

mM MgAc, 1 mM DTT, 0.15% NP-40). After washing, the TAP tag was cleaved 

by adding 10 µl of TEV protease (GIBCO, San Diego, California, United States) 

in 200 µl of TAP-B2 to the beads and incubating at 16 °C for 90 min. Cleaved 

protein complexes were eluted with an additional 200 µl of TAP-B3 (50 mM Tris-

Cl [pH 7.5], 200 mM NaCl, 1.5 mM MgAc, 1 mM DTT, 4 mM CaCl2, 0.15% NP-

40) 

The material eluted by the TEV protease cleavage from the first affinity 

matrix was incubated with 200 µl of Calmodulin beads (Stratagene, La Jolla, 

California, United States) for 60 min at 4 °C. Beads were washed with 400 µl of 

TAP-B4 (50 mM Tris-Cl [pH 7.8], 200 mM NaCl, 1.5 mM MgAc, 1 mM DTT, 2 mM 

CaCl2, 0.15% NP-40) followed by 200 µl of TAP-B5 (50 mM Tris-Cl [pH 7.5], 200 

mM NaCl, 1.5 mM MgAc, 0.5mM CaCl2). Finally, the proteins were eluted by 

adding 600 µl of TAP-EB (20 mM Tris-Cl [pH 7.9], 5 mM EGTA) to the beads and 

incubating for 30 min at room temperature, and were then precipitated with 

trichloroacetic acid. 

A similar, but more stringent, procedure was used to purify the complexes 

shown in Figures 2A and 4B. The main differences were an increase in salt 

concentration to 350 mM NaCl during extraction, column binding, and washing 

and the amount of washes applied to the columns, which were increased to 40 

column volumes at each step. In addition, 10% glycerol was present in all 

buffers. 
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Protein identification The protein composition of the final fraction resulting from 

the TAP procedure was determined using Direct Analysis of Large Protein 

Complexes technology as described previously (Sanders et al. 2002). Briefly, 

proteins were precipitated and proteolyzed by trypsin. The peptides resulting 

from the digestion were separated by multidimensional capillary chromatography 

and subjected to mass spectrometry. 

 

Analytical-scale affinity purifications For coprecipitation assays, we prepared 

extracts from 150 ml yeast cultures harvested at an OD600 of 1.0. Cells were 

pelleted, washed with PBS, and resuspended in 0.6 ml of TAP-IPB (50 mM Tris 

[pH 7.8], 150 mM NaCl, 1.5 mM MgAc, 0.15% NP-40, 1 mM DTT, 10 mM NaPPi, 

5 mM EGTA, 5 mM EDTA, 0.1 mM Na3VO4, 5 mM NaF, CompleteTM Protease 

inhibitor cocktail). Acid-washed glass beads were added, and the cells were 

disrupted mechanically using a bead beater (BioSpec Products, Bartlesville, 

Oklahoma, United States) for 5 min. Insoluble material after cell disruption was 

removed by centrifugation in a microfuge at 14,000 rpm for 20 min. The 

supernatant was incubated with 25 µl of IgG sepharose beads (Amersham 

Biosciences) for 90 min at 4 °C. Beads were then pelleted and washed three 

times with 0.6 ml of TAP-IPB. After washing, the beads were resuspended in 

SDS sample buffer and subjected to SDS PAGE and immunoblotting with anti-

HA-Peroxidase antibody (#2 013 819; Roche) and antibodies against Tra1p (a 
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generous gift from J. Workman), Bdf1p (a generous gift from A. Ladurner), and 

Act1p (a generous gift from D. Drubin). 

 

Microarray expression analysis The strains used for expression analysis were 

derived from S288c: YM1823 MATα swr1Δ::kanMX4 his3Δ1 leu2Δ0 ura3Δ0 

lys2Δ0 (obtained from the MATα yeast deletion collection; Research Genetics, 

Huntsville, Alabama, United States) and YM1769 MATα his3Δ1 leu2Δ0 ura3Δ0 

lys2Δ0. Exponentially growing cultures were diluted to OD600 0.1 in yeast 

extract-peptone-dextrose medium (YPD) (Qbiogene, Carlsbad, California, United 

States) supplemented with tryptophan and adenine. Each mutant culture was 

paired with a wild-type (wt) culture placed in an adjacent slot in a shaker. Four 

such pairs of cultures were grown at 30 °C to OD600 0.8. Cultures were 

harvested at identical optical densities by vacuum filtration onto nitrocellulose 

filters (0.45 µm; Millipore, Billerica, Massachuesetts, United States), and snap-

frozen in 15 ml conical tubes in liquid nitrogen. Total RNA was extracted as 

described (http://www.microarrays.org), and mRNA was prepared using oligo-dT 

coupled to latex beads, using the manufacturer's protocol (Oligotex mRNA Mini 

Kit; Qiagen, Valencia, California, United States). mRNA was then reverse-

transcribed into cDNA. 

Microarrays were fabricated as described by DeRisi et al. (1997). Yeast 

ORFs were amplified using a commercially available primer set (Research 

Genetics), with yeast genomic DNA as a template. PCR products were verified 

by gel electrophoresis, precipitated and resuspended in 3X SSC and robotically 
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spotted onto poly-L-lysine-coated glass slides. The exposed poly-L-lysine was 

then blocked using the succinic anhydride method. Detailed protocols are 

available at http://www.microarrays.org. 

After chemical coupling to Cy5 and Cy3 fluorescent dyes, mutant and wt 

cDNA samples were mixed and hybridized to microarrays at 63 °C for 12–16 h. 

Two of the four hybridizations were performed with fluor-reversed samples to 

avoid artifacts arising from differences in coupling efficiency of the two dyes. 

After washing and drying, the arrays were scanned on a Genepix 4000B scanner 

(Axon Instruments, Union City, California, United States) and the images 

analyzed using Genepix 3.0 software to determine the ratio of median 

fluorescence intensity (above background) for each spot. After flagging poor 

quality spots, the ratios were normalized for total signal in the two samples. After 

filtering the data for dim and uneven spots, genes with at least three good 

measurements were retained for statistical analysis. 

The swr1Δ/wt mRNA ratios were analyzed using the SAM (Significance 

Analysis of Microarrays) statistical package (Tusher et al. 2001) to determine 

significantly induced or repressed genes. Missing values were estimated using 

the KNN algorithm with ten nearest neighbors. The analysis was performed with 

a delta value corresponding to a median false-positive rate less than 1% 

(Tibshirani et al. 2002). The full dataset is available at 

http://madhanilab.ucsf.edu/public/swr1. 
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Chromatin immunoprecipitation ChIP assays were performed and analyzed 

exactly as described by Meneghini et al. (2003) with the following modifications. 

DNA derived from the whole cell and pellet fractions was analyzed by real-time 

PCR and Syber Green fluorescence on an MJ Research (Waltham, 

Massachusetts, United States) Opticon instrument using DNA derived from 

whole cell extracts as a standard. Oligonucleotides used correspond to those 

described by Meneghini et al. (2003) and those in Table S3. 

 

Histone acetylation assays Yeast whole cell extracts were prepared from cells 

growing in logarithmic phase by glass bead lysis in the presence of 

trichloroacetic acid. Equal amounts of whole cell extract were subjected to SDS-

PAGE and immunoblotting. The antibodies used were directed against 

tetraacetylated H4 (#05-698; Upstate Biotechnology, Lake Placid, New York, 

United States), acetylated K5 of H4 (#AHP414; Serotec, Raleigh, North Carolina, 

United States), acetylated K8 of H4 (Serotec # AHP415), acetylated K12 of H4 

(Serotec #AHP416), acetylated K16 of H4 (Serotec #AHP417), and acetylated 

K9 of H2A (Upstate Biotechnology #07-289). 

 

Accession Numbers 

The Saccharomyces genome database (http://www.yeastgenome.org) accession 

numbers of the proteins discussed in this paper are actin (SGDID S0001855), 

Arp4 (SGDID S0003617), Asf1p (SGDID S0003651), Bdf1p (SGDID S0004391), 

CAF-I (SGDID S0006222), Cse4p (SGDID S0001532), Eaf3p (SGDID 
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S0006227), Epl1p (SGDID S0001870), Esa1p (SGDID S0005770), H2A (SGDID 

S0002633), H2B (SGDID S0002632), Kap114p (SGDID S0003210), Nap1p 

(SGDID S0001756), Rvb1p (SGDID S0002598), Rvb2p (SGDID S0003118), 

Rvb2p (SGDID S0006156), SAS-I HAT (SGDID S0005739), Sir2p (SGDID 

S0002200), Sir3p (SGDID S0004434), Sir4p (SGDID S0002635), Swc2p (SGDID 

S0002893), Swc3p (SGDID S0000009), Swc4p (SGDID S0003234), Swc6p 

(SGDID S0004505), Swc7p (SGDID S0004377), Swi2/Snf2 (SGDID S0005816), 

Swr1p (SGDID S0002742), Tra1p (SGDID S0001141), Yaf9p (SGDID 

S0005051), and Yng2p (SGDID S0001132). 

The Saccharomyces genome database accession numbers of the genes 

discussed in this paper are AAD3 (SGDID S0000704), HML (SGDID S0029214), 

HMR (SGDID S0029655), HTZ1 (SGDID S0005372), PRP8 ORF (SGDID 

S0001208), YDR359C (SGDID S0002767), and YNR074C (SGDID S0005357). 

The GenBank (http://www.ncbi.nih.gov/Genbank/index.html) accession 

number of EAF1 is AY464183. 
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FIGURE LEGENDS 

 

Figure 1. Subunit Architecture of SWR1-Com and Overlap with NuA4 and Ino80-

C Complexes 

Venn diagram showing proposed subunit compositions of the Swr1, NuA4, 

Ino80p-C, and Nap1p/Kap114p complexes. Assignments were based on the data 

shown in Table 1 and Figure 2 and Figure 3. Proteins used in TAP purifications 

are indicated by “*” and proteins encoded by essential genes are underlined. 

 

Figure 2. SWR1-Com Shared Subunits with NuA4 and Contained Proteins with 

Motifs Involved in Chromatin Biology 

(A) Protein complex overlap. Purifications were performed under high stringency 

conditions (see Materials and Methods) from Swr1-TAP, Yaf9-TAP, and 

untagged control strains, resolved by SDS-PAGE and stained with silver. Due to 

the relatively low efficiency of the Swr1-TAP purification, the wt and Swr1-TAP 

purifications were performed from twice the amount of starting material compared 

to Yaf9-TAP. Not all proteins identified by mass spectrometry were clearly visible 

on the gel. Arrows point to proteins that were common to the Swr1-TAP and 

Yaf9-TAP purifications, whereas stars point to proteins that were found only in 

the Yaf9-TAP purifications as judged by visual inspection and comparison of 

protein sizes with the data deduced from mass spectrometry. The vertical bar 

indicates that proteins in that area of the gel could not be clearly resolved. 
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(B) Domain structure of SWR1-Com. Shown are SMART domain representations 

of individual proteins assigned to the SWR1-Com taken from the SMART 

database (http://smart.embl-heidelberg.de/). Domain names are included, green 

bars indicate coil-coiled regions, and magenta bars indicate regions of low 

complexity. The amino-terminal part of Swr1p is not to scale. 

 

Figure 3. Swc4p and Bdf1p Were Components of SWR1-Com 

This figure shows immunoblots of analytical-scale TAP purifications. The 

captured TAP-tagged protein is indicated above the gels, and the protein that 

was tested for association is indicated at the right side. 

(A) Association of Swc4p and Tra1p. Swc4-HA was present in purifications from 

Yaf9-TAP, Esa1-TAP, Rvb2-TAP, and Swr1-TAP but not Ino80-TAP. NuA4 was 

only present in the Yaf9-TAP and Esa1-TAP material. 

(B) Reciprocal confirmation of Swc4p being part of NuA4. Swc4-TAP and Yaf9-

TAP purified material contained NuA4 components Esa1p and Tra1p. 

(C) Association of Bdf1p. Bdf1p was present in purifications from Swr1-TAP, 

Yaf9-TAP, and Swc4-TAP but not Esa1-TAP. 

 

Figure 4. SWR1-Com Associated Selectively with H2A.Z and Contained H2B 

(A) Analytical-scale TAP purifications from H2A.Z-TAP, Yaf9-TAP, and H2A-TAP 

were analyzed by immunoblotting for the components indicated on the right. 

SWR1-Com preferentially associated with H2A.Z-TAP, whereas Kap114-HA 

associated equally with H2A.Z-TAP and H2A-TAP but not Yaf9-TAP. 
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(B) SWR1-Com was purified from strains with HA-tagged versions of either 

H2A.Z or H2B and analyzed by immunoblotting for the presence of these 

histones as well as the SWR1-Com subunit Act1p. 

 

Figure 5. Chromosomal Distribution of Swr1p-Activated Genes 

(A) Histogram showing the number of Swr1p-activated genes as a function of 

their distance to the nearest chromosome end. 

(B) The statistical significance of the enrichment of Swr1p-activated genes as a 

function of distance to the nearest telomere, and the significance of the depletion 

of Swr1p-activated genes in regions greater than 40 kb from a telomere, were 

determined using the hypergeometric function (Tavazoie et al. 1999). 

 

Figure 6. Relationship of Genes Activated by Swr1p or H2A.Z 

(A) The Venn diagram of number of genes that exhibited a significant decrease in 

expression in swr1Δ cells (this work) or htz1Δ cells (Meneghini et al. 2003), 

revealing a large overlap. Shown on the top is the relationship for the genome 

overall and on the bottom for genes within 20 kB of a telomere. H2A.Z-dependent 

genes whose expression could not be determined in swr1Δ cells were omitted. 

(B) A color representation of all genes that were significantly reduced in 

expression in swr1Δ cells only, htz1Δ cells only, or both, grouped according to 

(A). Each column represents data from an independent microarray experiment 

that compared genome-wide expression in mutant cells of the indicated genotype 

to wt cells. Each row represents the changes in expression of a single gene 
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across the eight experiments. Change in expression measured as the log2 of the 

mutant/wt expression ratio is indicated according to the color scale shown. Red 

cells refer to genes found to have increased expression in either swr1Δ cells or 

htz1Δ cells that decreased in expression in the other mutant. Excluded from 

representation are genes that increased expression in both mutants. 

 

Figure 7. ChIP Analysis of HA3-H2A.Z Deposition in the HMR Region and Near 

the Right Telomere of Chromosome XIV 

(A) Location of PCR primers. 

(B) ChIP results in wild type (bars indicate relative enrichment versus a probe in 

the PRP8 ORF; standard errors are shown). The ChIP enrichment signal at HMR 

relative to PRP8 being less than 1.0 indicated some H2A.Z deposition occurred 

at the PRP8 control region. 

(C) ChIP results in swr1Δ cells. 

 

Figure 8. ChIP Analysis of H2A.Z Deposition at Nontelomeric Euchromatic Sites 

(A) ChIP results in wild type. 

(B) ChIP results in swr1Δ cells. We detected a reduced enrichment of H2A.Z at 

all these loci when we estimated the absolute H2A.Z abundance by dividing the 

amount of immunoprecipitated DNA by the amount of total input DNA for each 

locus. 

 

Figure 9. Eaf1p Was a Subunit of the NuA4 HAT 
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(A) Eaf1-HA associated with NuA4 subunits. Immunoblots of analytical-scale 

TAP purifications are shown. The captured TAP-tagged protein is indicated 

above the gels, and the protein that was tested for association is indicated at the 

right. 

(B) Strains lacking EAF1 have defects in histone H4 acetylation. Whole cell 

extracts from mutant strains indicated on the top were tested for global histone 

acetylation using antibodies directed against different forms of acetylated H4 and 

H2A as indicated on the right. 

 

Figure 10. NuA4 and SWR1-Com Shared Similar Phenotypes and Interacted 

Genetically 

(A) SWR1-Com and Eaf1p were required for resistance to DNA damage and 

genotoxic stress. Ten-fold serial dilutions of strains from a stationary overnight 

culture with the indicated deletions of SWR1-Com subunits and of EAF1 were 

plated and incubated at 30 °C for 2–3 d. YPD plates with the following 

concentrations of chemicals were used: 100 mM HU, 10 µg/ml of benomyl, 2% 

formamide, or 3 mM caffeine. 

(B) SWR1-Com and NuA4 interacted genetically. Double mutants, deduced from 

genetic analysis of the viable spore clones, are circled, with the two mutations of 

interest in each cross indicated at the side. All double mutants were inviable. 
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Table 1:  Peptides in TAP Purifications 
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SUPPORTING INFORMATION 

 

Figure S1. A Fraction of SWR1-Com Subunits Cosedimented 

Fractions collected from glycerol gradient centrifugations of whole cell extracts 

containing HA-tagged SWR1-Com subunits (shown on the right) were analyzed 

by immunoblot with an anti-HA antibody. The gradients were from 10% to 40 % 

glycerol and 22 0.1-ml fractions were collected in each case, starting at the top 

(Fraction 1). A percentage of the total cellular pool of all six SWR1-Com subunits 

that were tested was present in the same fractions, consistent with their 

association in one complex. 

 

Figure S2. H2A.Z Was Protected from Degradation by SWR1-Com 

Three different dilutions of whole cell extracts from wt or swr1Δ strains were 

tested for levels of 3HA-H2A.Z using an anti-HA antibody. Equal amounts of total 

protein extract were present at each dilution, as seen by the immunoblot with the 

antibody against Vma1p. The level of H2A.Z in the swr1Δ mutant was reduced 

approximately 2- to 3-fold. This suggested that the SWR1-Com contributed to the 

stability of H2A.Z, likely by protecting it from protein degradation. 
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A Conserved RING Finger Protein Required for Histone H2B 

Monoubiquitination and Cell Size Control 
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SUMMARY 

Monoubiquitination of histone H2B is required for methylation of histone 

H3 on lysine 4 (K4), a modification associated with active chromatin. The identity 

of the cognate ubiquitin ligase is unknown. We identify Bre1 as an evolutionarily 

conserved RING finger protein required in vivo for both H2B ubiquitination and 

H3 K4 methylation. The RING domain of Bre1 is essential for both of these 

modifications as is Lge1 (Large 1), a protein required for cell size control that 

copurifies with Bre1. In cells lacking the euchromatin-associated histone variant 

H2A.Z, BRE1, RAD6, and LGE1 are each essential for cell viability, supporting 

redundant functions for H2B ubiquitination and H2A substitution in the formation 

of active chromatin. Notably, analysis of mutants demonstrates a function for 

Bre1/Lge1-dependent H2B monoubiquitination in the control of cell size.  
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INTRODUCTION 

Covalent modifications of histones play crucial roles in several aspects of 

chromosome behavior, especially transcription (Jenuwein and Allis, 2001). In 

several instances, a modification at one position of a histone can influence 

subsequent modification at a second site. For example, in fission yeast and 

metazoans, methylation of histone H3 K4, a modification associated with active 

chromatin, is mutually exclusive with the heterochromatin-associated 

modification of H3 K9 (Jenuwein and Allis, 2001). Moreover, it has recently been 

shown in the budding yeast, S. cerevisiae, that monoubiquitination of K123 of 

histone H2B is required for methylation of H3 K4, demonstrating that modification 

of one histone subunit can regulate the subsequent modification of a different 

subunit (Dover et al. 2002 and Sun and Allis 2002). Despite increasing 

recognition of the importance of histone ubiquitination and the fact that histones 

were the first proteins found to be subject to covalent modification by ubiquitin 

(Hunt and Dayhoff 1977 and Olson et al. 1976), our understanding of the 

machinery responsible for this modification, its regulation, and its functions 

remains incomplete. 

Ubiquitination is catalyzed by a system of three enzymes that includes a 

generic ubiquitin-activating enzyme or E1, a ubiquitin-conjugating enzyme or E2, 

and a ubiquitin ligase or E3 (Glickman and Ciechanover, 2002). Cells have many 

more ubiquitin ligases than ubiquitin-conjugating enzymes; the ligases are the 

substrate recognition components of the system, and they are generally the 

target of biological regulation. In S. cerevisiae, the Rad6 ubiquitin-conjugating 
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enzyme has been shown to be required for histone H2B monoubiquitination on 

K123 and consequently methylation of H3 on K4 (Robzyk et al., 2000). Rad6 is 

known to function in conjunction with one of three RING finger ubiquitin ligase 

homologs: Ubr1, Rad18, or Rad5 (Bailly et al. 1994; Dohmen et al. 1991 and 

Johnson et al. 1992). Ubr1 functions in the N-end rule protein degradation 

pathway (Bartel et al., 1990), whereas Rad18 and Rad5 function in DNA repair, 

where PCNA is a key substrate (Hoege et al., 2002). The ubiquitin ligase for 

histone monoubiquitination has not previously been reported. 

Here we identify a conserved RING finger domain protein, encoded by 

BRE1 in S. cerevisiae, that is required for histone H2B monoubiquitination in 

vivo. A Bre1-associated protein, Lge1, is also required for H2B 

monoubiquitination. As predicted from recent studies, both Bre1 and Lge1 are 

required for histone H3 K4 methylation as well. In contrast, the Rad5, Rad18, and 

Ubr1 RING proteins shown previously to function with Rad6 are dispensable for 

H2B monoubiquitination and H3 K4 methylation. The lge1Δ (large 1) mutant was 

originally identified in a screen for cell size mutants. We show here that bre1Δ 

mutants and strains harboring a single amino acid change in the H2B 

monoubiquitination site also display a large cell phenotype. Cells lacking 

components of the H3 K4 methylase display a size distribution that is 

intermediate between those of wild-type and bre1Δ or lge1Δ cells, demonstrating 

a role for histone H2B monoubiquitination in cell size determination that is in part 

distinct from its requirement for H3 K4 methylation. 
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RESULTS AND DISCUSSION 

We have recently obtained evidence that the universally conserved 

histone variant, H2A.Z (encoded by HTZ1 in S. cerevisiae), functions to promote 

the formation of active chromatin (M.D. Meneghini, M. Wu, and H.D.M, 

submitted). Although htz1Δ deletion mutants are viable, we observed that htz1Δ 

rad6Δ double mutants are inviable (Figure 1). We systematically screened for 

other deletion mutants that are synthetically lethal with htz1Δ (our unpublished 

data) and identified a null mutation in BRE1, which encodes a protein of unknown 

function identified previously in a screen for mutants that are hypersensitive to 

the drug brefeldin A (Muren et al., 2001). bre1Δ mutants display synthetic 

lethality with htz1Δ mutants but, like rad6Δ mutants, are viable in HTZ1+ cells 

(Figure 1). Database searching and alignment (Figure 2) revealed sequence 

homologs of Bre1 in Schizosaccharomyces pombe (SpBre1A, SpBre1B), 

Dictyostelium discoidium (DictBre1), Arabadopsis thaliana (AtBre1), 

Caenorabditis elegans (CeBre1), Drosophila melanogaster (DmBre1), and 

humans (HuBre1A, HuBre1B). Multiple domains in Bre1 and its homologs yield 

strong predictions of α-helical coiled-coil structure, but the highest sequence 

conservation is apparent in a canonical RING domain that lies at the extreme C 

terminus of each family member. Phylogenetic analysis of the similarity between 

Bre1 homologs from different organisms recapitulates the expected relationships 

between species, further supporting their assignment as a family of proteins 

(data not shown). RING domains are characteristic of a large class of ubiquitin 

ligases and are likely to be diagnostic for this activity (Joazeiro and Weissman, 
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2000). Since BRE1 shares genetic properties with RAD6 and since the protein 

has a domain found in ubiquitin ligases, we hypothesized that Bre1 is a 

component of the ubiquitin ligase that cooperates with Rad6 in the ubiquitination 

of histone H2B. 

As shown in Figure 3A, monoubiquitination of H2B can be readily detected 

in wild-type cells harboring a functional FLAG-tagged allele of the HTB1 gene 

(encoding histone H2B) as a slower-migrating form upon SDS-PAGE and 

immunoblotting of whole-cell extracts with anti-FLAG antibodies. Consistent with 

previous studies, the ubiquitinated species is absent in cells containing a tagged 

htb1-K123R mutant in which the lysine at the monoubiquitination site has been 

changed to a nonmodifiable arginine residue; moreover, ubiquitination is absent 

in cells lacking the E2 Rad6 (Figure 3A). In cells lacking Bre1, monoubiquitination 

of H2B is similarly eliminated (Figure 3A). In contrast, cells lacking the RING 

finger proteins Ubr1, Rad5, or Rad18, which have been shown previously to act 

with Rad6, display no defect in H2B monoubiquitination (Figure 3A). Cells 

harboring a BRE1 allele containing a truncation of 54 codons corresponding to 

the C-terminal RING domain (bre1-ΔRING) are also defective in ubiquitination, 

consistent with the known requirement of RING domains for activity of this family 

of ubiquitin ligases (Figure 3B). 

A large-scale protein complex purification study has previously identified 

two polypeptides associated with Bre1: Lge1 and Yhr149c (Ho et al., 2002). 

Interestingly, lge1Δ displays synthetic lethality with htz1Δ (Figure 1; our 

unpublished data). Lge1 has a strongly predicted coiled-coil domain at its C 
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terminus, which may mediate its interaction with Bre1 (our unpublished data). We 

therefore examined H2B ubiquitination in lge1Δ cells. As shown in Figure 3A, the 

lge1Δ mutant is defective in H2B ubiquitination, suggesting that Bre1 functions as 

part of a multiprotein complex. 

As in other species, H3 K4 methylation in S. cerevisiae by the Set1 

complex is associated with transcriptionally active chromatin (Bernstein et al., 

2002; M. D. Meneghini, M. Wu, and H.D.M., submitted). Since Rad6-dependent 

monoubiquitination of histone H2B has been demonstrated to be required for H3 

K4 methylation (Dover et al. 2002 and Sun and Allis 2002), we predicted that 

Bre1 and Lge1 should likewise be important for methylation of H3 K4. SDS-

PAGE fractionation and immunoblotting of whole-cell extracts using antibodies 

specific for H3 methyl-K4 revealed a robust band corresponding to methyl-K4 H3 

in wild-type cells (Figure 3C). As predicted, bre1Δ mutants, like rad6Δ mutants, 

were completely defective in H3 K4 methylation. Moreover, the bre1-ΔRING 

allele also abolished H3 K4 methylation (Figure 3D), whereas cells lacking Lge1 

showed greatly reduced methylation (Figure 4A). Finally, we examined whether 

bre1Δ and lge1Δ are required for histone H3 K79 methylation, which has recently 

been shown to require H2B monoubiquitination (Briggs et al. 2002 and Ng et al. 

2002). As with K4 methylation, bre1Δ cells lack methylation of K79, whereas 

lge1Δ cells display a partial defect in K79 methylation that is weaker than their 

defect in K4 methylation (Figure 3E). The residual methylation present in lge1Δ 

cells could be due to a very low amount of residual H2B monoubiquitination 
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(below our detection limit) in the lge1Δ mutant, or possibly, Lge1 could play an 

inhibitory role in methylation that is overcome by ubiquitination. 

The lge1Δ mutant was originally identified in a large-scale screen for 

mutants with defective cell size control (Jorgensen et al., 2002). Cells lacking 

LGE1 display a large cell phenotype. Inspection of the published genome-wide 

dataset revealed that bre1Δ mutants also display a large cell phenotype. To 

confirm these data, we examined the population size distributions of wild-type, 

bre1Δ, and lge1Δ cells. As controls, we examined the cell sizes of sfp1Δ (a whi 

or small size mutant) and swi4Δ (a lge or large size mutant) strains (Jorgensen et 

al., 2002). As shown in Figure 4A, both bre1Δ and lge1Δ strains displayed a 

large cell phenotype, consistent with previous measurements (Jorgensen et al., 

2002). The phenotype of bre1Δ and lge1Δ mutant data raised several questions. 

First, is the large cell phenotype observed in lge1Δ and bre1Δ mutants due to a 

defect in H2B monoubiquitination? To test this possibility, we examined the cell 

size distributions of isogenic S. cerevisiae strains containing a deletion of both 

H2B genes (htb1Δ htb2Δ) complemented by plasmid-borne alleles of either wild-

type H2B or H2B-K123R. Strikingly, cells harboring the monoubiquitination site 

mutant displayed a large cell phenotype relative to the wild-type H2B control 

(Figure 4B). (We note that the strains harboring the wild-type H2B allele are 

larger than that of the wild-type control for the experiments in Figure 4A; this may 

result from differences in the strain background used [W303 for the HTB1 

experiments versus S288C for the deletion mutant experiments]). The second 

question raised by the cell size phenotypes of bre1Δ and lge1Δ mutants is 
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whether the size defect is due to a defect in H3 K4 methylation, which requires 

H2B ubiquitination. To test this hypothesis, we examined the cell size 

distributions for mutants in the Set1 H3-K4 methylase complex (set1Δ and 

swd3Δ), in which H3 K4 methylation is absent (Krogan et al. 2002 and Roguev et 

al. 2001). These mutants displayed a median and mean size that was 

intermediate between those of wild-type and H2B monoubiquitination-defective 

mutants (Figure 4A). Thus, the large cell phenotype of bre1Δ, lge1Δ, and H2B-

K123 mutants can only partially be explained by a loss of H3 K4 methylation. 

We have identified Bre1 as a RING finger protein required for 

monoubiquitination of histone H2B on K123 and methylation of histone H3 on K4. 

We also show that the Bre1-associated protein Lge1 is required for normal levels 

of H2B ubiquitination and H3 K4 methylation, suggesting that both proteins are 

components of a multisubunit E3. Although we cannot rule out the formal 

possibility that Rad6 and Bre1-Lge1 indirectly activate an unknown ubiquitin 

ligase that promotes H2B monoubiquitination, their specific requirement in vivo 

for H2B ubiquitination and the necessity for the Bre1 RING domain for the 

modification are most simply explained by a direct role. However, demonstration 

of H2B-specific in vitro ubiquitin ligase activity of the Bre1 complex in a purified 

system will be necessary to show that it functions as an E3. As noncatalytic 

subunits of ubiquitin ligase complexes can serve a regulatory function (Carroll 

and Morgan, 2002), we speculate that Lge1 may function to modulate the activity 

of the complex in response to regulatory inputs and/or to control substrate 

selection. 
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Our analysis of cell size distributions of mutants lacking histone H2B 

monoubiquitination revealed an unanticipated role for this chromatin modification 

in cell size control. Moreover, our finding that blocking H3 K4 methylation by 

deletion of genes encoding essential components of the H3 K4 methylase only 

partially recapitulates the cell size defects of bre1Δ and lge1Δ mutants indicates 

that H2B monoubiquitination has a role in size control independent of its function 

in H3 K4 methylation. Methylation of H3 on K79 has been recently shown to 

require H2B monoubiquitination (Briggs et al. 2002 and Ng et al. 2002) and may 

explain the intermediate cell size phenotype of cells lacking K4 methylation. This 

requirement for H2B monoubiquitination for size control could reflect an effect on 

the cell cycle transcriptional program. An intriguing alternative model would be a 

role for H2B monoubiquitination which is independent of transcription; one 

possibility is that cells measure the modified histone content of chromatin as part 

of the still-mysterious biochemical calculation of cell size which is used to time 

critical transitions in the cell cycle such as START. Such a model would be 

consistent with the known dependence of cell size on chromosome ploidy that 

has been established in organisms from yeast to man (Galitski et al. 1999 and Su 

and O'Farrell 1998). 

Both BRE1 and LGE1 are essential for cell viability in cells lacking the 

conserved histone variant H2A.Z, and they are required for H3-K4 methylation, a 

modification associated with active chromatin. Moreover, we have recently 

shown that H2A.Z promotes the formation of active chromatin (M.D. Meneghini, 

M. Wu, and H.D.M., submitted). We speculate that Rad6, Bre1, and Lge1 act 
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upstream of H3 K4 methylation in a pathway parallel to that of H2A.Z which also 

functions to establish and/or maintain the euchromatic state. Our identification of 

homologs of Bre1 in diverse eukaryotic species suggests that the fundamental 

elements of the histone-based regulatory circuitry described in this and other 

recent studies have been conserved during evolution. 
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EXPERIMENTAL PROCEDURES 

Yeast Strains 

S. cerevisiae strains used in this study are listed in Supplemental Table 

S1 at http://www.molecule.org/cgi/content/full/11/1/261/DC1. 

 

Yeast Methods 

Standard procedures were used for cultivation and genetic manipulations 

(Guthrie and Fink, 2002). Strains were of the S288C background. Knockouts 

were obtained from the Yeast Deletion Consortium collection (Research 

Genetics), and their genotypes are indicated in the figure legends. 

 

Plasmid Constructions 

pADH1-BRE1 was constructed as follows. The coding region of BRE1 was 

amplified using genomic DNA as a template and cloned into pZeroBluntII (TOPO 

cloning kit; Invitrogen) and then subcloned into p415-ADH1 (LEU2, CEN) using 

PstI and BamHI. The pADH1-bre1ΔRING allele was generated using the 

identical strategy except that BRE1 was truncated to remove the C-terminal 54 

codons. 

 

Histone Modification Assays 

For histone monoubiquitination assays, extracts were prepared as 

described (Sun and Allis, 2002). Samples were fractionated by SDS-PAGE 

(12%). After transfer, PVDF membranes were washed for 3 min in water and 
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blocked in 3% milk in ATBS (50 mM Tris [pH 8], 138 mM NaCl, 2.7 mM KCl). 

Following a 5 min wash in ATBS, membranes were incubated with a mouse anti-

FLAG monoclonal antibody (Sigma, 1:1000) for 30 min in 3% milk in ATBS. 

Membranes were washed for 5 min with TBS and incubated for 30 min with HRP-

conjugated anti-mouse secondary antibodies and then washed eight times for 2.5 

min in ATBS + 0.05% Tween. Blots were visualized by ECL (Pierce Pico Kit). 

Histone H3 K4 methylation was assayed as follows. Cells were grown to 

mid-log phase (OD600 of 0.6 to 0.8). Three OD units of cells were pelleted and 

resuspended in 100 µl of 2× SDS sample buffer and boiled for 2 min. Fifty 

microliters of glass beads was added, and samples were vortexed and then 

boiled for an additional 2 min. Extracts were clarified by centrifugation for 10 min 

at 21 kg, and the supernatants were boiled again for 3 min. Samples were 

fractionated by SDS-PAGE (12%) and transferred to nitrocellulose. Blots were 

blocked for 30 min in 5% milk in TBST (10 mM Tris [pH 8], 150 mM NaCl, 0.05% 

Tween), and then incubated with rabbit anti-histone H3 methyl-K4 antibodies 

(Abcam, 1:1000) for 1 hr in 5% milk in TBST. Following five washes for 5 min 

each in TBST, blots were incubated with HRP-conjugated anti-rabbit secondary 

antibodies for 30 min in 5% milk in TBST. Following four washes for 5 min each 

in TBST and one 5 min wash in TBS, blots were visualized using ECL (Pierce 

Pico ECL kit). The same procedure was used to assay H3 K79 methylation using 

antibodies generously provided by Frank van Leeuwen and Dan Gottschling. 

 

Cell Size Distribution Determinations 
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Strains were grown in YPD medium to mid-log phase (OD 0.6–0.8). Two 

percent formaldehyde was added, and cells were incubated for 20 min at 30°C. 

Cells were collected by centrifugation and washed twice with 0.1 M potassium 

phosphate (pH 6.5) and stored in 1 ml of solution P (0.1 M potassium phosphate 

[pH 6.5], 1.2 M sorbitol) at 4°C. Twenty microliters of the fixed cell suspension 

was diluted into 20 ml Isoton (Beckman-Coulter). Cell size distributions were 

determined using a Beckman-Coulter Multisizer 3 instrument fitted with a 100 uM 

aperture. Approximately 3–5 × 107 cells were counted for each culture.  
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FIGURE LEGENDS 

 

Figure 1. Genetic Identification of BRE1 and LGE1  (A) Shown is tetrad analysis 

YM1749 (a/α htz1Δ::natMX4/HTZ1 rad6::kanMX4/RAD6). Genotyping of these 

tetrads revealed that the inviable colonies correspond to the htz1Δ rad6Δ double 

mutant.(B) Synthetic lethality between htz1Δ and bre1Δ. Shown is tetrad analysis 

of YM1750 (a/α htz1Δ::natMX4/HTZ1 bre1::kanMX4/BRE1). Genotyping 

revealed that the inviable colonies correspond to the htz1Δ bre1Δ double 

mutant.(C) Synthetic lethality between htz1Δ and lge1Δ. Shown is tetrad analysis 

of YM1751 (a/α htz1Δ::natMX4/HTZ1 lge1::kanMX4/LGE1). Genotyping revealed 

that the inviable colonies correspond to the htz1Δ lgeΔ double mutant. 

 

Figure 2. Conservation of Bre1 across Eukaryotic Evolution  Shown is a Clustal 

W alignment of Bre1 sequence homologs. The RING domain is indicated. 

Regions upstream of the RING domain of each of the homologs yield strong 

coiled-coil predictions over multiple regions. Database accession numbers: 

CAA98640 (Bre1), NP_587845 (SpBre1A), CAA22646 (SpBre1B), AAL93605 

(DictBre1), AAL91211 (AtBre1), AAK21443 (CeBre1), AAF50744 (DmBre1), 

BAB14005 (HuBre1A), AAH18647 (HuBre1B). 

 

Figure 3. Analysis of H2B Monoubiquitination and H3 Methylation  (A) 

Determination of H2B monoubiquitination in selected wild-type and mutant 

strains. Shown is an immunoblot using anti-FLAG antibodies of extracts from 
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strains of the indicated genotypes harboring FLAG-H2B on a CEN-ARS 

plasmid.(B) Bre1 RING domain is essential for H2B monoubiquitination. bre1Δ 

cells harboring either pADH-BRE1 or pADH-bre1ΔRING were analyzed as in 

(A).(C) Determination of H3 K4 methylation in selected wild-type and mutant 

strains. (Upper panel) Shown is an immunoblot using anti-H4 methyl-K4 

antibodies of extracts from strains of the indicated genotypes fractionated by 

SDS-PAGE. (Lower panel) Reprobing of the blot in the upper panel with 

antibodies to Pgk1.(D) Bre1 RING domain is essential for H3 K4 methylation. 

bre1Δ cells harboring either pADH-BRE1 or pADH-bre1ΔRING were analyzed as 

in (A).(E) Determination of H3 K79 methylation in selected wild-type and mutant 

strains. (Upper panel) Shown is an immunoblot using anti-H4 methyl-K79 

antibodies of extracts from strains of the indicated genotypes fractionated by 

SDS-PAGE. (Lower panel) Reprobing of the blot in the upper panel with 

antibodies to Pgk1. 

 

Figure 4. Analysis of Cell Size  (A) Cell size measurements of selected haploid 

knockout strains in the S288C strain background. Shown is a graph of mean 

(gray bars) and median (black bars) cell volumes of the indicated strains. Each 

measurement was performed on three cultures. Error bars indicate standard 

deviations.(B) Cell size measurements of htb1Δ htb2Δ cells (W303 strain 

background) harboring plasmids encoding wild-type HTB1 versus htb1-K123R 

alleles. Scale and legend are as in (A).(C) Histogram of cell size distribution of 

strains shown in (B). Shown are the population cell size distributions of htb1Δ 
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htb2Δ cells harboring plasmids encoding wild-type HTB1 (open boxes) versus 

the htb1-K123R allele (filled boxes). 
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Chapter 5 

 

 

 

Role of DNA sequence and chromatin-remodeling activity  

in nucleosomes positioning 
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ABSTRACT 

 

The organization of chromatin around the 5’ ends of coding sequences is 

highly conserved.  One of the primary features of this organization is the 

presence of a nucleosome-free region (NFR) around the start sites of 

transcription, bounded by H2A.Z-containing nucleosomes with highly specific 

patterns of histone modifications.  I have developed a software tool for the 

analysis of high-resolution chromatin profiling data.  The application of this tool 

provided evidence that the essential chromatin remodeling enzyme Sth1 (Switch 

Two Homolog) regulates the formation of NFRs at a subset of genes in S. 

cerevisiae.  In the absence of Sth1, nucleosomes flanking the NFR are 

positioned closer together, resulting in the shortening of the NFR, by 50 

basepairs on average.  Further, these repositioned nucleosomes coincide with 

putative nucleosome-positioning DNA sequences.  These results suggest that 

Sth1/RSC complex acts around transcription start sites to move nucleosomes 20-

30 bases away from the predicted energetically favorable sites to generate full-

length NFRs.  This work has implications for the function of chromatin-

remodeling enzymes in chromatin structure and transcriptional regulation. 
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INTRODUCTION 

Genome-wide profiling of nucleosome position and modification is a 

powerful tool for the study of chromatin-mediated transcriptional regulation.  Until 

recently, such analysis was performed using spotted cDNA microarrays yielding 

low resolution information at the level of entire promoters and coding sequences.   

The introduction of high-density oligo nucleotide microarrays that tile entire 

chromosomes or even genomes has led to the rapid increase in the quality and 

quantity of chromatin modification data, creating the urgent need for new, more 

powerful analytic methods and tools. 

The basic architecture of chromatin within genes appears to be conserved 

from the budding yeast S. cerevisiae to mammals (Guenther et al., 2005; Liang 

et al., 2004; Liu et al., 2005; Ozsolak et al., 2007; Roh et al., 2005; Schubeler et 

al., 2004; Yuan et al., 2005).  In general, nucleosomes are evenly spaced in the 

region around the 5’ ends of coding sequences; however, there is a ~150-200 

basepair nucleosome-free linker region (NFR) around the transcription start site 

(TSS) (Yuan et al., 2005).  The two nucleosomes flanking the NFR contain the 

histone variant H2A.Z instead of H2A (Raisner et al., 2005).  The few 

nucleosomes downstream of the TSS are tri-methylated on H3 lysine 4 and 

acetylated on a number of H2A, H3 and H4 lysine residues in a manner that 

correlates with transcriptional activity (Liu et al., 2005).  Further downstream, 

nucleosomes tend to exhibit di- and tri-methylation of H3 K4 and a distinct set of 

acetylations that are noticably depleted from the 5’ region.  The level of these 

modifications does not appear to correlate with transcription.  While the functions 
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of these modifications has been studied at the bulk level (reviewed in Li et al., 

2007), understanding how these highly conserved patterns are established and 

what role they play in regulating transcription will be crucial.  In particular, it will 

be interesting to determine what chromatin-remodeling activities are required to 

position nucleosomes and create the NFR. 

The organization of chromatin is mirrored by the underlying DNA 

sequence.  DNA sequences occupied by nucleosomes exhibit a periodic 

distribution of certain dinucleotides every 10 basepairs that is believed to favor 

DNA wrapping around the histone octamer (Ioshikhes et al., 1996; Satchwell et 

al., 1986; Widom, 2001).  AA, TT and TA dinucleotides are enriched at 10 

basepair intervals; conversely, the GC dinucleotide is enriched at the 

interspersed positions (Cohanim et al., 2005; Segal et al., 2006).  This is in 

agreement with DNA sequences identified by in vitro selection for strong 

nucleosome binding (Lowary and Widom, 1998).  These sequences define a 

consensus nucleosome-positioning sequence (NPS).  Pugh and colleagues 

scanned promoter-proximal regions, assigning to each nucleotide position a 

score indicating how well the DNA sequence around that position correlated with 

the NPS (Ioshikhes et al., 2006).  These scores are good predictors of the 

observed nucleosome positions in vivo, suggesting that they specify nucleosome 

positioning. 

In this chapter, I describe the development and application of a tool for the 

analysis of nucleosome position data.  I have implemented the nucleosome 

alignment algorithm described by Yuan et al. (Yuan et al., 2005) as a software 
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program using the Python programming language.  In collaboration with Paul 

Hartley, I have used this program to (i) determine the position of the NFR and (ii) 

align nucleosomes observed in the presence and absence of the essential 

chromatin-remodeling enzyme Sth1, a member of the RSC complex.  Finally, I 

compare these to the NPS pattern to determine the contributions of cis- and 

trans-acting factors to the formation of the NFR.  
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RESULTS AND DISCUSSION 

 

Implementation of a nucleosome alignment algorithm 

Rando and colleagues (Yuan et al., 2005) measured nucleosome 

association at 20 basepair intervals along chromosome III of S. cerevisiae using 

a tiling microarrays.  Their seminal discovery – the existence of the NFR – was 

made using an multiple alignment of the nucleosome profile at every gene.  In 

order to repeat this analysis on novel data, I first implemented the alignment 

procedure, which is summarized below and in Figure 1, as a software tool (see 

Appendix). 

The ratios of nucleosomal DNA to total DNA were log-transformed, mean-

centered and variance-normalized (i.e. standard deviation was set to unity).  For 

each gene, the values for probes lying between -1500 and +1500 basepairs with 

respect to the start codon were extracted and represented as a vector.  The 

vectors for all genes were first aligned by the start codon.  An alignment region 

for each gene was defined to extend from -450 to +150 basepairs.  Genes with 

missing values within this region were discarded.  A 300 basepair (15 probe) 

sliding window was defined within each alignment region and initially centered on 

the lowest signal within this region.  The correlation score for each gene vector 

was calculated as the average of the pairwise Pearson correlation coefficients 

with the remaining gene vectors, computed over these windows.  Each gene was 

sequentially “realigned” by suitable placement of the window within the alignment 

region to maximize its correlation score.  This process was iterated until the 
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average of the correlation scores of all genes converged, which typically 

occurred in under 20 iterations.  This procedure thus evaluates the optimum 

alignment of the NFR and the two flanking nucleosomes at all genes.  For the 

sake of simplicity, the center of the final position of each window was considered 

to be center of the NFR at the corresponding gene for the calculation of distance 

from NFR shown in Figures 2-5.  In practise, the NFRs appear to be shifted 

approximately 20-40 basepairs upstream, which does not affect the conclusions 

below as this shift was uniformly applied to all data. 

To verify the accuracy of the software, I performed the above analysis on 

data from wild-type cells (see below; P. Hartley, unpublished data).  Alignment by 

start codon and by NFR recapitulated the results of Yuan et al. (Figure 2). 

 

Sth1 regulates nucleosome positioning and NFR length at a subset of 

genes 

It remains unclear what forces drive the formation of the nucleosome free 

linker region around transcription start sites.  In collaboration with Paul Hartley, I 

used nucleosome alignment to study the role of Sth1 in positioning nucleosomes 

around the 5’ end of genes.  Sth1 is the Swi/Snf-related ATPase component of 

the RSC chromatin-remodeling enzyme, which is involved in diverse processes 

including meiotic gene induction and kinetochore function (Hsu et al., 2003; 

Yukawa et al., 1999).  Since Sth1 is essential for viability (Laurent et al., 1992), a 

temperature-sensitive allele of Sth1 was constructed using the degron approach 

(Sanchez-Diaz et al., 2004).  Wildtype and sth1-degron cells bearing galactose-
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inducible Ubr1 were grown in liquid cultures, and degradation of Sth1 induced by 

addition of galactose and shift to the non-permissive temperature (37ºC) for 5 

hours.  Cells were spheroplasted and treated with micrococcal nuclease to digest 

linker DNA.  Nucleosomal DNA, which is protected from digestion, was purified 

and hybridized to genomic DNA prepared in parallel to oligonucleotide 

microarrays that represent a tiling of S. cerevisiae chromosome III (Paul Hartley, 

unpublished data). 

NFR positions were determined as described above in wild-type cells.  For 

comparison with respect to the same chromosomal coordinates, the data from 

sth1-degron cells were aligned, not as described above, but using the positions 

of NFRs in wild-type cells.  Vectors representing wild-type and mutant 

nucleosome occupancies between -300 and +200 basepairs from the center of 

the NFR were concatenated by gene.  K-means clustering revealed the presence 

of atleast two distinct groups of genes based on nucleosome position in the 

presence and absence of Sth1 (Figure 3).  The average nucleosome profile of 

Class A genes exhibits a clear shortening of the NFR upon loss of Sth1, and 

encroachment of the flanking nucleosomes, especially the one upstream of the 

TSS (Figure 4A).  NFRs at Class B genes do not appear to be Sth1-dependent 

(Figure 4B).  Thus Sth1 appears to regulate NFR length and nucleosome position 

at a subset of genes. 

 

In the absence of Sth1, nucleosome position coincides with the location of 

nucleosome-positioning sequences 
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  Certain DNA sequences favor nucleosome occupancy.  These 

sequences occur periodically along DNA in the vicinity of promoter regions 

(Ioshikhes et al., 2006).  Does Sth1 couple ATP-hydrolysis to slide nucleosomes 

away from these energetically favorable positions?  Or, does Sth1 simply 

accelerate the kinetics of nucleosome dynamics, allowing nucleosomes 

deposited into chromatin to sample various positions and converge to the 

energetically favored ones?  To probe this question, we compared NPS location 

to nucleosome position in the presence and absence of Sth1. 

Pugh and colleagues (Ioshikhes et al., 2006) compute a score for each 

promoter nucleotide indicating the likelihood that a 147-basepair window around 

that position represents a NPS.  I averaged the scores in 20 basepair intervals 

and aligned the results based on NFR position in wild-type cells (see above).  

This alignment permits a direct comparison between the peak locations in the 

NPS and nucleosome datasets (Figure 5A).  There is a remarkable overlap 

between peak NPS scores and the peak nucleosome occupancy in sth1-degron 

cells, suggesting that in the absence of Sth1, nucleosomes occupy the putative 

NPS.  These data argue against the latter scenario presented above, instead 

supporting the hypothesis that Sth1 activity is required to slide nucleosomes 

apart to create full-length NFRs (Figure 5B). 

Nucleosome positions at promoters are regulated by both cis-acting and 

trans-acting factors, namely NPSs and the Sth1/RSC complex.  Sth1 may be 

recruited to sequences near the transcription start site, resulting in mobilization of 

nucleosomes along DNA.  Directionality of apparent nucleosome movement may 
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be due to tethering of Sth1 activity near the TSS,  resulting in selective 

stabilization of nuclesomes that slide away from the TSS.  Further, the trends in 

average nucleosome position described above are not clear at many individual 

genes (data not shown), suggesting that multiple mechanisms contribute to 

chromatin architecture at any given gene.  Experiments involving various 

juxtapositions of Sth1 recruitment sties and NPSs would be helpful in clarifying 

the role of Sth1 at NFRs.  It will also be important to identify other chromatin-

modifications that contribute to specification of chromatin architecture.  Finally, 

further development of the analytical methods used here will catalyze our efforts 

to understand the origins and functions of chromatin structure.  
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FIGURE LEGENDS 

 

Figure 1:  Schematic of nucleosome/NFR alignment algorithm.  See text for 

detailed description. 

 

Figure 2:  Alignment of nucleosome occupancy data from wild-type cells by start 

codon and by NFR.  (A) Log-ratios of nucleosome-associated DNA to total 

(genomic) DNA were measured at 20 bp intervals along Chr III (P. Hartley, 

unpublished data).  The data corresponding to the -1500 to +1500 region relative 

to the ATG start codon for each gene was aligned by start codon.  Yellow 

represents nucleosomal DNA, blue denotes linker DNA.  (B)  The data from (A), 

aligned by nucleosomes/NFR (see text, Figure 1).  (C) Average nucleosome 

profile from ATG alignment in (A).  The log-ratio of nucleosomal DNA:total DNA 

is plotted against distance from the ATG.  (D) Average nucleosome profile based 

on nucleosome/NFR alignment.  X-axis represents distance from NFR (see text 

for details). 

 

Figure 3:  Comparison of nucleosome position in the presence and absence of 

Sth1.  Shown is nucleosome occupancy data from wild-type and sth1-degron 

cells grown under restrictive conditions, aligned by NFR position in wild-type 

cells.  Only the -300 to +200 region relative to the NFR is shown for clarity.  Color 

scheme same as for Figure 2.  Hierarchical clustering of combined wild-type and 
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mutant data reveals two classes of genes based on requirement of Sth1 for full-

length NFRs. 

 

Figure 4:  Sth1 regulates nucleosome position at a subset of genes.  (A) The 

average nucleosome profile of genes in Class A (Figure 3), showing the 

repositioning of NFR-flanking nucleosomes in the absence of Sth1.  (B)  Class B 

genes do not show exhibit significant Sth1-dependent changes in nucleosome 

positions. 

 

Figure 5:  Role of Sth1 and nucleosome-positioning sequences (NPS) in NFR 

formation.  (A)  NPS correlation scores averaged in 20 bp intervals and aligned 

by NFR position in wild-type cells overlaid on average nucleosome profile of 

Class A genes (Figure 4A).  Putative NPS (peak in NPS trace) upstream of the 

NFR coincides with nucleosome position in the absence (sth1-degron, green), 

not presence (wild-type, blue), of Sth1.  (B) Model for cis- and trans- regulation of 

NFR length.  In the absence of Sth1, nucleosomes occupy the most energetically 

favorable positions (NPS) flanking the transcription start site (TSS).  Action of 

Sth1 slides nucleosomes (especially upstream flanking nucleosome) away from 

the TSS, resulting in full-length NFR formation. 
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In this thesis, I present my research on the role of histone H3 K4 

methylation and histone variant H2A.Z in regulating gene silencing, further 

studies of the proteins involved in deposition H2A.Z into chromatin and 

identification of factors upstream of H3 K4 methylation.  In addition, I have 

developed a tool for the analysis of high resolution data on chromatin structure 

and have used it to study the contributions of cis- and trans-acting factors in 

specifying nucleosome position.  Below is a summary of the novel findings and 

their implications for future research. 

 

Set1 and H2A.Z share overlapping roles in antagonizing genome-wide 

silencing 

The histone variant H2A.Z and methylation of H3 K4 are features of 

euchromatin that are conserved across eukaryotes.  In the budding yeast S. 

cerevisiae, H2A.Z antagonizes the spread of silencing factors Sir2, Sir3 and Sir4 

from silent chromatin at telomeres into adjacent regions.  In collaboration with 

William Hwang, Amy Tong and Charles Boone, I performed a genetic screen for 

factors that act redundantly with H2A.Z to antagonize Sir-mediated silencing, 

which identified members of the Set1 histone methyltransferase complex 

(Chapter 2).   

Set1 was known to play some role in regulating silencing but the nature of 

this role was controversial.  set1∆ mutants exhibit defects in silencing of 

telomeres and silent-mating type loci, leading to a widely held view that Set1 was 

involved in promoting  silencing (Briggs et al., 2001; Bryk et al., 2002; Krogan et 
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al., 2002; Nislow et al., 1997).  However, the only known function of Set1 was 

methylation of histone H3 on lysine 4, which was largely excluded from silent 

regions (Bernstein et al., 2002).   This raised two possibilities:  (i) Set1 acts within 

silent domains to enhance the binding or activity of the Sir complex via 

methylation of a novel possibly non-histone lysine target, or (ii) Set1 acts within 

euchromatin to exclude silencing factors and thereby restrict them to 

heterochromatin.  In collaboration with Marc Meneghini, I found that set1∆ and 

H3K4A mutants exhibit similar silencing phenotypes, which strongly favors the 

latter possibility i.e. that the role of Set1 in silencing is indirect.   

Microarray expression analysis revealed a widespread but quantitatively 

subtle expression defect in set1∆ htz1∆ cells, encompassing 10% of the genome, 

which is suppressed by removal of Sir2.  I adapted the DamID technique, initially 

developed for D. melanogaster, to profile the distribution of Sir3 and Sir4 in set1∆ 

htz1∆ cells.  These experiments indicate that loss of Set1 and H2A.Z results in a 

global redistribution of silencing proteins to euchromatic genes far from 

telomeres.  Taken together, these results suggest that in the absence of H3 K4 

methylation and H2A.Z-containing nucleosomes, promiscuous Sir3 and Sir4 

binding at genes all across the genome results in ectopic Sir2-dependent 

repression.  Prior to this work, it was thought that silencing proteins operate 

solely in the vicinity of native heterochromatin (Kimura et al., 2002; Meneghini et 

al., 2003; Moazed, 2001; Suka et al., 2002; van Leeuwen et al., 2002).  It 

appears that the scope of silencing and anti-silencing mechanisms is 

considerably broader than has been previously thought. 
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Finally, redundancy between chromatin modifications has important 

implications for the study of transcriptional regulation.  Much of our knowledge 

about the function of these modifications comes from analysis of single mutants.  

Functions that are shared between two or more pathways would be masked in 

these mutants.  In order to uncover the full extent of chromatin-mediated 

regulation of transcription, it will be imporant to systematically analyze the effects 

of combinations of mutations in different chromatin modifiers. 

 

The Swr1 complex is required for H2A.Z deposition 

In collaboration with Michael Kobor, Jasper Rine and Marc Meneghini, I 

identified and characterized the factors responsible for incorporation of H2A.Z 

into chromatin (Chapter 3, Kobor et al., 2004).  Similar results were also reported 

by two other groups (Krogan et al., 2003; Mizuguchi et al., 2004).  

Immunoprecipitation followed by mass spectrometry revealed a set of 13 proteins 

that interact with H2A.Z in yeast extracts.  Immuno-capture of 3 of these also co-

precipitated the same set of proteins, indicating their presence in a complex in 

vivo, named Swr1-Com.  The eponymous component of this complex, Swr1, is 

homologous to the Swi/Snf family of chromatin-remodeling enzymes.  These 

enzymes couple the energy of ATP hydrolysis to modify histone-DNA contacts 

resulting in nucleosome displacement along DNA, altered accessibility of 

nucleosomal DNA and even eviction of histones from DNA (reviewed in Saha et 

al., 2006).   
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Loss of Swr1 results in a substantial defect in H2A.Z deposition into 

chromatin proximal and distal to silent regions.  In addition, swr1∆ cells exhibit 

gene expression changes very similar to those of htz1∆ cells, including the 

repression of telomere-proximal genes, which is consistent with the known role of 

H2A.Z in prevent the local spreading of Sir proteins from telomeres (Meneghini et 

al., 2003).  Subunits of Swr1-Com are shared with the NuA4 histone 

aceryltransferase complex.  In addition, Swr1-Com contains Bdf1, which is 

known to bind acetylated histones via its twin bromo domains.  These 

observations suggest a functional link between histone acetylation and H2A.Z 

deposition.   Indeed, a recent study has found that NuA4-dependent acetylation 

stimulates the binding of Bdf1 (Durant and Pugh, 2007).  In addition, H3 and H4 

acetylation as well as Bdf1 promote H2A.Z deposition (Raisner et al., 2005; 

Zhang et al., 2005). 

The precise role of H2A.Z in transcription remains to be determined.  

There are conflicting accounts of the effect of H2A.Z on nucleosome stability in 

vitro.  The observations that (i) transcriptional activation of genes coincides with 

apparent dissociation of H2A.Z and (ii) the levels of H2A.Z correlate negatively 

with transcription suggest that H2A.Z may poise nucleosomes around the 

transcription start site for eviction prior to initiation (Santisteban et al., 2000; 

Zhang et al., 2005).  Further study of the biophysical properties of H2A.Z-

containing nucleosomes as well as analysis of H2A.Z mutations will required to 

understand the function of this histone variant. 
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The putative E3 ubiquitin ligase Bre1 is required for H2B K123 mono-

ubiquitination 

The genetic screen described above and in Chapter 2 also led to the 

identification of the role of Bre1 in mono-ubiquitination of H2B (Chapter 4, Hwang 

et al., 2003).  This discovery was made concurrently by Shilatifard and 

colleagues (Wood et al., 2003a).  Prior studies had shown that the E2 ubiquitin-

conjugating enzyme Rad6 ubiquitinates H2B in vitro and in vivo (Jentsch et al., 

1987; Robzyk et al., 2000; Sung et al., 1988).  E3 ubiquitin ligases are thought to 

confer substrate specificity on the E2 enzymes (Glickman and Ciechanover, 

2002).  Rad6 was known to act in concert with atleast two E3 proteins, Rad18 

and Ubr1, which are involved in DNA repair and N-end rule protein degradation 

respectively (Bailly et al., 1994; Dohmen et al., 1991).  The experiments 

described in Chapter 4 argue that the RING-finger E3 homolog Bre1 directs 

Rad6 activity onto K123 of H2B. 

The Paf1 elongation complex is required for Rad6/Bre1-mediated H2B-

K123 ubiquitination (Ng et al., 2003a; Robzyk et al., 2000), which is in turn 

required for methylation of H3 K4 by Set1 (and K79 by Dot1) (Sun and Allis, 

2002; Wood et al., 2003b).  However, Rad6 is dispensable for Paf1-dependent 

recruitment of Set1 to chromatin (Ng et al., 2003b).  Similarly, the use of highly 

specific antibodies has revealed that, Rad6 and Bre1 are dispensable for H3 K4 

mono-, but not di- or tri-, methylation (Schneider et al., 2005; Shahbazian et al., 

2005).  This difference may be related to the striking pattern of H3 K4 

methylation across genes.  The promoter-specific association of Rad6 (Wood et 
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al., 2003a) may explain why tri-methylation is enriched at the 5’ ends of coding 

sequences while mono-methylation is distributed further downstream (Liu et al., 

2005).  However, further experiments are necessary to determine whether the 

pattern of Rad6 association is a general feature of chromatin and the mechanistic 

contributions of ubiquitinated H2B to the histone methyltransferase activity of 

Set1. 

 

DNA sequence and the chromatin-remodeling enzyme Sth1 direct 

nucleosome positioning near the transcription start sites of genes 

I have developed a software tool for analysis of high-density tiling 

microarray data (described in Chapter 5).  I used this tool to perform a 

comparative analysis of nucleosome occupancy data (Paul Hartley and Hiten 

Madhani, unpublished data) and predicted nucleosome positioning sequences 

(Ioshikhes et al., 2006).  Nucleosomes are spaced at regular intervals in the 

region surrounding the 5’ ends of coding sequences, a pattern conserved from 

yeast to mammals (Ozsolak et al., 2007; Yuan et al., 2005).  A striking feature of 

this organization is the presence of a nucleosome-free linker region (NFR) 

between the two nucleosomes flanking the transcription start site (TSS).  It 

seems highly likely that chromatin-remodeling enzymes, which are capable of 

sliding nucleosomes, would be involved in establishing and/or maintaining this 

chromatin architecture (reviewed in Narlikar et al., 2002; Saha et al., 2006).  Our 

NFR-alignments of nucleosome binding data indicate that Sth1, the essential 

catalytic subunit of the chromatin-remodeling complex RSC, regulates NFR 
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length at a subset of genes.  Loss of Sth1 in a conditional mutant, results in 

repositioning of the above two nucleosomes in the direction of the TSS, 

shortening the NFR by about 50 basepairs. 

It has been known that specific DNA sequences favor the bending of DNA 

around the histone octamer (Ioshikhes et al., 1996; Satchwell et al., 1986; 

Widom, 2001).  Sequences strongly associated with nucleosomes exhibit a 

periodicity in the frequency of certain dinucleotides at 10 basepair intervals, with 

AA/TT/TA occuring our of phase with GC (Cohanim et al., 2005; Segal et al., 

2006).  These sequences exhibit strong nucleosome positioning activity in vitro 

(Lowary and Widom, 1998) and correlate with nucleosome position in vivo 

(Ioshikhes et al., 2006).  Our NFR-alignment of the strength of nucleosome-

positioning sequenes (NPS) along DNA revealed that putative NPSs coincide 

with nucleosome positions in the absence of Sth1.  We hypothesize that NPSs 

direct the initial positioning of nucleosomes and that chromatin remodeling 

enzymes, such as Sth1/RSC, use ATP hydrolysis to reposition the TSS-flanking 

nucleosomes to construct full-length NFRs.  This hypothesis may provide a 

general mechanism by which chromatin-remodeling regulates transciption.  

Further experiments are needed to test this hypothesis and determine the role of 

NFRs in transcription. 
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The Python code for the software described in Chapter 5 is shown below.  The 

code consists of the following modules: 

 
 
align_probes.py:  to align NFR regions in a nucleosome profile 

 

Genomic.py:  defines classes used in align_probes.py 

 

misc.py:  defines functions used in align_probes.py 

 

statistics.py:  defines functions used in align_probes.py 

 

overlay_data_on_aligned_probes.py:  to align new tiling array data by 

pre-determined NFR positions 

 

NPS_align_by_NFR.py:  to align nucleosome positioning sequence scores 

by pre-determined NFR positions 
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align_probes.py 
 
#!/usr/local/bin/python 
 
""" 
This script aligns the signal profile (eg. peaks and 
troughs) across features. For instance, this script can 
align nucleosome signals in promoters to reveal the 
nucleosome-free region.  The steps are as follows: 
 - load data, filter out missing values 
 - load probes with data 
 - load features with probes ie for each feature find those 
probes whose midpoint lies within, say, -1500 to +1500 of 
the ATG, arrange in 5'-3' direction, remove features with 
data missing from the region to be aligned, say, -450 to 
+150. 
 - alignment is tracked by an 'index' attribute of each 
feature, which indicates the relative position of one 
feature with respect to another 
 - initialize the 'index' to 0 (or some other constant 
value) ie align by ATG 
 - align the probes with the lowest signals in the align 
region ie align by trough 
 - align by iterations to achieve the best overall 
correlation of signal across region to be aligned ie align 
peaks to peaks and troughs to troughs 
 - export aligned data as a cdt file compatible with the 
TreeView software 
 
 Shivkumar Venkatasubrahmanyam 9/7/06 
""" 
 
# module genomic defines classes sequence_fragment, probe 
import Genomic 
 
class Feature(Genomic.SequenceFragment): 
 """A sequence fragment that provides a landmark based 
on which the alignment is performed""" 
 def __init__(self, name, chr, end5, end3, num_probes = 
0): 
  super(Feature, self).__init__(name, chr, end5, 
end3) 
  self.probes = [None] * num_probes 
  self.probe_signals = None 
  self.align_region_end5 = None 
  self.align_region_end3 = None 
  self.window_end5 = None 
  self.index = None 
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 def set(self, attribute, value = None): 
  if attribute in ['probes', 'align_region_end5', 
'align_region_end3', 'window_end5', 'index' ]: 
   self.__dict__[attribute] = value 
  elif attribute == 'probe_signals': 
   self.probe_signals = [] 
   for probe in self.probes: 
    if probe == None: 
     self.probe_signals.append(None) 
    else: 
    
 self.probe_signals.append(probe.signal) 
  
 def add_probe(self, probe, position = None): 
  if position == None: 
   self.probes.append(probe) 
  else: 
   self.probes[position] = probe 
 
def load_data_dict(file, delimiter): 
 import misc 
 data = {} 
 for line in file: 
  fields = line.strip().split(delimiter) 
  name, signal = fields[0], fields[1:] 
  signal = misc.float_pass_filter(signal) 
  no_signal = [None] * len(signal) 
  if signal != no_signal: 
   if len(signal) == 1: 
    data[name] = signal[0] 
   else: 
    data[name] = signal 
 return data 
 
def load_probes_with_data(file, delimiter, data_dict): 
 import Genomic 
 probes = [] 
 for line in file: 
  name, chr, end5, end3 = 
line.strip().split(delimiter) 
  if name in data_dict: 
   probe = Genomic.Probe(name, chr, end5, end3, 
signal=data_dict[name]) 
   probes.append(probe) 
 return probes 
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def load_features_with_probes(file, delimiter, probe_list, 
parameter_dict): 
 chromosomes_with_probes = [] 
 for probe in probe_list: 
  if probe.chr not in chromosomes_with_probes: 
   chromosomes_with_probes.append(probe.chr) 
 features = [] 
 for line in file: 
  name, chr, end5, end3 = 
line.strip().split(delimiter) 
  if chr in chromosomes_with_probes: 
   feature = Feature(name, chr, end5, end3) 
   if parameter_dict['feature_end_to_align'] == 
"5'end": 
    ref_coord = feature.end5 
   elif parameter_dict['feature_end_to_align'] 
== "3'end": 
    ref_coord = feature.end3 
   if feature.end5 <= feature.end3:  
    sign = +1 
   else:  
    sign = -1 
   probes_in_display_region = [None] * 
parameter_dict['max_number_probes_in_display_region'] 
   probes_in_align_region = [None] * 
parameter_dict['min_number_probes_in_align_region'] 
   for probe in probe_list: 
    if probe.chr == feature.chr: # and 
sign*(probe.end3-probe.end5) > 0: 
     probe_center = sign * (0.5 * 
(probe.end5 + probe.end3) - ref_coord) 
     if probe_center >= 
parameter_dict['display_region_end5'] and probe_center < 
parameter_dict['display_region_end3']: 
      position_in_display_region = 
int((probe_center - parameter_dict['display_region_end5']) 
/ parameter_dict['tile_spacing']) 
     
 probes_in_display_region[position_in_display_region] = 
probe 
      if probe_center >= 
parameter_dict['align_region_end5'] and probe_center < 
parameter_dict['align_region_end3']: 
       position_in_align_region 
= int((probe_center - parameter_dict['align_region_end5']) 
/ parameter_dict['tile_spacing']) 
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 probes_in_align_region[position_in_align_region] = 
probe      
   if None not in probes_in_align_region: 
    feature.set('probes', 
probes_in_display_region) 
    feature.set('probe_signals') 
    feature.set('align_region_end5', 
probes_in_display_region.index(probes_in_align_region[0])) 
    feature.set('align_region_end3', 
feature.align_region_end5 + 
parameter_dict['min_number_probes_in_align_region']) 
    feature.set('index', 0) 
    features.append(feature) 
 return features 
 
def center_window_on_lowest_probe(feature_list, 
parameter_dict): 
 for feature in feature_list: 
  left = feature.align_region_end5 + 
parameter_dict['window_size'] / 2 
  right = feature.align_region_end3 - 
parameter_dict['window_size'] / 2 
  align_region_signals = [ probe.signal for probe 
in feature.probes[left:right] ] 
  min_signal = min(align_region_signals) 
  index = align_region_signals.index(min_signal) + 
left 
  feature.set('index', index) 
  feature.set('window_end5', index - 
parameter_dict['window_size'] / 2) 
 
def align_by_iteration(feature_list, parameter_dict): 
 import statistics, sys 
 scores_by_iteration = [] 
 converged = False 
 for j in range(parameter_dict['max_iterations']): 
  scores_by_feature = [] 
  for feature in feature_list: 
   scores_by_index = [] 
   for i in range(feature.align_region_end5, 
feature.align_region_end3 - parameter_dict['window_size'] + 
1): 
    X = feature.probe_signals[i : i + 
parameter_dict['window_size']] 
    pairwise_r = [] 
    for other_feature in feature_list: 
     if other_feature != feature: 
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      Y = 
other_feature.probe_signals[other_feature.window_end5 : 
other_feature.window_end5 + parameter_dict['window_size']] 
      pairwise_r.append( 
statistics.pearson_r(X, Y) ) 
    scores_by_index.append( 
(statistics.mean(pairwise_r), i) ) 
   scores_by_index.sort() 
   feature.set('window_end5', scores_by_index[-
1][1]) 
   feature.set('index', feature.window_end5 + 
parameter_dict['window_size'] / 2) 
   scores_by_feature.append(scores_by_index[-
1][0]) 
 
 scores_by_iteration.append(statistics.mean(scores_by_f
eature)) 
  if len(scores_by_iteration) > 1: 
   delta_score = scores_by_iteration[-1] - 
scores_by_iteration[-2] 
   if abs(delta_score) < 
parameter_dict['delta_convergence']: 
    converged = True 
    break 
  sys.stderr.write('*') 
 return scores_by_iteration, converged 
  
def export_aligned_probes_cdt(file, feature_list): 
 num_columns_left_of_index = max([ feature.index for 
feature in feature_list ]) 
 num_columns_right_of_index = max([ len(feature.probes) 
- feature.index for feature in feature_list ]) 
 num_total_columns = num_columns_left_of_index + 
num_columns_right_of_index 
 file.write('YORF\tNAME') 
 for i in range(-num_columns_left_of_index, 
num_columns_right_of_index): 
  file.write('\t' + str(i*20)) 
 file.write('\n') 
 for feature in feature_list: 
  file.write('\t'.join([feature.name, 
feature.name])) 
  file.write('\t' * (num_columns_left_of_index - 
feature.index)) 
  for probe in feature.probes: 
   if probe == None: 
    file.write('\t') 
   else: 
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    file.write('\t' + str(probe.signal)) 
  file.write('\t' * (num_columns_right_of_index - 
(len(feature.probes) - feature.index))) 
  file.write('\n') 
 
def export_alignment_indices(file, delimiter, 
feature_list): 
 for feature in feature_list: 
  file.write(delimiter.join(map(str, [feature.name, 
feature.index])) + '\n') 
 
def export_average_signal(file, delimiter, feature_list): 
 import statistics 
 average_signal = [ statistics.mean(i) for i in zip(*[ 
feature.probe_signals for feature in feature_list ]) ] 
 file.write(delimiter.join(map(str, average_signal))) 
 
def main(argv=None): 
 import sys, getopt 
 if argv is None: 
  argv = sys.argv 
 
 # set defaults for command line options   
 data_file = open('<insert path here>', 'r') 
 probe_file = open('<insert path here>', 'r') 
 feature_file = open('<insert path here>', 'r') 
 output_cdt_file = sys.stdout 
 output_alignment_file = sys.stdout 
 
 # get command line options 
 short_options = '' 
 long_options = ['output-cdt=', 'output-alignment='] 
 option_list, arguments = getopt.getopt(argv[1:], 
short_options, long_options) 
 for option, value in option_list: 
  if option == '--output-cdt': 
   output_cdt_file = open(value, 'w') 
  if option == '--output-alignment': 
   output_alignment_file = open(value, 'w') 
   
 # set certain parameters 
 parameter = {  'feature_end_to_align' : "5'end", 
     'display_region_end5' : -1500,
 # display_region_end3 - display_region_end5 must be a 
positive multiple of tile_spacing 
     'display_region_end3' : +1500, 
     'tile_spacing'   : 20, 
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     'align_region_end5'  : -540, 
 # align_region_end3 - align_region_end5 must be a 
positive multiple of tile_spacing 
     'align_region_end3'  : +360, 
     'window_size'   : 21, 
 # window_size should be odd 
     'max_iterations'  : 20, 
     'delta_convergence'  : 1e-6 
 # stop iterating when the last iteration changes the 
score by less than delta_convergence 
    }   
      
 # calculate other parameters  
 parameter['min_number_probes_in_align_region'] = 
(parameter['align_region_end3'] - 
parameter['align_region_end5']) / parameter['tile_spacing'] 
 parameter['max_number_probes_in_display_region'] = 
(parameter['display_region_end3'] - 
parameter['display_region_end5']) / 
parameter['tile_spacing'] 
  
 # load data from file 
 data = load_data_dict(file=data_file, delimiter='\t') 
  
 # from file, load only those probes for which there is 
data 
 probes = load_probes_with_data(file=probe_file, 
delimiter='\t', data_dict=data) 
  
 # from file, load each feature, find all probes within 
the display region of this feature, 
 # arrange probes in 5'-3' order with respect to the 
feature, 
 # keep only those features that are not missing probes 
or data in the align region 
 features = 
load_features_with_probes(file=feature_file, 
delimiter='\t', probe_list=probes, 
parameter_dict=parameter) 
  
 # initialize window to be centered on the probe with 
lowest signal 
 center_window_on_lowest_probe(feature_list=features, 
parameter_dict=parameter) 
  
 # iteratively realign promoters to get best overall 
correlation between promoters of signal in window 
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 # return the list of scores at the end of each 
iteration 
 scores, converged = 
align_by_iteration(feature_list=features, 
parameter_dict=parameter) 
 sys.stderr.write('\n'+str(len(scores))+' iterations 
performed. ') 
 if converged: 
  sys.stderr.write('Mean correlation score of all 
features converged to '+str(scores[-1])+'\n') 
 else: 
  sys.stderr.write('Mean correlation score of all 
features did not converge (final value = '+str(scores[-
1])+')\n') 
  
 # export probe signals for each feature aligned by 
lowest signal in align_region 
 export_aligned_probes_cdt(file=output_cdt_file, 
feature_list=features) 
  
 # export alignment indices so that alignment can be 
reconstructed and overlaid with other data 
 export_alignment_indices(file=output_alignment_file, 
delimiter='\t', feature_list=features) 
  
if __name__ == '__main__': 
 main() 
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Genomic.py 
 
class SequenceFragment(object): 
 """generic sequence fragment object  
 attributes: name, chromosome, 5'end (int), 3'end 
(int)""" 
 def __init__(self, name, chr, end5, end3): 
  self.name = name 
  self.chr = chr 
  self.end5 = int(end5) 
  self.end3 = int(end3) 
   
class Probe(SequenceFragment): 
 """A sequence fragment object in a microarray 
hybridization experiment 
 attributes: name, chromosome, 5'end (int), 3'end 
(int), signal (float/None or list of floats/Nones)""" 
 def __init__(self, name, chr, end5, end3, signal): 
  super(Probe, self).__init__(name, chr, end5, 
end3) 
   
  # self.signal can be either a float or a None, or 
a list of floats and/or Nones 
  import misc 
  self.signal = misc.float_pass_filter(signal) 
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misc.py 
 
def request_file(request_text, file_mode): 
 while 1: 
  try: 
   return open(raw_input(request_text).strip(), 
file_mode) 
  except: 
   print "Can't open that file" 
  else: 
   break 
    
def list_to_array(list, delimiter): 
 array = [] 
 for line in list: 
  array.append(line.strip().split(delimiter)) 
 return array 
  
def list_to_dict(list, delimiter): 
 dict = {} 
 for line in list: 
  fields = line.strip().split(delimiter) 
  dict[fields[0]] = fields[1:] 
 return dict 
 
def array_to_list(array, delimiter): 
 list = [] 
 for row in array: 
  line = "" 
  for i in range(len(row)-1): 
   line += row[i]+delimiter 
  line += row[len(row)-1]+'\n' 
  list.append(line) 
 return list 
 
def function_or_None(function, x): 
 if x == None: 
  return None 
 else: 
  return function(x) 
 
def float_pass_filter(x): 
 if type(x) == str: 
  if x.lower() == 'nan': 
   return None 
  else: 
   try: 
    return float(x) 
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   except: 
    return None 
 elif type(x) == float: 
  if x == float('nan'): 
   return None 
  else: 
   return x 
 elif type(x) in [int, long]: 
  return float(x) 
 elif type(x) in [list, tuple]: 
  return [ float_pass_filter(xi) for xi in x ] 
 else: 
  return None 
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statistics.py 
 
def mean(list): 
 list = [ float(x) for x in list if type(x) in [int, 
long, float] ] 
 return sum(list)/len(list) 
  
def pearson_r(X, Y): 
 if len(X) == len(Y): 
  import math 
  n = len(X) 
  x_mean = sum(X)/n 
  y_mean = sum(Y)/n 
  X_minus_mean = [ xi - x_mean for xi in X ] 
  Y_minus_mean = [ yi - y_mean for yi in Y ] 
  sigma_xy = sum([ x*y for x,y in zip(X_minus_mean, 
Y_minus_mean) ]) 
  sigma_x2 = sum([ x*x for x in X_minus_mean ]) 
  sigma_y2 = sum([ y*y for y in Y_minus_mean ]) 
  r = sigma_xy / math.sqrt(sigma_x2 * sigma_y2) 
  return r 
 else: 
  return 'error' 
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overlay_data_on_aligned_probes.py 
 
#!/usr/local/bin/python 
""" 
This script overlays tiling array data onto an alignment of 
probes. For instance, if the probes in -1500 to +1500 
region of the ATG of ORFs are aligned based on the 
nucleosome-free region (NFR), this script can overlay, say, 
H2A.Z enrichment data on top of the alignment in order to 
visualize the pattern of H2A.Z distribution with respect to 
the NFR.  The steps are as follows: 
- load data, remove missing values 
- load probes with data 
- load alignment indices (the relative 'lateral shifts' of 
two features is indicated by their indices) 
- load features with alignment indices and probes ie for 
each feature find those probes whose midpoint lies within, 
say, -1500 to +1500 of the ATG, arrange in 5'-3' direction, 
remove features with data missing from some central region, 
say, -450 to +150 
 - export aligned data as a cdt file compatible with the 
TreeView software 
 
 Shivkumar Venkatasubrahmanyam 9/7/06 
""" 
 
def load_index_dict(file, delimiter): 
 index = {} 
 for line in file: 
  name, ind = line.strip().split(delimiter) 
  try: 
   ind = int(ind) 
  except: 
   ind = None 
  if ind is not None: 
   index[name] = ind 
 return index 
 
def main(argv=None): 
 import sys, getopt, align_probes 
 if argv is None: 
  argv = sys.argv 
 
 # set defaults for command line options   
 data_file = open(‘<insert path here>’, ‘r’) 
 probe_file = open('<insert path here>', 'r') 
 alignment_file = open('<insert path here>', 'r') 
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 feature_file = open('<insert path here>', 'r')
 output_cdt_file = sys.stdout 
 
 # get command line options 
 short_options = '' 
 long_options = ['input-data=', 'output-cdt='] 
 option_list, arguments = getopt.getopt(argv[1:], 
short_options, long_options) 
 for option, value in option_list: 
  if option == '--input-data': 
   data_file = open(value, 'r') 
  if option == '--output-cdt': 
   output_cdt_file = open(value, 'w') 
   
 # set certain parameters 
 parameter = {  'feature_end_to_align' : "5'end", 
     'display_region_end5' : -600,
 # display_region_end3 - display_region_end5 must be a 
positive multiple of tile_spacing 
     'display_region_end3' : +1400, 
     'tile_spacing'   : 20, 
     'align_region_end5'  : -170, 
 # align_region_end3 - align_region_end5 must be a 
positive multiple of tile_spacing 
     'align_region_end3'  : -150, 
    }   
      
 # calculate other parameters  
 parameter['min_number_probes_in_align_region'] = 
(parameter['align_region_end3'] - 
parameter['align_region_end5']) / parameter['tile_spacing'] 
 parameter['max_number_probes_in_display_region'] = 
(parameter['display_region_end3'] - 
parameter['display_region_end5']) / 
parameter['tile_spacing'] 
  
 # load data from file 
 data = align_probes.load_data_dict(file=data_file, 
delimiter='\t') 
 print len(data.keys()) 
  
 # from file, load only those probes for which there is 
data 
 probes = 
align_probes.load_probes_with_data(file=probe_file, 
delimiter='\t', data_dict=data) 
 print len(probes) 
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 # from file, load each feature, find all probes within 
the display region of this feature, 
 # arrange probes in 5'-3' order with respect to the 
feature, 
 # keep only those features that are not missing probes 
or data in the align region 
 features = 
align_probes.load_features_with_probes(file=feature_file, 
delimiter='\t', probe_list=probes, 
parameter_dict=parameter) 
 print len(features) 
  
 # load alignment indices from file, remove non-integer 
indices 
 index = load_index_dict(file=alignment_file, 
delimiter='\t') 
 print len(index.keys()) 
  
 # remove features without an index 
 features = [ feature for feature in features if 
feature.name in index ] 
 print len(features) 
  
 # set indices 
 for feature in features: 
  feature.set('index', index[feature.name]) 
  
 # export probe signals for each feature aligned by 
lowest signal in align_region 
 align_probes.export_aligned_probes_cdt(file=output_cdt
_file, feature_list=features) 
   
if __name__ == '__main__': 
 main() 
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NPS_align_by_NFR.py 
 
#!/usr/local/bin/python 
 
"""Realigns NPS data by NFR alignment""" 
 
inFile = open("/Users/shiv/Documents/Bioinformatics 
project/Paul\'s Sth1 degron/OD1 analysis/by 
mut/NPS_by_gene_20bp_5.txt", "r") 
# alignFile = 
open('/Users/shiv/Documents/python_scripts/data/wt_nfr_alig
nment_rando_full.txt', 'r') 
alignFile = open('/Users/shiv/Documents/Bioinformatics 
project/Paul\'s Sth1 degron/OD1 analysis/by 
mut/mut_OD1_alignment.txt', 'r') 
outFile = open('/Users/shiv/Documents/Bioinformatics 
project/Paul\'s Sth1 degron/OD1 analysis/by 
mut/NPS_aligned_by_mut.txt', 'w') 
 
inFile.readline() 
NPS = {} 
for line in inFile: 
 fields = line.strip().split('\t') 
 NPS[fields[0]] = fields[1:] 
inFile.close() 
 
alignIndex = {} 
for line in alignFile: 
 name, index = line.strip().split('\t') 
 if name in NPS.keys(): 
  alignIndex[name] = int(index) 
alignFile.close() 
 
num_columns_left_of_index = max([ alignIndex[name] for name 
in alignIndex.keys() ]) 
num_columns_right_of_index = max([ 150 - alignIndex[name] 
for name in alignIndex.keys() ]) 
num_total_columns = num_columns_left_of_index + 
num_columns_right_of_index 
outFile.write('YORF\tNAME') 
for i in range(-num_columns_left_of_index, 
num_columns_right_of_index): 
 outFile.write('\t' + str(i*20)) 
outFile.write('\n') 
 
for name in NPS.keys(): 
 outFile.write('\t'.join([name, name])) 
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 outFile.write('\t' * (num_columns_left_of_index - 
alignIndex[name])) 
 for value in NPS[name]: 
  outFile.write('\t' + value) 
 outFile.write('\t' * (num_columns_right_of_index - 
(150 - alignIndex[name]))) 
 outFile.write('\n') 
outFile.close() 
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