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Abstract  

ATP-dependent chromatin remodelers regulate chromatin dynamics by modifying nucleosome positions 

and occupancy. DNA-dependent processes such as replication and transcription rely on chromatin to 

faithfully regulate DNA accessibility, yet how chromatin remodelers achieve well-defined nucleosome 

positioning in vivo is poorly understood. Here, we report a simple method for site-specifically altering 

nucleosome positions in live cells. By fusing the Chd1 remodeler to the DNA-binding domain of the 

Saccharomyces cerevisiae Ume6 repressor, we show that this engineered fusion remodeler selectively 

positions nucleosomes on top of adjacent Ume6 binding motifs in a highly predictable and reproducible 

manner. Positioning of nucleosomes by the fusion remodeler recapitulates closed chromatin structure 

at Ume6 sensitive genes analogous to the endogenous Isw2 remodeler. Strikingly, highly precise 

positioning of single founder nucleosomes by either chimeric Chd1-Ume6 or endogenous Isw2 shifts 

phased chromatin arrays in cooperation with endogenous chromatin remodelers. Our results 

demonstrate feasibility of engineering precise nucleosome rearrangements through sequence-targeted 

chromatin remodeling and provide insight into targeted action and cooperation of endogenous 

chromatin remodelers in vivo. 
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Introduction 

Due to the intimate wrapping of DNA with histones, nucleosomes present a barrier for factors requiring 

direct access to DNA. Thus, dynamic regulation of nucleosomes and chromatin structure is paramount 

for proper control of DNA-dependent processes such as transcription, replication and DNA repair. A 

major class of regulatory enzymes are ATP-dependent chromatin remodelers, which can modulate 

accessibility of underlying DNA sequences to transcription factors, polymerases, and other essential 

proteins by altering the positions and occupancy of nucleosomes throughout the genome. Despite the 

importance of chromatin remodelers in genome maintenance, it has been difficult to understand the 

direct consequences of targeted chromatin remodeling events in vivo. 

A central challenge in identifying direct effects of targeted chromatin remodeling on nucleosome 

positioning has been the inability to disentangle localized changes in chromatin from downstream or 

indirect secondary effects. In budding yeast, the best characterized changes in local nucleosome 

positioning result from targeting of Isw2 by transcriptional repressors such as Ume6 or 

Tup1/Cyc8(Goldmark et al. 2000; Fazzio et al. 2001; Kent et al. 2001; Zhang and Reese 2004a; Zhang and 

Reese 2004b; Hanlon et al. 2011; Rizzo et al. 2011).  On a global scale, Isw2 localizes nonspecifically to 

nucleosome depleted regions and affects nucleosome positioning within gene bodies (Zentner et al. 

2013), enriches at nucleosomes flanking transcription start sites (TSSs) and acts on proximal (+1) 

nucleosomes (Yen et al. 2012), or binds specific target nucleosomes and facilitates nucleosome sliding 

into nucleosome depleted regions (Fazzio and Tsukiyama 2003; Gelbart et al. 2005; Whitehouse and 

Tsukiyama 2006). This discrepancy in genomic Isw2 localization, along with the nonspecific nucleosome 

sliding activity observed in vitro (Kagalwala et al. 2004; Zofall et al. 2004; Dang et al. 2006; Stockdale et 

al. 2006) makes it difficult to reconcile how the activity of chromatin remodeling factors such as Isw2 

can be utilized to faithfully maintain chromatin structure in vivo. 
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By swapping the DNA binding domain of the Chd1 chromatin remodeler with sequence-specific DNA 

binding proteins or monomeric streptavidin, we previously showed that chromatin remodeling activity 

could be targeted to specific nucleosomes in vitro (McKnight et al. 2011; Patel et al. 2013). This 

approach allowed us to control nucleosome selection and predict nucleosome sliding directionality and 

positioning.  Here, we extend the strategy of site-specifically targeting nucleosome sliding activity to 

investigate the direct consequences of precisely altering local chromatin structure in vivo.  We show that 

targeted chromatin remodeling in S. cerevisiae leads to highly-specific and predictable nucleosome 

reorganization that gives rise to phased chromatin arrays and context-dependent effects on 

transcription. Interestingly, we find that nucleosome boundaries for chromatin array formation at target 

loci are similarly generated by the endogenous Isw2/Ume6 nucleosome positioning system. These 

results give unique insight into how Isw2, a conserved chromatin remodeling factor, influences 

nucleosome organization in vivo. Moreover, this work establishes a novel tool for inducing and 

characterizing targeted chromatin rearrangements in live cells. 

Results 

Strategy for Targeting Chromatin Remodeling Activity in vivo 

By replacing the native DNA-binding domain with foreign, sequence-specific binding domains, we 

previously showed that the Chd1 remodeler could be sequence-targeted and move nucleosomes 

directionally in vitro (McKnight et al. 2011; Patel et al. 2013). We sought to demonstrate the feasibility 

of introducing an engineered chromatin remodeling system in a living organism to disrupt nucleosome 

positions. Such a method would allow us to interrogate downstream changes in chromatin structure and 

transcriptional regulation in response to isolated, specific changes in nucleosome positioning. Given its 

strong connections to endogenous chromatin remodeling, the well-studied Ume6 repressor was chosen 

as an in vivo system for designer remodeler targeting. The DNA binding region of Ume6 contains a 
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Zn2Cys6 DNA-binding domain that interacts specifically with URS1 DNA sequences, but lacks the ability to 

repress transcription (Anderson et al. 1995; Kadosh and Struhl 1997). This Ume6 DNA-binding domain 

was used to replace the native Chd1 DNA-binding domain, generating the chimeric Chd1-Ume6 

remodeler (Fig. 1A). Consistent with other chimeric remodelers (McKnight et al. 2011), recombinantly-

purified Chd1-Ume6 robustly and specifically repositioned nucleosomes containing a URS1 sequence in 

vitro (Fig. 1B). Based on our previous in vitro studies (McKnight et al. 2011), one expectation was that 

Chd1-Ume6 would move nucleosomes toward Ume6 binding motifs until the recruitment motif was 

occluded by nucleosomal DNA. Such nucleosome rearrangements could conceivably substitute for Isw2 

in the absence of a functional Isw2/Ume6 interaction. Conversely, in the presence of a fully-repressed 

wild type system, these rearrangements could result in chromatin structure where Ume6 can no longer 

bind, potentially leading to disruption of transcriptional repression (Fig. 1C).   

 

 

Genome-Wide Targeting of Chromatin Remodeling Activity Results in Specific and Predictable 

Chromatin Changes   

In the absence of functional Isw2 or Ume6 protein, chromatin structure is generally open (large NDRs) at 

promoters containing Ume6 binding sites (Goldmark et al. 2000; Fazzio et al. 2001; Kent et al. 2001). To 

determine if Chd1-Ume6 could substitute for this endogenous chromatin remodeling system and 

promote closed chromatin (smaller NDRs), the fusion protein was introduced into yeast strains lacking 

UME6 or ISW2, and nucleosome dyad positions were mapped by MNase-seq (Fig. 2). Compared with the 

∆ume6 parent strain background, expression of Chd1-Ume6 altered chromatin structure near known 

Ume6 binding motifs of Ume6-responsive genes (Fig. 2A). These alterations of nucleosome positions 

were not seen when the ATPase-dead variant Chd1D513N-Ume6 was introduced, suggesting that the 
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observed changes in nucleosome positions were due to ATP-dependent chromatin remodeling by Chd1-

Ume6. 

 

The Ume6 DNA binding domain interacts with URS1 elements containing a core GGCGGC motif 

(Anderson et al. 1995). To determine the extent of targeted Chd1-Ume6 remodeling, we evaluated 

differences in nucleosome positions genome-wide at intergenic regions containing permutations of this 

core URS1 motif (Fig. 2B and Supplemental Data File 1).  Nucleosome positioning differences between 

Δume6 and Δume6+[Chd1-Ume6] strains were maximized at the sequence WNGGCGGCWW, which 

closely resembles previously published Ume6 binding motifs (Park et al. 1992; Harbison et al. 2004; 

Gordan et al. 2011).  Significant differences in nucleosome positions were not observed at sequences 

lacking the core GGCGGC or at any other known transcription factor binding motif, demonstrating high 

specificity of the Chd1-Ume6 fusion remodeler.  Additionally, no positioning was observed when the 

catalytically inactive Chd1D513N-Ume6 construct was introduced into cells (Supplemental Fig. S1). 

 

Our previous in vitro studies showed that Chd1 fusion proteins directionally reposition nucleosomes 

toward DNA recruitment sites, and can support flexible linkages between Chd1 and the foreign binding 

domain (McKnight et al. 2011; Nodelman and Bowman 2013).  Consistent with this, in yeast intergenic 

regions Chd1-Ume6 stimulated nucleosome positioning toward and on top of WNGGCGGCWW motifs 

(Fig. 2C). On average, recruitment motifs were buried by ~20 bp, placing the motif ~50 bp from the dyad 

of the positioned nucleosome. The orientation of the recruitment motif did not affect the direction of 

positioning, suggesting flexibility between the Ume6 DNA-binding domain and the rest of Chd1. 

Direction of nucleosome movement was likely not due to the location of nearby transcription start sites 

(TSSs) because the direction of movement did not correspond to the location of neighboring TSSs and 

because URS1-directed positioning was also observed within coding regions, at transcription termination 
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sites (TTSs), and at locations lacking known genomic features (Supplemental Fig. S2 and Supplemental 

Data File 2). Interestingly, repositioning was only observed for nucleosomes with dyads located between 

50 and 150 base pairs from the recruitment motif in the Δume6 strain (Fig. 2C, clusters 1 and 3). 

Nucleosomes with dyads closer than 50 bp or farther than 150 bp were not significantly shifted, 

suggesting that the motif was either inaccessible due to burial on a nucleosome or was out of reach. 

Similar results were obtained in an ∆isw2 strain background (Supplemental Fig. S3), indicating that 

observed nucleosome shifts were not due to endogenous Isw2 remodeling activity. These results agree 

well with previous in vitro results of other Chd1 fusion proteins, which were found to have a finite 

“reach” and move nucleosomes approximately 20 bp on top of recruitment motifs, irrespective of motif 

orientation (McKnight et al. 2011; Nodelman and Bowman 2013; Patel et al. 2013). Together, these 

results verify the successful engineering and introduction of targeted, directional ATP-dependent 

nucleosome sliding in vivo. 

  

It is well established that Ume6-directed recruitment of Isw2 leads to local reorganization of chromatin 

structure (Goldmark et al. 2000; Fazzio et al. 2001; Kent et al. 2001). To directly compare the 

endogenous Isw2/Ume6 system to the Chd1-Ume6 fusion remodeler, we determined nucleosome 

positions of the parent wild type strain by MNase-seq (Fig. 3). As expected and similar to the Chd1-

Ume6 fusion remodeler, comparison of wild type with the ∆ume6 strain revealed that Isw2/Ume6 

preferentially moved nucleosomes with adjacent WNGGCGGCWW motifs and did not target chromatin 

with sequences lacking the full GGCGGC motif or at other transcription factor binding sites (Fig. 3A). As 

for sequence-directed sliding by Chd1-Ume6, this movement appeared to be specific to motif location 

and not relative location of a nearby transcription start sites, as precise positioning was not observed 

with respect to nearby TSSs, and nucleosome positioning was also achieved near TTSs and featureless 

motifs (Supplemental Fig. S4 and Supplemental Data File 2). Similar results were seen when the wild 
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type strain was compared to ∆isw2 at variations of the Ume6 motif. Notably, however, deletion of ISW2 

resulted in significant chromatin changes at many other motif-proximal nucleosomes, consistent with a 

role of additional transcription factors in targeting Isw2 (Supplemental Fig. S5).  

 

Like the Chd1-Ume6 fusion remodeler, the endogenous Isw2/Ume6 system positioned nucleosomes in a 

highly predictable manner, yet with distinct characteristics. Nucleosome dyads initially located between 

100 and 200 base pairs from URS1 motifs in Δume6 or Δisw2 strains are were selectively repositioned in 

wild type cells toward these Ume6 binding motifs. The endogenous Isw2/Ume6 system maintained 

nucleosome dyads approximately 100 bp from the URS1 motifs, and similar to Chd1-Ume6, failed to 

move nucleosomes that were closer than this remodeled position (Fig. 3C-E).  Given the ~73 bp 

nucleosomal footprint on either side of the dyad, these preferred nucleosome positions indicate that 

URS1 motifs were maintained ~30 bp outside the nucleosome. Thus, unlike Chd1-Ume6, the final 

nucleosome positions established by Isw2/Ume6 did not result from burial of recruitment URS1 motifs 

on the nucleosome (Fig. 3C-E) suggesting the presence of additional control mechanisms for precise 

placement of nucleosomes by Isw2 and Ume6. 

 

Nucleosome Repositioning by Chd1-Ume6 Leads to Mild Transcriptional Repression  

Ume6-repressed genes are known to be regulated through recruitment of Isw2 and Rpd3, which are 

thought to reduce binding of activators and/or transcriptional machinery in promoters by establishing 

repressive chromatin structure through nucleosome repositioning and histone deacetylation, 

respectively (Kadosh and Struhl 1997; Kadosh and Struhl 1998b; Kadosh and Struhl 1998a; Rundlett et al. 

1998; Goldmark et al. 2000). As expected, deletion of UME6 results in derepression of genes containing 

Ume6 binding sites, likely due to loss of repressive chromatin structure mediated by both Isw2 and Rpd3 

(Fig. 4A, Supplemental Fig. S6). Since Chd1-Ume6 is able to position nucleosomes at promoters 
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containing Ume6 binding sequences, we speculated that Chd1-Ume6 may partially repress transcription 

at target genes by potentially blocking access of DNA to transcriptional machinery. We did not expect 

full repression because Chd1-Ume6 should not lead to deacetylation of chromatin typically catalyzed by 

Ume6-recruited Rpd3 (Supplemental Fig. S6C). To determine the extent that nucleosome positioning by 

Chd1-Ume6 might affect transcriptional repression in a Δume6 strain, we measured transcript 

abundance by RNA-seq and characterized transcription differences at genomic loci containing Ume6 

recognition motifs (Fig. 4B and C).  

 

While introduction of Chd1-Ume6 to a Δume6 strain was relatively inconsequential for global off-target 

transcript abundance, genes containing Ume6 recognition motifs in their promoter regions were 

preferentially repressed by Chd1-Ume6 (hypergeometric test p < 10
-15

 for >1.5 fold repression) 

suggesting that positioning of nucleosomes near intergenic Ume6 binding sites is generally repressive. 

However, effects on transcription were context dependent and, even at loci where remodeling by Chd1-

Ume6 significantly reduced NDR size, the extent of transcriptional repression was modest compared to 

that observed in wild type cells (Fig. 4C). One limitation of the fusion system is that only a fraction of 

nucleosomes could be positioned at a many binding sites, likely due to the inability of Chd1-Ume6 to 

mobilize a fraction of the “out of reach” nucleosomes at a given site. Our observed decrease in 

transcription by Chd1-Ume6 is therefore likely an underestimate of the repressive capacity of positioned 

nucleosomes at Ume6 binding sites. Nevertheless, our transcription results provide direct evidence that 

nucleosome positioning by Chd1-Ume6 can be repressive, yet highlight the requirement of both 

nucleosome positioning and other factors such as histone deacetylation for full transcriptional 

repression of Ume6-sensitive genes.  

 

Disruption of Isw2-Positioned Nucleosomes Leads to Cryptic Transcription at Ume6 Target Loci 
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Since Chd1-Ume6 displayed distinct placements of nucleosomes adjacent to URS1 motifs compared with 

Isw2/Ume6, one question was the extent that Chd1-Ume6 might compete with Isw2/Ume6 in the same 

cell, potentially disrupting normal nucleosome positioning and transcriptional repression found in wild 

type yeast. To explore the possibility of remodeler antagonism, we introduced the Chd1-Ume6 

expression plasmid into a wild type background and measured nucleosome positions and changes in 

transcription at Ume6 target genes (Fig. 5).  Similar to the sliding behavior described above for ∆ume6 

and ∆isw2 backgrounds, Chd1-Ume6 shifted nucleosomes on top of Ume6 motifs in a wild type 

background, despite the presence of functional Isw2 (Fig. 5A). Interestingly, the presence of Isw2/Ume6 

allowed Chd1-Ume6 to move a larger subset of nucleosomes, suggesting that Isw2/Ume6 effectively 

extends the range of URS1-proximal nucleosomes ultimately acted upon by Chd1-Ume6 (Fig. 5B and 5C). 

On average, nucleosomes were moved ~50 base pairs closer to recruitment sequences by Chd1-Ume6 

than by Isw2/Ume6, but we did not observe transcriptional induction comparable to loss of Ume6 at 

genes containing Ume6 binding motifs in their NFRs suggesting that these alternate nucleosome 

positions were still generally repressive (Fig. 5D). These results are consistent with the previous 

conclusion that loss of nucleosome positioning through deletion of ISW2 does not lead to strong 

transcriptional de-repression from Ume6-repressed promoters(Goldmark et al. 2000; Fazzio et al. 2001), 

which we have reproduced using RNA-seq  (Supplemental Fig. S6). 

 

While we generally did not observe large defects in repression when nucleosomes were specifically 

perturbed by Chd1-Ume6, there was a small number of notable exceptions that resulted from exposure 

of normal and cryptic promoters.  For example, positioning of nucleosomes by Chd1-Ume6 led to 

generation of an extensive nucleosome depleted region (NDR) at the MEI5-VPS30 locus, corresponding 

to increased bidirectional transcription of MEI5 and VPS30 (Fig. 5E). This increase in NDR size was likely 

due to the presence of a Ume6 binding motif upstream of the NDR (as opposed to within the NDR for a 
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majority of other motif instances). Similarly, cryptic transcription of a truncated MEI4 transcript and 

antisense transcription of the adjacent ACA1 gene were observed coincident with reorganization of 

nucleosomes surrounding a URS1 motif in the MEI4 promoter (Fig. 5F).  Interestingly, the de novo 

exposure of a cryptic antisense transcript in the ACA1 gene did not significantly reduce ACA1 coding 

expression, which supports a view that antisense transcription in budding yeast does not intrinsically 

have repressive consequences for the associated sense transcript. Chd1-Ume6 also induced nucleosome 

positioning at the Ume6 binding motif located in the 3’ NFR of ALP1 (Supplemental Fig. S7A).  This 

corresponded to previously unannotated bidirectional transcripts from within the ALP1 coding region, 

likely through exposure of a cryptic promoter element. A similar disruptive result was observed at the 

HED1 promoter where Chd1-Ume6 moved a strongly positioned nucleosome that likely promoted 

bidirectional transcription of both the HED1 gene and a cryptic noncoding transcript (Supplemental Fig. 

S7B). These exceptions demonstrate that precise nucleosome positions can indeed be critical for faithful 

transcriptional regulation. However, the genome-wide data suggest that many promoters can 

accommodate significant nucleosome perturbations with little or no effects on transcription, even in the 

absence of a functional exosome (Supplemental Fig. S8) indicating that the regulation of transcription 

through precise nucleosome positions is likely complex and context dependent.  

 

Sequence-Directed Chromatin Remodeling Creates Phased Nucleosome Arrays  

Previous studies have reported that chromatin remodeling factors are responsible for the well 

positioned +1 and -1 nucleosomes at gene promoters, and also for packing nucleosomes into organized 

arrays against these founding nucleosomes (Mavrich et al. 2008; Gkikopoulos et al. 2011; Zhang et al. 

2011; Ganguli et al. 2014). However, the nature of the barriers and mechanism(s) through which these 

arrays are phased remain unclear (Hughes and Rando 2014). To address whether targeted positioning of 

one nucleosome could affect packing of adjacent nucleosomes, we characterized downstream 
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nucleosome shifts at genomic Ume6 binding motifs that have Chd1-Ume6 induced changes in 

nucleosome positions (Fig. 6). Although Chd1-Ume6 only had a limited range in nucleosomes that could 

be directly mobilized (Fig. 2), we observed more distant nucleosomes also changing positions (Fig. 6A,B). 

On average, recruitment of Chd1-Ume6 to genomic Ume6 binding sites resulted in approximately 5 

nucleosomes shifting toward the target sequence (Fig. 6C).  Because of the strict sequence dependence 

of the Chd1-Ume6 fusion remodeler, these downstream shifts cannot be attributed to direct Chd1-

Ume6 remodeling activity and are likely due to endogenous chromatin remodeling proteins like Chd1 

and Isw1 (Gkikopoulos et al. 2011). Thus, the nucleosomes adjacent to URS1 sites that were positioned 

by Chd1-Ume6 served as “founding” nucleosomes against which others were packed.  

 
Interestingly, in addition to precise local positioning of URS1-proximal nucleosomes, similar shifts of 

nucleosome arrays were also induced by Isw2.  Like Chd1-Ume6, positioning by Isw2/Ume6 resulted in 

shifts of up to 5 flanking nucleosomes toward the recruitment site (Fig. 6A,B and Fig. 6D,E).  In 

comparing nucleosome positions at Ume6 motifs in Δisw2/Δchd1/Δisw1 cells to those in Δchd1/Δisw1 

cells (Gkikopoulos et al. 2011), which should reflect the isolated nucleosome positioning activity of Isw2, 

we observed strong reorganization of single adjacent nucleosomes with weak organization of only one 

flanking nucleosome (Fig. 6F). The creation of phased arrays does not appear to be dependent on the 

location of a transcription start site, as it is achieved near TSSs, TTSs, and intergenic regions without 

discernible features (Fig. 6A-D). We therefore conclude that, in wild type cells, the shifting of the 

adjacent nucleosome at Ume6 target sequences requires Isw2, while the shifts in flanking nucleosomes 

are carried out by Chd1 and/or Isw1. These results are consistent with a mechanism in which Isw2 

cooperates with Ume6 to precisely position a single founding nucleosome, while wild type Chd1 and 

Isw1 pack adjacent nucleosomes against this established boundary (Fig. 7). Finally, we observed the 

creation of phased nucleosome arrays when Chd1-Ume6 positioned nucleosomes within coding regions 

(Fig. 6G,H). In coding regions, packing against the motif-proximal, positioned nucleosome was seen on 
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both sides, likely reflecting the enrichment of nucleosome packing factors like Isw1 and Chd1 within 

gene bodies. We therefore conclude that the establishment of a single positioned nucleosome through 

sequence-specific chromatin remodeling is sufficient to create a boundary for phased chromatin array 

formation in vivo.  

 

Discussion  

 

Consequences of Engineered Chromatin Remodeling 

By fusing the Chd1 chromatin remodeler to an exogenous DNA binding domain, we have developed a 

new tool for targeting sequence-specific chromatin remodeling activity in vivo.  This technology has 

allowed us to deliberately and predictably move select nucleosomes through the native Ume6/URS1 

targeting system. This work also shows that the strong positioning of single nucleosomes is sufficient for 

establishing boundaries against which downstream nucleosomes can be packed by other chromatin 

remodeling factors. We note that this study is not exhaustive, since our chromatin analysis only 

accounts for changes in nucleosome positioning but not dynamics or changes in histone density. In 

addition, by using Ume6 as the recruitment module, the targeted genes affected are primarily involved 

in meiosis and are thus tightly regulated transcriptionally (Steber and Esposito 1995). With this system, 

nucleosome positioning is neither indicative of nor predictive for changes in transcription, which 

underscores the importance of other factors such as histone modifications, activator binding, and 

nucleosome dynamics for transcriptional regulation. Although the Chd1-Ume6 fusion protein is not a 

naturally occurring enzyme, it was recently reported that in humans the incidental fusion of a RUNX1, a 

transcription factor involved in hematopoiesis, to the C-terminus of human CHD1 can contribute to 

leukemogenesis (Yao et al. 2015). Thus, the controlled targeting of the Chd1 remodeler described here is 
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a first step in understanding the potential in vivo consequences of fusions between chromatin 

remodelers and transcription factors that lead to human diseases. 

 

Implications for Global Regulation of Chromatin Structure 

Similar to the Chd1-Ume6 fusion remodeler, the endogenous Isw2/Ume6 system moved nucleosomes 

adjacent to URS1 motifs to defined locations, yet the preferred positions were distinct for these two 

remodeler systems (Fig. 3C). Positioning by Isw2 maintained nucleosome edges approximately 30 bp 

from nearby URS1 motifs. Leaving room between the nucleosome edge and Ume6 binding site may be 

important for uninterrupted binding of Ume6 to continuously recruit corepressors such as Rpd3. The 

precise spacing between URS1 sequence and proximal nucleosome could potentially be important for 

facilitating additional enzymatic activity on the target nucleosomes since chromatin modifying enzymes 

like Rpd3 are sensitive to the distance and orientation of histone substrates on chromatin (Lee et al. 

2013). In addition, at a subset of promoters, precise positioning by Isw2/Ume6 appeared to prevent 

cryptic transcription, consistent with previously-defined roles of chromatin remodelers in protecting 

against spurious transcription (Whitehouse et al. 2007; Yadon et al. 2010; Alcid and Tsukiyama 2014). 

We have demonstrated that by positioning motif-proximal nucleosomes at Ume6-dependent loci, Isw2 

establishes boundaries for arrays generated by Isw1 and Chd1 remodelers.  Therefore, the activity of 

Isw2 appears to be largely limited to single nucleosomes at targeted genomic loci, but its effects 

indirectly propagate into coding regions via packing by other factors.  While we have only formally 

shown that this boundary-forming activity is associated with recruitment by Ume6, Isw2 can be targeted 

to many NFRs through different recruitment factors (Rizzo et al. 2011; Yadon et al. 2013), and previous 

studies have shown precise binding architecture of Isw2 with respect to Reb1, Abf1, Mbp1, and Cbf1 

binding sites (Yen et al. 2012; Zentner et al. 2013).  This single-nucleosome boundary establishment by 

Isw2 and subsequent packing by Chd1 and/or Isw1 may therefore be instrumental in phasing 
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nucleosome arrays throughout the yeast genome. Such a mechanism implies that global nucleosome 

positioning can be determined by DNA sequence preferences of transcription factors that recruit 

chromatin remodeling factors. This variation of a sequence-dictated mechanism for genome-wide 

nucleosome positioning relies on a combination of targeted nucleosome sliding at a limited number of 

recruitment sites and sequence nonspecific ATP-dependent nucleosome packing against founding 

nucleosomes (Fig. 7).  

 

Potential Interplay Between Nucleosome Positions, Chromatin Remodeling, and Transcription Factor 

Binding 

Our characterization of sequence-targeted chromatin remodeling has revealed that certain nucleosome 

positions are refractory to targeted chromatin remodeling. While more distant nucleosomes can be 

shifted by Isw2 such that the nucleosome edge is brought up to ~30 base pairs away from Ume6 binding 

motifs, nucleosomes that are closer than this 30 bp limit are not repositioned by Isw2. Accordingly, the 

closer preferred positioning exhibited by Chd1-Ume6 appears to give this fusion remodeler dominance 

over nucleosome positioning by Isw2. While it is not known if similar antagonism occurs in vivo, it has 

recently been shown that the ISW1a and SWI/SNF chromatin remodelers appear to shift nucleosomes in 

opposite directions in vitro relative to the same transcription factor binding site (Li et al. 2015). 

Furthermore, SWI/SNF remodelers can displace bound transcription factors (Nagaich et al. 2004; Li et al. 

2015). It is thus possible that remodeler-intrinsic responses to transcription factor targeting may 

underlie global establishment of and condition-specific transitions in nucleosome positioning in vivo. 

 

Conclusions 
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The method of fusing the Chd1 chromatin remodeler to exogenous DNA binding domains provides a 

versatile strategy for inducing specific and sequence-targeted nucleosome positioning in vivo.  Chd1 has 

been functionally fused to several DNA binding domains of different classes, and can even be specifically 

targeted to nucleosomes via biotinylation (McKnight et al. 2011; Patel et al. 2013).  A key advantage of 

targeting a chromatin remodeler via a sequence-specific DNA binding factor is that, by burying 

recruitment sites with neighboring nucleosomes, accessibility for endogenous factors should be reduced 

genome-wide. In addition to targeting through DNA binding preferences of endogenous factors, 

combining Chd1 with designed targeting systems used previously with chromatin modifiers, such as 

TALE, engineered zinc fingers, and CRISPR/Cas9 (Mendenhall et al. 2013; Keung et al. 2014; Hilton et al. 

2015; Konermann et al. 2015), opens up the possibility of burying any genomic locus by neighboring 

nucleosomes. The ability to precisely control nucleosome positions with sequence-targeted fusion 

remodelers in vivo will be a useful tool for investigating other natural systems that establish and 

regulate chromatin structure, and offers the potential to manipulate DNA accessibility at desired loci for 

therapeutic purposes. 

 
Methods 

Strains and Growth Conditions 

Wild type, Δisw2, Δume6, and Δrpd3 backgrounds are from a W303 parent strain and identical to those 

used previously (Goldmark et al. 2000). The Δisw2/Δrpd3 strain was a RAD5+ prototroph derived from 

W303. For all analyses, cells were grown to mid-log phase (OD600 = 0.4 to 0.6) in YPD. The Chd1-Ume6 

expression plasmid was created by directly fusing residues 118-1014 of S. cerevisiae Chd1 to residues 

764-836 of S. cerevisiae Ume6 protein via seamless PCR insertion mutagenesis. The fusion construct was 

then amplified with an N-terminal NLS (KKKRK), a 5’ BamHI site, and a 3’ HindIII site and cloned into 

p416-ADH1 (Mumberg et al. 1995). The Chd1-Ume6 expression plasmid was introduced into indicated 
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backgrounds through standard yeast transformation methods. For in vitro analysis, Chd1118-1014(ΔDBD) or 

Chd1-Ume6 was cloned into pDEST17, transformed into BL21(DE3)(star) cells with trigger factor and RIL 

plasmid (Stratagene), and purified via nickel affinity, ion exchange, and size-exclusion chromatography 

as described previously for other Chd1 constructs (Hauk et al. 2010; McKnight et al. 2011). 

 

Nucleosome Sliding Assay 

Recombinant yeast histones were purified as previously described ((Luger et al. 1999) and Tsukiyama 

Lab online protocol http://research.fhcrc.org/tsukiyama/en/protocols.html) and dialyzed by gradient 

salt dialysis onto the Widom 601 positioning sequence (Lowary and Widom 1998) with 80 basepairs of 

linker DNA and, where indicated, a URS1 site (TGGCGGCT) located +8 to +15 with respect to the 

nucleosome edge and a 5’ FAM label. Purified end-positioned mononucleosomes (50 nM) were 

incubated with 10nM Chd1 protein constructs in nucleosome sliding buffer (10 mM HEPES pH 7.8, 10 

mM MgCl2, 0.1 mM EDTA, 10% glycerol, 5 mM ATP, 0.2 mg/mL BSA, and 100 mM KCl). Nucleosome 

sliding reactions were quenched by adding 1 µg of unlabeled competitor plasmid and placed on ice. To 

resolve nucleosome positions, native gels (6% acrylamide, 60:1 acrylamide:bisacrylamide ratio in 1X TBE) 

were run for 2 hours at 150 volts at 4
o
C in pre-chilled 0.25X TBE running buffer and visualized using a 

Typhoon 9410 variable imager (GE Healthcare).  

 

MNase Digestion and Sequencing of Nucleosomal DNA 

Nucleosome mapping by MNase-seq was performed as previously described (Rodriguez et al. 2014). 

Briefly, 200 ml of cells were grown to OD600=0.4-0.6, crosslinked with 1% formaldehyde, quenched with 

glycine, spheroplasted with zymolyase (100T), pelleted, split into 3 separate reactions, and digested with 

10, 20, or 40 units of MNase (Worthington) in the presence of 30 units of Exonuclease III (NEB) for 10 

minutes at 37
o
C. MNase digestion was quenched with EDTA/SDS and samples were treated with 200 ug 
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of Proteinase K overnight at 65
o
C. DNA was extracted by phenol/chloroform extraction, then ethanol 

precipitated and treated with RNase A. Appropriately digested samples (resulting in ~80% 

mononucleosomes) were treated with 10 units of alkaline phosphatase (NEB) and the mononucleosomal 

band was purified by gel extraction from low-melt agarose (GeneMate). Sequencing libraries were 

created from purified phosphatase-treated mononucleosomal DNA using the Illumina TruSeq Sample 

Prep Kit. Paired-end sequencing was performed on Illumina HiSeq 2500 on high output mode (Fred 

Hutchinson Cancer Research Center shared resources).  

 

MNase-seq Data Processing 

Paired end reads were trimmed of adapter sequences with a custom Python script using HTSeq (Anders 

et al. 2015) and aligned to the S. cerevisiae reference genome 

(Saccharomyces_cerevisiae.ER4.65.dna.toplevel.fa) (Cunningham et al. 2015) with Bowtie 2 (Langmead 

and Salzberg 2012). Aligned reads were filtered computationally to select for mononucleosome-sized 

fragments (100bp < fragment < 200bp). MNase-seq data for Δisw2/Δchd1/Δisw1 and Δisw1/Δchd1 

strains was obtained from the GEO database with accession number GSE31015 (Gkikopoulos et al. 

2011). For mononucleosome-sized fragments, the dyad position was calculated by taking the midpoint 

of paired-end reads and the per-base dyad coverage was calculated across the S. cerevisiae genome. 

Dyad counts were normalized such that the average count at a genomic position (excluding the rDNA 

locus) was equal to 1.0 (ie data was scaled so reads/bp = 1.0). Predicted nucleosome footprint was 

inferred by expanding signal from each nucleosome dyad 72bp in both directions. Nucleosome 

alignment to variations of the URS1 motif and at other transcription factor binding sites was performed 

as previously described (McKnight et al. 2015). Briefly, average dyad signal at each position relative to a 

motif center was calculated from all intergenic instances of the respective motif. Instances of individual 

motifs were identified using the Saccharomyces Genome Database Pattern Matching tool 
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(http://www.yeastgenome.org/cgi-bin/PATMATCH/nph-patmatch) and transcription factor motifs were 

obtained from the JASPAR database (Mathelier et al. 2014).  

 

Strand-Specific RNA Sequencing and Processing 

RNA was isolated by hot acid phenol extraction followed by purification and DNase I treatment using the 

RNeasy kit (QIAGEN). Depletion of rRNA was performed using the Ribo-Zero kit (Epicenter) as per the 

manufacturer protocol. Strand-specific sequencing libraries were constructed using the dUTP method 

combined with TruSeq (Illumina) (Parkhomchuk et al. 2009; Sultan et al. 2012). Paired-end sequencing 

was performed by the Fred Hutchinson Cancer Research Center shared resources facility with Illumina 

HiSeq 2500 on high-output mode. Individual sequencing reads were trimmed of adapter sequences 

using HTSeq (Anders et al. 2015) and aligned to the S. cerevisiae genome 

(Saccharomyces_cerevisiae.EF4.65.dna.toplevel.fa) (Cunningham et al. 2015) with TopHat2 (Kim et al. 

2013). Aligned reads were filtered using SAMtools (-f 3 –F 256) (Li et al. 2009) and differential expression 

analysis was performed using Cufflinks (Trapnell et al. 2012) with a maskfile for tRNA and rRNA genes. 

Strand-specific RNA transcripts were separated using SAMtools with flags –f 83 and –f 163 for Watson 

strands or –f 99 and –f 147 for Crick strands, then visualized using Integrated Genome Browser. 

Data Access 

The sequencing data from this study have been submitted to the NCBI Gene Expression Omnibus (GEO; 

http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE72572. 
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Figure Legends 

Figure 1. Strategy for targeting of chromatin remodeling activity in vivo.  

(A) Schematic of Chd1-Ume6 fusion protein. A fragment of S. cerevisiae Chd1 (residues 118-1014) was 

fused to the DNA binding domain of S. cerevisiae repressor Ume6 (residues 764-836) and cloned into the 

p416-ADH expression vector (Mumberg et al. 1995) for stable yeast transformation.   

(B) Sequence-directed nucleosome sliding by Chd1-Ume6 in vitro. Nucleosomes (50 nM) containing a 

URS1 site (TGGCGGCT) 8 base pairs from the edge of an end-positioned, FAM-labeled mononucleosome 

with 80 basepairs of extranucleosomal DNA were incubated with 10 nM of Chd1-Ume6 (top) or Chd1118-

1014 lacking a DNA binding domain (middle) for the indicated times, and nucleosome positions were 

separated by 6% native PAGE. Under these conditions, nucleosome sliding required both the Ume6 

DNA-binding domain (middle) and the URS1 binding site (bottom). 

(C) Summary of strains used and expected outcomes for chromatin remodeling by Chd1-Ume6 on 

transcription and nucleosome positions at genomic target sequences.  

 

Figure 2. Chd1-Ume6 organizes chromatin at genomic Ume6 target sequences. 

(A) MNase-seq signal of nucleosome dyads (opaque) and nucleosome footprint (transparent) for 

indicated backgrounds at genomic instances of Ume6 recognition motifs. The presence of catalytically 

active Chd1-Ume6 led to shifted nucleosome dyad peaks (red asterisks) adjacent to predicted Ume6 

recognition motifs (blue lines). The Chd1D513N-Ume6 indicates a catalytically inactive Chd1-Ume6 fusion 

protein containing a Walker B mutation (Hauk et al. 2010).  
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(B) Differences in nucleosome dyad signal between Δume6 and Δume6 +[Chd1-Ume6] strains for a 400 

bp window centered at permutations of a core GGCGGC motif (left). Groups 1, 2, and 3 correspond to 

variations of WNGGCGGCWW, NNGGCGGCNN, and disrupted GGCGGC motifs, respectively. Peak 

nucleosome movement occurs at the sequence WNGGCGGCWW (asterisk). Signal difference from 

GGCGGC-based motifs are compared with other known transcription factor binding motifs from the 

Jaspar database (Mathelier et al. 2014) (right). Black and red indicate where nucleosome signal 

increased and decreased, respectively, upon addition of Chd1-Ume6. All ordered motif identities are 

provided in Supplemental Data File 1. 

(C) Difference in nucleosome dyad signal between Δume6 and Δume6 +[Chd1-Ume6] strains at all 

intergenic instances of the WNGGCGGCWW motif, clustered by direction of nucleosome repositioning 

(left) with average dyad signal within each cluster for individual strains (right). 

 

Figure 3. Genome-wide nucleosome positioning by Isw2/Ume6 at Ume6 target sequences. 

(A) Difference in nucleosome dyad signal at permutations of Ume6 recognition motifs for wild type and 

Δume6 strains as in Fig. 2B. Black and red indicate where remodeling by endogenous Isw2/Ume6 caused 

increases and decreases in nucleosome signal, respectively. Asterisk indicates WNGGCGGCWW motif. 

Ordering is the same as in Fig. 2B. 

(B) Difference in nucleosome dyad signal between wild type and Δume6 strains at all intergenic 

instances of the WNGGCGGCWW motif, clustered by direction of nucleosome repositioning (left) with 

average dyad signal within each cluster for each strain (right) as in Fig. 2C. 

(C) Comparison of nucleosome positioning by Chd1-Ume6 and endogenous Isw2/Ume6 at Ume6 binding 

motifs. Each trace reveals the average sites of gain (positive) or loss (negative) of nucleosome dyad 

signal when ∆ume6 is compared to Chd1-Ume6 (red) or Isw2/Ume6 (blue) at Ume6 binding motifs from 

clusters 1 (left) or 3 (right). 
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(D) Schematic representation of the range and direction of nucleosome positioning for Isw2/Ume6 

(blue) or Chd1-Ume6 (red) at Ume6 binding sites. In comparing wild type with ∆ume6 or ∆isw2 

backgrounds, nucleosomes situated up to 200 base pairs from the Ume6 recognition sequence in a 

Δume6 or Δisw2 strain were shifted by Isw2 to a final dyad position ~100 bp from the recognition motif. 

Likewise, nucleosomes with dyads situated up to 150 base pairs from the motif center in a Δume6 or 

Δisw2 background were shifted by Chd1-Ume6 to a final dyad position ~50 base pairs from the motif 

(corresponding to burial of the motif by ~20 base pairs). 

(E) Example loci demonstrating differences in nucleosome distributions for Isw2/Ume6 or Chd1-Ume6 in 

wild type or Δume6 +[Chd1-Ume6] strains compared to a Δume6 strain. Nucleosome dyad signal 

(opaque) and associated nucleosome footprints (transparent) are shown for each strain with the 

predicted nucleosome movements by Isw2/Ume6 (blue) or Chd1-Ume6 (red) shown above and 

expected final dyad positions represented by asterisks.  

 

Figure 4. Nucleosome positioning by Chd1-Ume6 is mildly repressive. 

(A) Differences in transcription between wild type and Δume6 at all genes (black) or at genes with a 

WNGGCGGCWW motif within 500 bp of the open reading frame (red). Transcript abundance (FPKM, 

fragments per kilobase of transcript per million fragments mapped) was calculated using Cufflinks 

(Trapnell et al. 2012). Green diagonal indicates the y=x axis. Points above the diagonal are repressed in 

wild type cells. 

(B) Differences in transcription (log2 FPKM) in Δume6 cells with or without addition of Chd1-Ume6 at all 

genes (black) or genes with associated WNGGCGGCWW motifs (red). Green diagonal indicates the y=x 

axis. Points above the diagonal are repressed upon introduction of Chd1-Ume6. 

(C) Example loci showing nucleosome positioning (upper panels), RNA signal (lower panels) and relative 

transcript abundance from RNA-seq data (associated numbers) at indicated genes for wild type, Δume6, 
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and Δume6 +[Chd1-Ume6] and Δume6 +[Chd1D513N-Ume6] strains. Blue lines represent associated Ume6 

recognition motifs and arrows denote directional closing (single-headed arrow) or opening (double-

headed arrow) of associated NDRs. 

 

Figure 5. Chd1-Ume6 can disrupt Isw2-directed nucleosome positions and result in cryptic transcription. 

(A) Difference in nucleosome dyad signal between wild type cells with and without addition of Chd1-

Ume6, clustered (as in Fig. 2 and Fig. 3) by direction of nucleosome repositioning (left) with average 

cluster signal from individual strains (right). 

(B) Average signals within cluster 3 in Fig. 5A for indicated backgrounds showing cooperation of 

endogenous remodeling machinery with Chd1-Ume6 based on increased movement of distal 

nucleosomes to the +50 bp position. Red and blue shaded regions correspond to the range of 

nucleosomes mobilized by Chd1-Ume6 and endogenous Isw2/Ume6, respectively. The difference 

between the red and orange traces is due to sequential positioning by Isw2 and Chd1-Ume6 at Ume6 

binding sites. 

(C) Example locus (upstream of RPC17) where initial positioning by Isw2/Ume6 is required for the final 

Chd1-Ume6 remodeled position observed in a wild type background. In the absence of Isw2/Ume6 (red), 

nucleosomes are beyond the reach of Chd1-Ume6, while Isw2 action (blue) moves nucleosomes to a 

favorable position for further Chd1-Ume6 positioning in the wild type background (orange). Black 

asterisk denotes the preferred Δume6 dyad position. 

(D) Changes in global (left, black dots) or motif-proximal (right, red dots) transcript abundance between 

wild type and wild type +[Chd1-Ume6] strains. 

(E) Browser shot of the MEI5/VPS30 locus showing changes in nucleosome positions (top) and transcript 

abundance (bottom) upon addition of Chd1-Ume6 to a wild type background. Blue and red signal 
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reflects Watson (right-transcribed) and Crick (left-transcribed) strands, respectively from normalized 

strand-specific RNA-seq profiles. 

(F) Same as (E) showing differences in nucleosome dyad signal and strand-specific transcript abundance 

at the MEI4/ACA1 locus. 

 

Figure 6. Positioning of motif-proximal nucleosomes sets the phase for nucleosome arrays. 

(A) Nucleosome positioning by Isw2/Ume6 (blue) and Chd1-Ume6 (red) at the HOP2 locus compared to 

lack of Ume6-directed positioning (black). Solid arrows indicate direction of movement for motif-

proximal nucleosomes while faded arrows denote secondary shifts in nucleosome positions. Gray 

dashed lines indicate preferred nucleosome dyad positions in the Δume6 strain. 

(B) Same as in (A) for a Ume6 motif at the 3’ end of the ALP1 gene. 

(C) Difference in nucleosome dyad signal for Δume6 strains with and without Chd1-Ume6 for motif-

proximal and distal nucleosomes within 1000 base pairs of the Ume6 binding motif. Signal is shown for 

motifs corresponding to cluster 3 (right-to-left repositioning), though cluster 1 displayed similar results. 

Top shows average difference in nucleosome dyad signal within the cluster while bottom shows 

difference in signal at all individual motif instances within the cluster. Direction of nucleosome 

positioning relative to associated TSS (if applicable) is indicated on right. 

(D-F) Same as in (C) but for differences between (D) wild type and Δume6, (E) wild type and Δisw2, or (F) 

Δisw1/Δchd1 and Δisw1/Δchd1/Δisw2 (Gkikopoulos et al. 2011). 

(G) Example of nucleosome boundary formation within a coding region, annotated as in (A) and (B). 

(H) Average difference in nucleosome dyad signal as in (C) for 77 instances of coding region nucleosome 

positioning by Chd1-Ume6.  

 

Figure 7. Model for transcription factor-targeted chromatin remodeling at Ume6 sites. 
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In the endogenous system (top), Isw2 is recruited to specific genomic loci through interaction with 

Ume6 at target motifs (rectangle). Motif-proximal nucleosomes (dark gray) within a limited range are 

shifted by Isw2 from an un-remodeled position (dashed lines) to a final position such that 30 base pairs 

of DNA are exposed between the motif center and the nucleosome edge. The artificial Chd1-Ume6 

system (bottom) works through a similar mechanism where the motif proximal nucleosome is directly 

moved by the chromatin remodeling protein, but with this remodeler the recruitment motif is buried by 

20 base pairs of nucleosomal DNA. For both cases of sequence-directed nucleosome sliding, the motif-

proximal nucleosome determines the phasing for remodeling by Isw1 and endogenous Chd1 

remodelers, which pack neighboring nucleosomes into evenly-spaced arrays. 
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