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DISSERTATION ABSTRACT 
 
Orion Garrett Baxter Banks 
 
Doctor of Philosophy 
 
Department of Chemistry and Biochemistry 
 
December 2022 
 
Title: Detecting and Modifying Chromatin Organization in the Budding Yeast Genome 

with Synthetic Proteins 
 
 

DNA in the nucleus of eukaryotic cells is condensed into chromatin by forming 

specialized structures called nucleosomes. DNA is wrapped around a set of histone 

proteins to from nucleosomes, which are eventually positioned by robust, reproducible 

mechanisms. Mutations in chromatin organizing proteins are common in human diseases, 

indicating that studying the systems in place to control chromatin organization could be 

insightful for developing novel therapeutics. S. cerevisiae is an ideal model organism for 

this work, as it is tolerant to dysregulated nucleosome positioning, genetically tractable, 

and contains homologs of many human proteins. Here, I describe several studies that 

have furthered our understanding of chromatin organization in the context of nucleosome 

positioning. First, I detail a set of synthetic proteins that enable nucleosomes to be 

repositioned at characteristic sites in the yeast genome. Following this is a detailed 

account of our investigation into the biochemical mechanisms underlying targeted 

chromatin remodeling at a subset of genome loci by the chromatin remodeler Isw2. Next, 

a protocol for efficiently detecting nucleosome positions is described, including its 

application to yeast deficient in chromatin remodeling activity. In chapter five, I present a 

system for detecting protein-DNA interactions and nucleosome positions using targeted 
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nuclease digestion with endogenously expressed proteins. I also outline some of the 

potential applications of this technique, including use with chromatin remodeling 

proteins, which often prove difficult to map with standard methods. 

This dissertation contains previously published co-authored material.  

 

 



 

 

 

6 

CURRICULUM VITAE 
 
NAME OF AUTHOR:  Orion Garrett Baxter Banks 
 
 
GRADUATE AND UNDERGRADUATE SCHOOLS ATTENDED: 
 
 University of Oregon, Eugene 
 Western Washington University, Bellingham, WA 
 
 
DEGREES AWARDED: 
 
 Doctor of Philosophy, Chemistry, 2022, University of Oregon 
 Master of Science, Chemistry, 2017, Western Washington University 
 Bachelor of Science, Biochemistry, 2015, Western Washington University 
 
 
AREAS OF SPECIAL INTEREST: 
 
 Biochemistry 
 Molecular Biology 
 Computational Biology 
 Genomics 
 Protein Engineering 
 
 
PROFESSIONAL EXPERIENCE: 
 
 Research assistant, Western Washington University (Smirnov lab), 2014-2015 
 
 Graduate research and teaching assistant, Western Washington University 
 (Antos lab), 2015-2017 
 
 Graduate teaching assistant, University of Oregon, 2017-2018 
 
 Graduate research assistant, University of Oregon, 2018-2022 
  
  
GRANTS, AWARDS, AND HONORS: 
 

Knight Campus Undergraduate Scholars Petrone Scholar, University of Oregon, 
2020 
 
Adamson Family First Year Graduate Student award, University of Oregon 
Institute of Molecular Biology, 2018 



 

 

 

7 

 
Molecular Biology and Biophysics training grant (NIH T32 GM007759), 
University of Oregon, 2018 - 2020 
 
Graduate Teaching Excellence in Biochemistry award, University of Oregon 
Department of Chemistry and Biochemistry, 2018 

 
 
PUBLICATIONS: 
 

McKnight LE, Crandall JG, Bailey TB, Banks OGB, Orlandi KN, Truong VN, Donovan 
DA, Waddell GL, Wiles ET, Hansen SD, Selker EU, McKnight JN. Rapid and 
inexpensive preparation of genome-wide nucleosome footprints from model and 
non-model organisms. STAR Protoc. (2021) doi: 10.1016/j.xpro.2021.100486 

Donovan DA, Crandall JG, Truong VN, Vaaler AL, Bailey TB, Dinwiddie D, Banks 
OG, McKnight LE, McKnight JN. Basis of specificity for a conserved and 
promiscuous chromatin remodeling protein. eLife (2021) doi: 
10.7554/eLife.64061. 

Donovan DA, Crandall JG, Banks OGB, Jensvold ZD, Truong V, Dinwiddie D, 
McKnight LE, McKnight JN. Engineered Chromatin Remodeling Proteins for 
Precise Nucleosome Positioning. Cell Rep. (2019) doi: 
10.1016/j.celrep.2019.10.046.  

Nikghalb KD, Horvath NM, Prelesnik JL, Banks OGB, Filipov PA, Row RD, Roark TJ, 
Antos JM. Expanding the Scope of Sortase-Mediated Ligations by Using Sortase 
Homologues. Chembiochem (2018) doi: 10.1002/cbic.201700517.  

Banks, Orion. Towards the Substrate-bound Structure of Streptococcus pneumoniae 
Sortase A. WWU Graduate School Collection (2017) 
https://cedar.wwu.edu/wwuet/609 

 
 



 

 

 

8 

ACKNOWLEDGMENTS 
 
I am incredibly grateful to the members of my committee for providing support 

during my time at University of Oregon. I would like to thank Laura McKnight for her 

guidance and wisdom, which I found uplifting in difficult times. I am grateful to Mike 

Harms for his willingness to co-advise me – I learned a tremendous amount from our 

discussions. I would also like to thank the Genomics Core (GC3F) at University of 

Oregon for high throughput sequencing services. Last, I would like to thank Ashley 

Banks for her commitment to being my partner in life and her belief in me. This work 

was supported by a National Institutes of Health training grant T32 GM007759 (to 

O.G.B.B), and by NIGMS R01 GM129242 (to J.N.M. and L.E.M).  



 

 

 

9 

 
 
 
 
 
 
For Jeff McKnight, whose compassion, humility, and brilliance will never be forgotten. I 

am fortunate to have known him. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

10 

TABLE OF CONTENTS 

Chapter Page 
 
LIST OF FIGURES ....................................................................................................  13 
 
LIST OF TABLES ......................................................................................................  16 
 
I. INTRODUCTION ...................................................................................................  17 
 
      Bridge from Chapter I to II ...................................................................................  20 
      References Cited ...................................................................................................  21 
 
II. E-CHRPS: ENGINEERED CHROMATIN REMODELING PROTEINS FOR 
PRECISE NUCLEOSOME POSITIONING ..............................................................  25 
 
 Introduction ...........................................................................................................  25 
 Results ...................................................................................................................     27 
        Design ............................................................................................................  27 
        Development and Optimization of a Targeted Remodeler Core ...................  30 
        Remodeler Fusions are Highly Versatile in vitro and in vivo ........................  33 
        E-ChRPs can Inducibly Remove Transcription Factors ................................     34 
        Spycatcher E-ChRPs Allow Simple Targeting to Chromatin-Bound Loci ...     37 
        dCas9-targeted Nucleosome Positioning with Nonstandard gRNAs .............     43 
 Discussion .............................................................................................................     47 
 Limitations ............................................................................................................     48 
 Bridge from Chapter II to III  ...............................................................................     49 
 References Cited ...................................................................................................     50 
 
III. BASIS OF SPECIFICITY FOR A CONSERVED AND PROMISCUOUS 
CHROMATIN REMODELING PROTEIN ...............................................................  55 
 
 Introduction  ..........................................................................................................  55 
 Results ...................................................................................................................  58 

Isw2 activity in cells is inconsistent with known biochemistry and the  
barrier model for nucleosome packing ............................................................  58 
A small helical epitope is necessary and sufficient for Isw2-directed  
nucleosome positioning at Ume6 targets ........................................................  64 

Discussion ..................................................................................................................  68 
Bridge from Chapter III to IV ...............................................................................  70 
Bibliography .........................................................................................................  70 

 
 
 
 
 



 

 

 

11 

Chapter Page 
 
IV. RAPID AND INEXPENSIVE PREPARATION OF GENOME-WIDE 
NUCLEOSOME FOOTPRINTS FROM MODEL AND  
NON-MODEL ORGANISMS ....................................................................................  76 
  
 Introduction ...........................................................................................................  76 
 Methods  ................................................................................................................  77 
 Expected Outcomes ..............................................................................................  84 
 Quantification and statistical analysis  ..................................................................  92 
 Troubleshooting  ...................................................................................................  94 
 Bridge from Chapter IV to V  ...............................................................................  98 
 References Cited  ..................................................................................................  99 
 
V. MAPPING DNA-ASSOCIATED PROTEINS AND PROXIMAL CHROMATIN 
ELEMENTS IN THE BUDDING YEAST GENOME USING SPYCATCHER- 
LINKED TARGETING OF CHROMATIN ENDOGENOUS CLEAVAGE ............  102 
  

Introduction ...........................................................................................................  102 
Results ...................................................................................................................  107 

 SpLiT-ChEC produces well-defined signal with  
 multiple fragment sources ...............................................................................  107 
 Canonical Abf1 binding and chromatin organization  
 is captured in SpLiT-ChEC .............................................................................  109 
 Abf1 SFP can be used to find peaks with MACS3 .........................................  112 
 A minimal Abf1 motif marks canonical targets in SpLiT-ChEC ...................  113 
 SpLiT-ChEC signal can be clustered based on intensity and shape ...............  116 
 SpLiT-ChEC signal near TSSs is directional and highly variable ..................  117 

Abf1 SpLiT-ChEC LFP near TSSs reveals distinct clusters of chromatin 
organization .....................................................................................................  121 

Discussion  ............................................................................................................  124 
Methods  .............................................................................................................  128 
Chapter V Additional Figures ...............................................................................  134 
Bridge from Chapter V to VI  ...............................................................................  139 
References Cited ...................................................................................................  140 

      
VI. GENERAL APPLICATION OF SPLIT-CHEC TO DNA-BINDING PROTEINS 
AND PRELIMINARY ANALYSIS OF ISW2 SPLIT-CHEC SIGNAL ...................  148 
      

Introduction ...........................................................................................................  148 
Results ...................................................................................................................  148 
References Cited ...................................................................................................  151 
 

VII. CONCLUSIONS AND FUTURE DIRECTIONS  .............................................  152 
 
References Cited  ..................................................................................................  157 



 

 

 

12 

Chapter Page 
 
APPENDICES 
 

 A. YEAST STRAINS GENERATED ..................................................................  159 
 B. PLASMIDS GENERATED FOR SPLIT-CHEC .............................................  164 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

13 

LIST OF FIGURES 
 
Figure Page 
 

1. Strategies for Optimizing Targeted Nucleosome Positioning by E-ChRPS ...  28 
 

2. E-ChRPs with Distinct TF DBDs Specifically Position Target Nucleosomes  
 In Vitro and In Vivo .........................................................................................  31 
 
3. E-ChRPs Can Inducibly Remove Endogenous Ume6 from Chromatin .........  35 

 
4. Development and Validation of E-ChRPs Containing  

SpyCatcher/SpyTag Pairs ...............................................................................  38 
 
5. E-ChRP Targeting to Chromatin-Bound Reb1 Provides Differential  

Occupancy Information at Reb1 Motifs .........................................................  41 
 

6. Remodeling Can Be Targeted Using a dCas9 E-ChRP with Canonical and 
Noncanonical gRNA Substrates .....................................................................  44 

 
7. Isw2 is a Specialist Remodeler that Positions Single Nucleosomes at 

Target Sites .....................................................................................................  60 
 

8. A Small Predicted Helix is the Isw2 Recruitment Epitope in Ume6 ..............  65 
 

9. Sample gel showing properly digested nucleosome footprints .......................  85 
 

10. Rapid MNase can accurately map nucleosome positions in  
S. cerevisiae cells ............................................................................................  86 

 
11. Rapid MNase can recover nucleosome footprints from isolated  

quiescent cells and yeast patches ....................................................................  87 
 

12. Rapid MNase can accurately map nucleosome positions in S. pombe  
 and N. crassa ...................................................................................................  89 

 
13. Nucleosome footprints can be rapidly recovered from wild  

mushroom samples ..........................................................................................  91 
 

14. The rapid MNase protocol can be performed on human cells with or without 
crosslinking .....................................................................................................  92 

 
15. Sample gel showing intact genomic DNA and partial nucleosome footprints    

from non-permeabilized cells .........................................................................  94 
 
 



 

 

 

14 

Figure                                                                                                                            Page 
 

16. Agarose gel showing example nucleosome footprints recovered from    
S. cerevisiae liquid culture using the rapid MNase protocol ..........................  95 

 
17. SpLiT-ChEC-seq captures protein binding and nucleosome localization         

signal from sites of targeted nuclease digestion .............................................  108 
 

18. Abf1 SpLiT-ChEC signal is present at Abf1 consensus sequences and 
recapitulates chromatin organization elements observed in nucleosome 
positioning data ...............................................................................................  110 

 
19. Abf1 SpLiT-ChEC allows consensus motifs to be identified and shows         

higher signal intensity within target regions containing consensus motifs .....  114 
 

20. Abf1 SpLiT-ChEC small fragment signal near transcription start sites is 
directional with respect to gene orientation and can be used to                     
identify similarly protected target sequences ..................................................  119 

 
21. Abf1 SpLiT-ChEC large fragment signal near transcription start sites can  

be used to identify chromatin organization subgroups with distinct 
protection characteristics ................................................................................  123 

 
 S1. Abf1 SpLiT-ChEC total fragment pattern is a composite  

      of SFP and LFP signal ....................................................................................  134 
 
 S2. Abf1 SpLiT-ChEC signal is present at predicted sites and is found at  
       similar sites across timepoints ........................................................................  135 
 
 S3. Clustering Abf1 SpLiT-ChEC signal without strand information identifies  
       groups of similar signal ...................................................................................  136 
 
 S4. Locating optimal k-means cluster counts for Abf1 SFP per-basepair  
       signal in 90bp targets near TSSs .....................................................................  137 
 
 S5. Locating optimal k-means cluster counts for Abf1 LFP signal in  
       90bp targets near TSSs ....................................................................................  137 
 

22. Isw2 SpLiT-ChEC shows high-detail signal at TSSs across  
the yeast genome .............................................................................................  149 

 
23. Peaks identified in Isw2 SpLiT-ChEC SFP signal can be merged to                

locate target sites .............................................................................................  150 
 
 
 



 

 

 

15 

Figure                                                                                                                            Page 
 

24. A subset of Isw2 SpLiT-ChEC target sites contain Ume6 consensus        
sequences ........................................................................................................  151 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

16 

LIST OF TABLES 
 

Table                                                                                                                            Page 
 

1. Simple Enrichment Analysis results for 1807 Abf1 90bp target 
sequences using motifs identified by XSTREME  .........................................  138 
 

2. Motifs identified in 1807 Abf1 90bp target sequences by XSTREME  .........  138 
 
 
 



 
 
 

17 

CHAPTER I 

INTRODUCTION 

Chromatin is the intricate web of DNA and proteins that enable eukaryotes to 

condense and store DNA in the nucleus. Condensing DNA into fibrous strands occurs 

during mitosis, however, chromatin more often exists in a less condensed state during the 

remainder of a cell’s life cycle (Lieberman-Aiden et al., 2009). Chromatin self-associates 

to build several levels of structure and can often described as open (euchromatin) or 

closed (heterochromatin). Euchromatin is most often found in actively transcribed 

regions of the genome, while heterochromatin is typically found in non-transcribed 

regions (Cremer at al., 2015). Researchers have observed large changes in chromatin 

compaction during mammalian (Hota and Bruneau, 2016) and plant (van Zanten et al., 

2012) development, and in response to environmental stressors in yeast (Gasch et al., 

2000). Aberrant chromatin structure is common in human diseases, and mutations 

affecting the organization of chromatin are often observed in cancer (Zane et al., 2014) 

and neurodegenerative disorders (Berson et al., 2018).  

Histones are the group of well-conserved DNA binding proteins that associate 

with DNA to form chromatin. Histones are highly positively charged, which enables 

them to non-specifically interact with negatively-charged phosphate groups in the 

backbone of DNA. Historical experiments using x-ray diffraction data described a 

repeating structure of histone-DNA complexes involving 200bp of DNA (Kornberg, 

1974). The crystal structure of the nucleosome core particle shows that nucleosomes are 

composed of 147bp of DNA wrapped around a histone octamer core (Luger et al., 1996). 

Histone cores are typically composed from two monomers each of H2A, H2B, H3, and 



 
 
 

18 

H4, but can also contain histone variants, which tune the interaction of the histone core 

with DNA or mark nucleosomes at specific loci (Martire and Banaszynski, 2020). The N-

terminal amino acids of histones (known as histone tails) are highly positively charged 

and known to interact with DNA and stabilize the nucleosome (Szerlong and Hansen, 

2011). Histone tails are frequently modified with various post-translation modifications 

that function as organizational markers, particularly with respect to transcriptional 

activity, but also DNA repair and chromatin structure inheritance (Cosgrove et al., 2004; 

Kouzarides, 2007).  

Nucleosome positions in chromatin are often observed as “phased” arrays, where 

nucleosomes are evenly spaced with respect to one another (Singh et al., 2021). 

Transcription start sites (TSSs) are commonly associated with organized chromatin (Lai 

et al., 2018), where nucleosome position maps show a pattern of peaks where signal 

decays as it moves into the gene body. Origins of replication, marked by autonomous 

replication sequences in yeast, are also found at the center of regions that display evenly 

spaced nucleosomes (Fennessy and Owen-Hughes, 2016). Additionally, transcription 

factor (TF) binding sites are commonly associated with nucleosome phasing and TFs 

compete with nucleosomes to re-bind DNA following replication (Kasinathan et al., 

2014; Adams and Workman, 1995; Venkatesh and Workman, 2015).  

Previous work has shown that specific nucleosome positions derived from whole-

genome analysis cannot be exactly recapitulated in vitro (Kaplan et al., 2008; 

Krietenstein et al., 2016). Interestingly, when nucleosomes interact with genomic DNA in 

salt-gradient dialysis (Thåström et al., 2004), some positions are similar to those seen in 

vivo (Thåström et al., 2004; Kaplan et al., 2008; Krietenstein et al., 2016), suggesting that 
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genomic DNA sequences are inherently capable of self-patterning nucleosomes to some 

extent. However, treating these chromatin templates with whole cell extracts is not 

sufficient to produce all the observed elements of chromatin organization in live cells 

(Krietenstein et al., 2016). This result is consistent with many observations that 

replication and transcription directly influence chromatin organization in vivo (Radman-

Livaja et al., 2011; Ramachandran and Henikoff, 2016; Vasseur et al., 2016; Stewart-

Morgan et al., 2019). 

Importantly, neither nucleosome positions nor target sequences alone can fully 

predict where DBPs bind in the genome (Rhee and Pugh, 2011; Guertin and Lis, 2013). A 

subset of TFs in several model systems have been shown to target binding sites regardless 

of restrictions implied by local nucleosome patterning (Balsalobre and Drouin, 2022). 

These pioneering factors (PFs) can interact with their target sites independently of a 

nucleosome positioned on or near the sequence (Meers et al., 2019). The occupancy of a 

PF at a site or the ability of the PF to invade an obstructed target sequence aligns with the 

similarity of the motif to its prototypical consensus sequence (Meers et al., 2019; 

Echigoya et al., 2020). PFs and their yeast analogs, general regulatory factors (GRFs) 

achieve chromatin organization by interfering with nucleosome deposition, but also by 

recruiting chromatin remodeling proteins (Voss and Hager, 2013). 

This dissertation contains previously published co-authored material. 

Chapter II: 

Donovan, D.A., Crandall, J.G., Banks, O.G.B., Jensvold, Z.D., Truong, V., Dinwiddie, 
D., McKnight, L.E., McKnight, J.N. (2019). Engineered chromatin remodeling 
proteins for precise nucleosome positioning. Cell Reports 29:2520–2535. 
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Chapter III: 
 
Donovan, D.A., Crandall, J.G., Truong, V.N., Vaaler, A.L., Bailey, T.B., Dinwiddie, D., 

Banks, O.G.B., McKnight, L.E., McKnight, J.N. (2021). Basis of Specificity for 
a Conserved and Promiscuous Chromatin Remodeling Protein. eLife 10:e64061 

 
Chapter IV: 
 
McKnight LE, Crandall JG, Bailey TB, Banks OGB, Orlandi KN, Truong VN, Donovan 

DA, Waddell GL, Wiles ET, Hansen SD, Selker EU, McKnight JN. (2021). Rapid 
and inexpensive preparation of genome-wide nucleosome footprints from model 
and non-model organisms. STAR Protoc. 2(2):100486.  
 

Bridge from Chapter I to II 

Considering the relationship between nucleosome positions, DBP binding, and 

transcription, there is much interest in developing systems to analyze the cellular 

response to mispositioned or ectopic nucleosomes. Previous work by Jeff McKnight and 

his colleagues (McKnight et al., 2011) showed that engineered chromatin remodeling 

proteins (E-ChRPs) were well-suited to accomplish this task. The catalytic domain of the 

general chromatin remodeler Chd1 was fused to the DNA-binding domain of AraC, 

which enabled nucleosomes to be repositioned at target sites. While Chd1 typically helps 

create evenly-spaced arrays of nucleosomes, it was observed that nucleosomes were 

pulled into atypical positions by the chimeric remodeler. Eventually, this protein fusion 

system was adapted for use in yeast, where targeted ectopic nucleosome positions were 

observed using MNase-Seq (McKnight et al., 2016).  

As outlined in Chapter II, we expanded on this work by designing novel E-ChRPs 

using an expanded set of DBDs and proteins fused to the ATPase subunit of Chd1. I was 

directly involved with analyzing the galactose-inducible forms of Chd1-Ume6 and Chd1-

SpyCatcher. To accomplish this, I performed MNase digestions on yeast samples where 
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expression of Chd1-SpyCatcher was induced in the presence of SpyTagged TFs. I also 

performed ChIP-Seq on samples from the Chd1-SpyCatcher system, which allowed us to 

evaluate the behavior of SpyTagged TFs when ectopic nucleosomes were positioned near 

or within their consensus sequences. After collecting MNase-Seq and ChIP-Seq samples, 

I generated several of the DNA fragment libraries used in Next-Generation Sequencing 

analysis. The sections provided establish the use of fusion proteins as tools for 

repositioning nucleosomes and provide a basis for the protein fusions used in chapter V 

and VI, which are based on the SpyCatcher-Spytag system. 
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CHAPTER II 

E-CHRPS: ENGINEERED CHROMATIN REMODELING PROTEINS FOR 
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Introduction 

The nucleosome is the fundamental repeating unit of chromatin, composed of 

DNA wrapped around an octamer of histone proteins. While nucleosomes are dynamic 

structures that are constantly assembled, disassembled, and repositioned in the genome, 

their positions at gene regulatory elements like transcription start sites (TSSs) show 

characteristic organization (Lai and Pugh, 2017). Thus, nucleosome positions are thought 

to have regulatory implications for DNA-dependent processes like transcription, 

replication and DNA repair (Hauer and Gasser, 2017; MacAlpine and Almouzni, 2013; 

Venkatesh and Workman, 2015). Because positions of nucleosomes in the genome play a 

major role in determining DNA sequence accessibility, the ability to precisely manipulate 
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nucleosome positions would have profound implications for investigating and controlling 

DNA-dependent processes in vivo. 

ATP-dependent chromatin remodeling factors couple the hydrolysis of ATP to the 

movement of nucleosomes along a fragment of DNA (Cairns et al., 1996; Fazzio and 

Tsukiyama, 2003; Langst et al., 1999; Smith and Peterson, 2005; Stockdale et al., 2006; 

Tsukiyama et al., 1994). By altering the positions of nucleosomes, this family of enzymes 

controls the accessibility of underlying DNA in vivo, thereby regulating DNA-dependent 

processes. The CHD and ISWI families of chromatin remodelers contain a conserved 

catalytic ATPase that drives chromatin remodeling by binding and hydrolyzing ATP 

(Zhou et al., 2016), and a C-terminal region that interacts with extranucleosomal DNA to 

modify the direction and outcome of nucleosome repositioning (Gangaraju and 

Bartholomew, 2007; Hota et al., 2013; McKnight et al., 2011; Ryan et al., 2011). 

Previous work established that chromatin remodeling by S. cerevisiae Chd1 can 

be targeted to specific nucleosomes by replacing the native, nonspecific Chd1 DNA 

binding domain (DBD) with sequence-specific DBDs (McKnight et al., 2011; Nodelman 

and Bowman, 2013). We previously showed that hybrid Chd1 fusions with exogenous, 

sequence-specific DBDs predictably move nucleosomes onto their recruitment sequences 

in vitro (McKnight et al., 2011). We recently demonstrated that fusion of Chd1 to the 

Zn2Cys6 DBD from Ume6, a meiotic repressor from yeast, allows directed nucleosome 

positioning at target genes across the S. cerevisiae genome (McKnight et al., 2016). 

Here we have simplified the customizable design and validated the function of 

sequence-targeted chromatin remodeling proteins using diverse targeting strategies. 

These engineered chromatin remodeling proteins (E-ChRPs) work with a wide variety of 
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targeting domains and can occlude target DNA sequences by precisely repositioning 

nucleosomes onto recruitment motifs. We show that E-ChRPs possessing transcription 

factor (TF) DNA binding domains can block binding of endogenous transcription factors 

by incorporating TF binding sites into nucleosomes genome-wide. E-ChRPs can also be 

directly recruited to DNA-associated TFs through SpyTag/SpyCatcher pairs (Zakeri et 

al., 2012) allowing for identification and occlusion of TF-bound genomic loci. Finally, 

we show that positioning of nucleosomes can be achieved by a dCas9-targeted E-ChRP 

using optimized, noncanonical gRNAs.  

Results 

Design 

The core E-ChRP design was inspired by previous work (McKnight et al., 2011; 

McKnight et al., 2016) where individual sequence-specific DNA binding domains 

(DBDs) replaced the C-terminal nonspecific DNA binding domain of a functional S. 

cerevisiae Chd1 chromatin remodeler fragment (Fig 1A). Yeast Chd1 is an ideal enzyme 

for engineered chromatin remodeling because it is monomeric, displays robust 

nucleosome positioning activity on nucleosome substrates derived from multiple 

organisms, and is less influenced by histone modifications than other chromatin 

remodelers (Ferreira et al., 2007; Hauk et al., 2010). After the Chd1 catalytic module we 

incorporated unique restriction sites flanking the targeting domain in vectors allowing for 

recombinant expression in E. coli, constitutive expression from ADH1 or  

GPD promoters in S. cerevisiae (Mumberg et al., 1995), or galactose-inducible 

expression from the HO locus in S. cerevisiae (Voth et al., 2001). This scaffold allows 
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easy swapping of the C-terminal targeting domain resulting in a simple method to design 

chromatin remodelers that can be localized to desired nucleosomes. To demonstrate the 

versatility of the approach, we incorporated and assessed engineered chromatin 

remodeling through multiple transcription factor DNA binding domains, through 

SpyCatcher/SpyTag pairs, and through dCas9 targeting (Fig 1B). We first assessed the 

ability of different E-ChRPs to reposition target-containing mononucleosomes in a 

purified biochemical assay (Eberharter et al., 2004). To validate in vivo function, we 

introduced E-ChRPs into S. cerevisiae and measured global nucleosome positions by 

MNase-seq. Functional E-ChRPs can position targeted nucleosomes onto recruitment 

motifs as measured by mononucleosome sliding toward recruitment sequences in vitro or 

target motif occlusion by nucleosomes in vivo (Fig 1C). 

Figure 1 (next page): Strategies for Optimizing Targeted Nucleosome Positioning by 
E-ChRPs (A) Architecture of the E-ChRP core where the yeast Chd1 catalytic domain is 
linked to a targeting domain with a flexible linker. (B) Summary of targeting methods 
used in this work, including sequence-specific DBD targeting to a recognition motif 
(top), SpyCatcher domain covalently attaching to a SpyTag-containing chromatin-bound 
protein (middle), and dCas9-bound gRNA interacting with a complementary sequence 
(bottom). (C) Predicted outcome from targeted E-ChRPs, indicating that select 
nucleosomes are positioned by the E-ChRP onto the recruitment site. (D) Nucleosome 
repositioning in vitro by Chd1-Ume6 with and without 11 repeats of glycine-glycine-
serine between the Chd1 catalytic domain and Ume6 DBD. Nucleosomes with the Ume6 
recognition motif (URS1) located 20 or 40 bp from the nucleosome edge were incubated 
with Chd1-Ume6(DBD) or Chd1-GGSx11-Ume6(DBD), and nucleosomes were resolved 
using native PAGE (top). Nucleosome positions before and after remodeling were 
resolved using 6% native PAGE. Summary of repositioning of each substrate by Chd1 
fusions (bottom). (E) Genome Browser image showing nucleosome dyad positions at a 
representative Ume6 binding site (URS1) for a parental strain lacking endogenous Ume6 
(black), after introduction of Chd1-Ume6 without (yellow) or with (red) a flexible linker. 
Dashed line indicates the location of the Ume6 binding motif. Arrow indicates 
nucleosome that is more efficiently positioned with a Chd1-GGSx11-Ume6(DBD) 
fusion. (F) Average nucleosome positioning (dyad signal) at genomic Ume6 binding sites 
showing Chd1-GGSx11-Ume6(DBD) more readily positions nucleosomes distal to the 
recognition element than Chd1-Ume6(DBD) lacking a flexible linker. 
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Development and Optimization of a Targeted Remodeler Core 

We previously demonstrated that fusion of a foreign DNA binding domain to the 

Chd1 catalytic core leads to occlusion of a recruitment motif by targeted and directional 

repositioning of nucleosomes (McKnight et al., 2011; McKnight et al., 2016). Though 

functional both in vitro and in vivo, remodeler fusions where the DNA binding domain 

was directly fused to the Chd1 core resulted in a limited “reach” and nucleosomes 

residing further than 20 base pairs from the DNA recognition element were not 

efficiently moved. In addition, the creation of new remodeler fusion proteins was 

previously cumbersome and lacked versatility. To address these limitations we first 

created the E-ChRP scaffold (Fig 1A), which consists of the catalytic core of the yeast 

Chd1 protein followed by a flexible linker including 11 repeats of the glycine-glycine-

serine sequence that was previously shown to extend the Chd1 reach (Nodelman and 

Bowman, 2013). We next created an array of plasmids for recombinant bacterial 

expression or yeast constitutive or inducible expression allowing for one-step cloning of a 

desired fusion domain (Fig 1A).  

We examined whether the addition of a flexible linker between the Chd1 

remodeler core and DNA binding domain increased the reach of these E-ChRPs. We 

tested the ability of an E-ChRP with a DBD from the S. cerevisiae meiotic repressor 

Ume6 to move mononucleosomes containing a recognition motif, URS1 (Park et al., 

1992), 20 or 40 base pairs from the nucleosome edge (Fig 2A). Without a flexible linker, 

the Chd1-Ume6 E-ChRP was active exclusively when the motif was 20bp away (compare 

lanes 1 with 3, 2 with 4). In contrast, addition of eleven repeats of glycine-glycine-serine 

(GGSx11) allowed the remodeler to efficiently mobilize both nucleosome substrates 
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(compare lanes 1 with 5, 2 with 6). Additionally, the final location of the positioned 

nucleosomes was dependent on the location of the recognition motif (Fig 2A, compare 

lanes 5 and 6). Consistent with this increased reach in vitro, the Ume6 E-ChRP 

containing a GGSx11 linker positioned a larger fraction of distal nucleosomes onto target 

sequences across the S. cerevisiae genome (Fig 2B, C). Because the flexible linker led to 

more robust E-ChRP activity and our design was compatible in vitro and in vivo, we 

employed this general scaffold in all subsequent experiments.  

Figure 2 (next page): E-ChRPs with Distinct TF DBDs Specifically Position Target 
Nucleosomes In Vitro and In Vivo (A) Nucleosome sliding assay demonstrating 
functionality of increasing concentrations of E-ChRPs containing AraC DBD (lanes 1–5 
and 22–24), Res1 DBD (lanes 6–10 and 25–27), engrailed DBD (lanes 11–15), 
glucocorticoid receptor DBD (lanes 16–20), or Chd1 endogenous DBD (lanes 28–30) in 
vitro. Nucleosomes in lanes 1–20 possess recognition motifs in extranucleosomal DNA 
for the respective E-ChRP (Ades and Sauer, 1994; Alroy and Freedman, 1992; Anderson 
et al., 1995; Ayté et al., 1995; Khan et al., 2018; Niland et al., 1996), while lanes 21–30 
have no recognition motif. Lower electrophoretic mobility indicates repositioning of 
nucleosomes away from their end positions.(B) Yeast genomic nucleosome dyad 
positions are shown at representative Ume6 targets (URS1, top) or engrailed targets 
(TAAT, bottom) in the presence or absence of Ume6 E-ChRP or engrailed E-ChRP. 
Motif-proximal nucleosomes are highlighted next to indicated motifs, with blue arrows 
showing direction of nucleosome movement. Cartoon representations of nucleosome 
positions are provided for each locus. (C) Nucleosome dyad signal at a representative 
locus in yeast demonstrating positioning of nucleosomes toward recruitment motif 
(dashed line) by galactose inducible Ume6 E-ChRP or a constitutively expressed E-ChRP 
under the ADH1 promoter. 
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Remodeler Fusions are Highly Versatile in vitro and in vivo 

We next tested mononucleosome targeting of multiple E-ChRPs with various 

DNA binding domains. We fused the DBD from E. coli AraC, S. pombe Res1, D. 

melanogaster Engrailed, or R. norvegicus Glucocorticoid Receptor to the E-ChRP 

scaffold. To determine if these E-ChRPs were functional on target nucleosomes in vitro, 

we generated end-positioned mononucleosomes assembled on the 601- positioning 

sequence (Lowary and Widom, 1998) with 125 base pairs of flanking DNA. The 

extranucleosomal DNA either contained or lacked a consensus binding motif 

corresponding each different fusion tested. E-ChRPs containing DNA binding domains 

were able to mobilize nucleosomes containing their well-defined recruitment motifs 

(Ades and Sauer, 1994; Alroy and Freedman, 1992; Ayte et al., 1995; Niland et al., 1996) 

as measured by a native PAGE nucleosome sliding assay (Fig 2A). These E-ChRPs were 

inactive on nucleosomes lacking their respective motifs (Fig. 2A, lanes 22-27), 

demonstrating specificity for target substrates in vitro. Fusion of the native, sequence-

nonspecific DBD from Chd1 to our E-ChRP scaffold showed no apparent discrimination 

against DNA sequences and was capable of fully mobilizing the nonspecific 

mononucleosome control (Fig. 2A, lanes 28-30).  

To determine whether E-ChRPs can be differentially targeted to specific subsets 

of nucleosomes in vivo, we introduced E-ChRPs into S. cerevisiae on a constitutive, 

ADH1-driven expression plasmid. When the E-ChRP contained a Ume6 DNA binding 

domain, nucleosomes were repositioned toward Ume6 binding motifs across the genome, 

but no nucleosome changes were detected at other genomic loci. Conversely, an E-ChRP 

containing the Engrailed DNA binding domain moved nucleosomes onto Engrailed 
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motifs in the yeast genome without altering nucleosome positions at Ume6 binding 

motifs (Fig 2B). We also introduced Ume6 and Engrailed E-ChRPs into yeast under the 

high-expression GPD (TDH3) promoter on a 2μm plasmid (Mumberg et al., 1995). 

Expression of the Ume6 E-ChRP from this construct resulted in positioned nucleosomes 

at target sites without identified off-target activity similar to an ADH1-driven E-ChRP. 

However, introduction of this higher expression plasmid containing an Engrailed E-ChRP 

only produced viable transformants in which the E-ChRP construct was deleted, 

truncated or mutated. This obligate inactivation of the Engrailed E-ChRP at high 

expression levels may result from promiscuous action of the Engrailed E-ChRP at tens of 

thousands of potential target sequences, which would presumably disrupt global 

nucleosome positioning in a deleterious and pleiotropic manner. Importantly, even when 

driven from the GPD (TDH3) promoter neither the Ume6 E-ChRP nor the Engrailed E-

ChRP was active at target sites when the Chd1 remodeler core contained a catalytically-

inactive Walker B (D513N) substitution (Hauk et al., 2010; Walker et al., 1982). Taken 

together, these results suggest that E-ChRPs can be specifically targeted through multiple 

distinct DNA binding domains that recognize sequence motifs with high or low 

complexity both in vitro and in vivo.  

E-ChRPs can Inducibly Remove Transcription Factors 

To gain temporal control of E-ChRPs in vivo, we introduced the Ume6 E-ChRP 

under the control of a galactose-inducible promoter integrated at the HO locus in yeast 

(Voth et al., 2001). Prior to addition of galactose, endogenous Ume6 associates with its 

consensus sequence across the genome and cooperates with the ISW2 complex to 

position motif-proximal nucleosomes, leaving 30 bp between the nucleosome edge and 
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URS1 motif (Goldmark et al., 2000; McKnight et al., 2016). After galactose induction of 

the Ume6 E-ChRP, a majority of nucleosomes nearest the URS1 site are efficiently 

repositioned to occlude the URS1 motif within two hours (Fig 3A,B). This galactose-

inducible approach allows for more complete remodeling of nucleosomes than the same 

E-ChRP under the control of a constitutively active ADH1 promoter, potentially 

commensurate with differing expression levels under these distinct promoters (Fig 

3A). We reasoned that because the post-induction nucleosome position results in the 

Ume6 recruitment motif becoming buried within nucleosomal DNA, remodeling by the 

Ume6 E-ChRP should interfere with binding of endogenous Ume6 (Fig 3B). To test this 

possibility, we tagged endogenous Ume6 with a FLAG epitope and measured Ume6-

FLAG binding by ChIP-seq before and after induction of the Ume6 E-ChRP. Prior to 

induction, reproducible Ume6-FLAG binding was observed at URS1 sites across the 

genome. After induction of the Ume6 E-ChRP, which shifted nucleosomes over URS1 

sites, Ume6 binding (as measured by Ume6-FLAG ChIP signal) was strongly reduced or 

eliminated at many genomic locations.  

Figure 3 (next page). E-ChRPs Can Inducibly Remove Endogenous Ume6 from 
Chromatin (A) Cartoon depiction of Ume6 E-ChRP activity blocking association of 
endogenous Ume6 at target sites. (B) Representative examples of E-ChRP targets where 
endogenous Ume6 is removed (top) or not removed (bottom) after galactose induction of 
Ume6 E-ChRP. The catalytic null E-ChRP retains a Ume6 DBD but has a Walker B 
(D513N) substitution in the Chd1 catalytic core. (C and D) Representative Genome 
Browser images showing E-ChRP-dependent nucleosome dyad movement (within black 
rectangles) onto Ume6 sites (dashed line) with associated reduction of Ume6-FLAG 
ChIP, increase in acetylation, and transcriptional induction for the SRT1 locus (C) and 
MEI5 locus (D). 
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When we sorted Ume6 binding sites based on whether proximal nucleosome 

positions were shifted after Ume6 E-ChRP induction, we noticed that loss of Ume6-

FLAG signal was strikingly reduced where nucleosomes were shifted, but minimally 

reduced where nucleosomes were not shifted (Fig 3C). To verify that this reduction in 

Ume6-FLAG signal was not due to direct binding competition between endogenous 

Ume6-FLAG and the E-ChRP Ume6 DNA binding domain, we measured Ume6-FLAG 

ChIP signal in the presence of a catalytically inactive Ume6 E-ChRP. This construct, 

which cannot move nucleosomes but retains the Ume6 DNA binding domain, did not 

similarly reduce Ume6-FLAG signal. Thus, E-ChRPs can inducibly move nucleosomes 

over target sequences to restrict access of the underlying DNA to endogenous DNA 

binding factors.  

SpyCatcher E-ChRPs Allow Simple Targeting to Chromatin-Bound Loci 

One limitation of the above-described E-ChRPs is their need to compete with 

endogenous factors for binding sites. To circumvent this problem, we created an E-ChRP 

where the SpyCatcher protein is fused in place of a DNA binding domain in the Chd1 E-

ChRP scaffold. SpyCatcher specifically recognizes a short (~1kDa) SpyTag epitope, 

forming an isopeptide linkage that allows covalent protein fusions to be created in vitro 

and in vivo (Zakeri et al., 2012). This fusion provides two major improvements to the E- 

ChRP system. First, by simply appending SpyTag to different chromatin-binding factors 

of interest, nucleosome positioning can be achieved by a single SpyCatcher E-ChRP 

without the need to design new DBD fusions. Second, by tagging a transcription factor at 

its endogenous locus, the protein becomes a targetable element for the SpyCatcher E-

ChRP only when bound to chromatin (Fig 4A). This bypasses the requirement of a vacant 
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DNA binding site to target a DBD-containing E-ChRP, allowing access to sequences in 

the genome that could otherwise be blocked by a stably-bound transcription factor. In 

sum, this strategy produces a single SpyCatcher E-ChRP that can be targeted to any 

chromatin-bound protein of interest in the genome by simple attachment of a short 

SpyTag. To validate the function of the SpyCatcher E-ChRP design, we purified 

recombinantly-expressed Chd1-SpyCatcher and two SpyTag-containing DNA binding 

domains. Mononucleosomes harboring recognition sequences for each DNA binding 

domain in the extranucleosomal DNA were incubated with the SpyCatcher E-ChRP with 

and without addition of SpyTag-Engrailed(DBD) or SpyTag-AraC(DBD).  

Figure 4 (next page). Development and Validation of E-ChRPs Containing 
SpyCatcher/SpyTag Pairs (A) Cartoon representation for introducing a Chd1-
SpyCatcher E-ChRP into cells containing SpyTagged, chromatin-bound proteins. The 
SpyCatcher domain forms a covalent isopeptide bond with SpyTag, allowing localization 
of E-ChRP activity to endogenously bound chromatin proteins. (B) Nucleosome sliding 
assay demonstrating that a single SpyCatcher E-ChRP cannot position nucleosomes 
without a SpyTag-containing DBD (lanes 2–4) but can use a SpyTagged AraC DBD 
(lanes 5–7) or engrailed DBD (lanes 8–10) to reposition nucleosomes containing 
respective DBD recognition motifs. The AraC and engrailed recognition elements are 
located 7 and 11 nt from the nucleosome edge, respectively. (C) Representative motif in 
yeast where ADH1-driven SpyCatcher E-ChRP can reposition nucleosomes (dyads) at a 
Ume6 binding site in the presence of Ume6-SpyTag (left) and genomic analysis of 
nucleosome dyad positioning by SpyCatcher E-ChRP at 202 intergenic instances of the 
Ume6 recognition sequence in cells containing SpyTagged Ume6 (right). (D) Genomic 
analysis of nucleosome dyad positions in Reb1-SpyTagged cells (left) or Ume6-
SpyTagged cells (right) before and after 2 h induction of galactose inducible SpyCatcher 
E-ChRP. Heatmaps show change in nucleosome dyad signal after induction of 
SpyCatcher E-ChRP, and individual traces show average positions of nucleosomes in 
each cluster before and after SpyCatcher E-ChRP induction for each SpyTag-DBD strain. 
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The SpyCatcher E-ChRP has no activity on nucleosome substrates in the absence of a 

SpyTag-DBD pair (Fig 4B, lanes 2-4), since SpyCatcher has no intrinsic DNA binding 

affinity. However, addition of either SpyTag-AraC(DBD) (Fig 4B, lanes 5-7) or SpyTag-

Engrailed(DBD) (Fig 4B, lanes 8-10) resulted in robust repositioning of 

mononucleosomes in vitro, demonstrating the versatility of this system. 

We next introduced the SpyCatcher E-ChRP under a constitutive ADH1 promoter into S. 

cerevisiae cells where a C-terminal SpyTag was added to full-length Ume6 at the 

endogenous locus. As expected, we observed repositioned nucleosomes at URS1 sites 

across the genome indicating chromatin remodeling at Ume6-bound loci (Fig 4C). 

To achieve temporal control of this modular system in vivo, we appended SpyTag 

to the C-terminus of either Ume6 or Reb1, a yeast general regulatory factor, in a strain 

harboring a galactose-inducible SpyCatcher E-ChRP at the HO locus. After induction of 

SpyCatcher E-ChRP expression, nucleosomes were shifted toward Ume6 binding sites in 

cells containing Ume6-SpyTag or toward Reb1 binding sites in cells containing Reb1-

SpyTag (Fig 4D). Interestingly, the fraction of shifted nucleosomes was generally low at 

Ume6 binding sites in Ume6-SpyTag cells but comparatively higher at Reb1 binding sites 

in Reb1-SpyTag strains (Fig 4D). This difference could be explained by higher 

occupancy or stability of Reb1 than Ume6 binding at target sites, which would allow a 

greater fraction of Reb1-tethered SpyCatcher to mobilize motif-proximal nucleosomes. 

Consistent with this possibility, the cellular abundance of Ume6 is significantly lower 

than that of Reb1 (Kulak et al., 2014). For Reb1-SpyTag strains, the positioning of a 

single motif-proximal nucleosome by the SpyCatcher E-ChRP initiated the shift of an 

entire array of nucleosomes toward the target motif, consistent with previous 
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observations that the positioning of a “barrier nucleosome” influences and constrains 

positions of an entire array of nucleosomes (Mavrich et al., 2008; McKnight et al., 2016). 

Interestingly, the positioning of nucleosomes appeared to occur on only the 5' side 

of the Reb1 recognition sequence, suggesting the orientation of Reb1 binding impacts the 

ability of Chd1 to reach nucleosomes near binding sites (Fig 4D). This restriction could 

be explained by a constrained C-terminus of Reb1 when bound to chromatin, which is 

consistent with similarly constrained Reb1-MNase cleavage patterns seen in previous 

ChEC-seq experiments (Zentner et al., 2015). Unexpectedly, the fraction of nucleosomes 

shifted at individual Reb1 binding sites varied greatly in our data set, with some sites 

exhibiting repositioning of nearly 100% of motif-proximal nucleosomes in the population 

and others having a much smaller fraction moved (Fig 5A-C). These differences are not 

explained by initial nucleosome occupancy or location differences (Fig 5B), but are 

possibly related to relative Reb1 occupancy at different genomic locations.  

Figure 5 (next page). E-ChRP Targeting to Chromatin-Bound Reb1 Provides 
Differential Occupancy Information at Reb1 Motifs (A) Nucleosome dyad signal at 
943 intergenic Reb1 binding motifs in Reb1-SpyTag strains before (left) and after (right) 
2 h induction of SpyCatcher E-ChRP. Rows are ordered by change in nucleosome 
positioning after galactose induction. Purple shading highlights the region to which 
nucleosomes are moved by SpyCatcher E-ChRP in the Reb1-SpyTag strain. (B) The 
purple mobile fraction from (A) was split into deciles (~50 motifs per decile) showing 
average positioning by SpyCatcher E-ChRP for each decile. Dashed lines indicate the 
pre-induction, unremodeled position (red) or post-induction, remodeled position (black). 
Ume6-SpyTag control traces are provided for the top and bottom deciles demonstrating 
that SpyCatcher E-ChRP cannot function at Reb1 sites in the presence of Ume6-SpyTag 
instead of Reb1-SpyTag. (C) Genome Browser images for representative loci showing 
nucleosome dyad positioning by SpyCatcher E-ChRP in a Reb1-SpyTag strain for the 
top, middle, and bottom deciles. Purple shading indicates the motif-proximal, 
repositioned nucleosomes. Dashed lines indicate the location of Reb1 motif. 
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To better validate the ability of SpyCatcher E-ChRP to identify fractional Reb1 

occupancy at Reb1 binding sites, we compared our data set to crosslinking ChIP, 

CUT&RUN (Skene and Henikoff, 2017), ORGANIC (Kasinathan et al., 2014) and 

ChEC-Seq (Zentner et al., 2015) data sets. There was striking correlation between our 

data, ORGANIC and ChEC-Seq, with some motifs exclusively showing Reb1 occupancy 

when measured by these three methods. Relative Reb1 occupancies mapped by 

CUT&RUN and standard ChIP were less correlated with our data suggesting that 

formaldehyde-free binding profiles similarly capture relative TF occupancy. Minimally, 

the observation that all nucleosomes are shifted at some Reb1 binding sites in a 

population of cells argues that some Reb1 sites are nearly 100% occupied, as E-ChRP-

derived nucleosome movement cannot be observed without Reb1 binding (Fig 5C). 

While these Reb1 occupancy estimates are conflated with presence, accessibility and 

relative occupancy of motif-proximal nucleosomes, our data suggest that SpyCatcher E-

ChRPs can serve as a relative measure of protein localization in cells that is orthogonal to 

ChIP, allowing for a lower-limit estimate of SpyTagged protein occupancy at individual 

binding motifs in the genome.  

dCas9-targeted Nucleosome Positioning with Nonstandard gRNAs 

While the E-ChRPs described above show robust nucleosome positioning activity 

when targeted through various DNA binding domains or through SpyCatcher/SpyTag 

pairs, their ability to alter nucleosome positions depends on the interaction between pre-

existing DNA binding domains with defined DNA motifs. To overcome this limitation 

and allow targeted positioning of single nucleosomes by design, we created a dCas9 E-

ChRP. This construct allows versatile targeting to specific nucleosomes by designing 
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proximal gRNAs. We recombinantly expressed the dCas9 E-ChRP in E. coli and purified 

the ~300kDa fusion protein. To test its ability to move gRNA-targeted nucleosomes we 

reconstituted end- positioned mononucleosomes and designed gRNAs with or without 

complementarity to the extranucleosomal DNA. Successful gRNA-stimulated chromatin 

remodeling would result in movement of the nucleosome toward the target sequence, 

producing a slower-migrating centrally-positioned nucleosome (Fig 6A). While 

nucleosomes were efficiently moved toward the center of DNA fragments with control 

Chd1 protein, introduction of Chd1-dCas9 and complementary gRNA resulted in 

supershifted complexes with unresolved nucleosome positions.  

 
Figure 6 (next page). Remodeling Can Be Targeted Using a dCas9 E-ChRP with 
Canonical and Noncanonical gRNA Substrates (A) Cartoon depiction of dCas9-
targeted chromatin remodeling and predicted repositioning of target nucleosome. (B) 
Nucleosome sliding assay showing irreversible association of the dCas9 E-ChRP with 
target nucleosomes and free DNA. The ‘‘slid ctrl’’ includes ATP and a control Chd1 
protein capable of positioning nucleosomes toward the center of the DNA fragment. 
Excess unlabeled competitor DNA was added 3 days prior to loading. Nucleosome 
concentration was 25 nM, and E-ChRP concentration was 75 nM. (C) Cartoon depiction 
of canonical and nonstandard gRNA protospacers. (D) Nucleosome sliding assay 
demonstrating robust positioning of nucleosomes by a dCas9 E-ChRP targeted with 
nonstandard gRNAs in single-turnover (top) or multi-turnover (bottom) conditions. The 
slid ctrl (lanes 2 and 12) includes ATP and a control Chd1 protein. The ‘‘no gRNA’’ 
lanes (3 and 13) contain a dCas9 E-ChRP, ATP, and no gRNA. No-target gRNA samples 
(lanes 4 and 14) contain a dCas9 E-ChRP and a gRNA without any sequence 
complementarity to the substrate nucleosome. Note that the order of lanes between the 
upper and lower panels is similar except for loading of hp-gRNA (lanes 5, 6, 17, and 18) 
and mmgRNA (lanes 7, 8, 15, 16). (E) Nucleosome sliding assay demonstrating lack of 
stable association of dCas9 E-ChRPs with target nucleosomes or DNA in the presence of 
nonstandard gRNAs. For the upper gel, competitor DNA was added prior to loading. The 
bottom gel contains the identical reactions in the same order as the upper gel, but no 
competitor DNA was added before loading. (F) Genome Browser image showing both 
canonical and mismatched gRNAs allow repositioning of nucleosome dyads (note 
appearance of dyad signal in blue rectangle regions) by a dCas9 E-ChRP at the ALP1 
locus when the gRNA sequence is exposed but not when gRNA sequence is occluded in 
the absence of dCas9 E-ChRP. 
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Even in the presence of 1000-fold competitor DNA for 3 days, the Chd1-dCas9 fusion 

protein would not release from gRNA-targeted nucleosomes (Fig 6B). This inability of 

dCas9 to release from target sequences is consistent with the ability of dCas9 to 

specifically bind and interfere with transcription in cells due to stable R-loop formation 

(Jinek et al., 2012; Laughery et al., 2019; Qi et al., 2013). Importantly, the inability of the 

dCas9 E-ChRP to release from substrate prevents its utility for precise, gRNA-targeted 

nucleosome positioning.  

To promote release of the dCas9 E-ChRP from nucleosome substrates, we used 

gRNAs with noncanonical structures (Fig 6C) including a truncated gRNA (Fu et al., 

2014) containing only 14nt of complementarity to target sequences, a gRNA with a 

PAM-distal hairpin (Josephs et al., 2015) that has predicted self-annealing capacity and 

reduced affinity for target sequences, and a 20nt gRNA with a PAM-distal 3nt- mismatch 

(mm-gRNA) that would result in an R-loop with a frayed end. Both the tru-gRNA and the 

mm-gRNA allowed for efficient targeted repositioning of nucleosomes toward the gRNA 

binding site either through direct Chd1-dCas9 fusion or introduction of Chd1-SpyCatcher 

and dCas9-SpyTag pairs (Fig 6D, lanes 1-10). These noncanonical gRNAs promoted 

multi-turnover catalysis by the dCas9 E-ChRP demonstrating that the weakened 

dCas9/gRNA complexes were stable enough to promote specific enzymatic activity but 

weak enough to readily and repeatedly disengage from its substrate (Fig 6D, lanes 11-

20). Strikingly, dCas9-Chd1 targeted through weakened gRNAs did not require any 

competitor DNA to disengage from nucleosome substrates (Fig 6E). We believe this 

ability to readily dissociate from DNA targets while providing enough dwell time and 

specificity for targeted nucleosome positioning provides a facile method to alter 
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nucleosome positions by design. Furthermore, readily-dissociating mm-gRNAs can likely 

be employed for dCas9-targeted epigenome editing in cells, since current epigenome 

editing with canonical gRNAs likely leads to a combination of local epigenetic 

modification and stably-bound, mutagenic R-loop formation from strong dCas9 binding 

(Laughery et al., 2019).  

Discussion 

In conclusion, we have created and validated the use of E-ChRPs as an easy and 

versatile method for altering the positions of specific nucleosomes both in vitro and in 

vivo. We have demonstrated that E-ChRPs have widespread compatibility with various 

DNA binding domains and have created a single SpyCatcher E-ChRP that can be 

inducibly attached to chromatin-associated factors to move adjacent nucleosomes. We 

have shown that induced positioning of nucleosomes by E-ChRPs can establish new 

nucleosomal arrays, occlude transcription factor binding motifs across the genome, and 

report on relative transcription factor occupancy at target motifs. Finally, we have 

optimized a dCas9-targeted E-ChRP by creating weakened, noncanonical guide RNAs 

with PAM-distal mismatches to robustly position and release from targeted nucleosomes 

in vitro. We envision future research can employ E-ChRPs to probe questions directly 

relating the position of nucleosomes to downstream biological processes and can lead to 

insight into how cells can tolerate or correct ectopic nucleosome positioning events. We 

further expect weakened gRNAs will be an effective strategy to target specific epigenetic 

changes or nucleosome positioning changes in cells while limiting indirect consequences 

of stably- or irreversibly-bound dCas9 (Laughery et al., 2019). Finally, the ability to 

position nucleosomes onto target sequences may potentially lead to the development of 
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E-ChRPs that block oncogenic or other disease-related transcription factors from 

accessing binding sites genome-wide.  

Limitations 

While the E-ChRPs described in this work are highly versatile allowing for 

multiple targeting schemes, there are some limitations in the ability of E-ChRPs to 

position target nucleosomes. First, to create a functional Chd1-TF(DBD) fusion, the 

boundary of the DNA binding domain for the specific transcription factor must be 

known, and it must fold in the context of the fusion protein. While all fusions we have 

tested have been functional to date, we focused on well-behaved and well-studied DNA 

binding domains. Second, there is still a limitation on how far E-ChRPs can “reach”. 

Based on our in vivo mapping results, if a nucleosome edge is initially beyond ~75 base 

pairs from the E-ChRP recruitment site, nucleosome repositioning activity is less 

favorable. Moreover, E-ChRPs do not appear to have any de novo nucleosome deposition 

activity, so exaggerated nucleosome-free regions of the genome would not permit 

nucleosome positioning. While we are very interested in the ability of SpyCatcher E-

ChRPs to position different fractions of nucleosomes at different sites in the genome and 

we speculate this is due to relative SpyTagged TF occupancy, our method is blind to TF 

binding sites where there are no motif-proximal nucleosomes. Further, it would be 

challenging to use E-ChRPs in isolation to define TF binding landscape due to the 

relatively noisy signal generated from fractional repositioned nucleosomes. This is 

especially true for sites where small fractions of nucleosomes are repositioned. Finally, 

while the determination that dCas9 E-ChRPs work readily with mismatched gRNAs may 

allow better assessment of targeted chromatin modification effects (since dCas9 does not 
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remain stably associated with the target sequence), we note that mismatched gRNAs 

naturally possess a lower capacity for target specificity. Nevertheless, the robust activity 

we see with dCas9 E-ChRPs and mismatched gRNAs highlights, and may be generally 

useful for assessing, metastable off-target locations of gRNAs.  

 

Bridge from Chapter II to III 

 In this Chapter, we described the use of E-ChRPs to precisely reposition 

nucleosomes at target sites throughout the yeast genome. This activity is similar to that 

described for targeted nucleosome remodeling by Isw2. Isw2 recruitment to TF-bound 

genome loci was discovered as a mechanism for +1 nucleosome positions to be defined 

through ChRP activity. While this is believed to occur through binding at sites within 

DNA exposed by NFRs, specifically those formed by Reb1, this does not align with 

recruitment of Isw2 by Ume6, which does not have GRF activity and is not directly 

associated with NFR formation. As such, our lab set out to determine the biochemical 

mechanism of Isw2 interaction with Ume6.  

For this study, I was involved in addressing the comments we received after 

submitting the manuscript for review. I processed and visualized ChIP-Seq and MNase-

Seq data derived from yeast strains with mutated versions of the Isw2 adaptor protein 

Itc1. The sections provided establish the functionality of Isw2 as a targeted chromatin 

remodeling protein, which is relevant to the results presented in Chapter VI. 
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Introduction 

Chromatin consists of the nucleic acids and proteins that make up the functional 

genome of all eukaryotic organisms. The most basic regulatory and structural unit of 

chromatin is the nucleosome. Each nucleosome is defined as an octamer of histone 

proteins, which is wrapped by approximately 147 base pairs of genomic DNA (Luger et 

al., 1997; Kornberg, 1974). The specific positioning of nucleosomes on the underlying 

DNA can have significant effects on downstream processes, such as promoter 

accessibility and molecular recruitment, which ultimately serve to alter gene expression 

(Lai and Pugh, 2017). Despite decades of research, the mechanisms leading to precise 

nucleosome locations in cells are still being defined. 
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Nucleosome positioning is dynamically established by a group of enzymes known 

as ATP-dependent chromatin remodeling proteins (ChRPs) (Zhou et al., 2016). Extensive 

biochemical and structural characterization has been performed on this group of proteins 

from various families (Clapier et al., 2017). The chromodomain-helicase-DNA binding 

(CHD) and imitation switch (ISWI) families of ChRPs have been characterized as 

nonspecific nucleosome sliding and spacing factors in vitro (Stockdale et al., 2006; Hauk 

et al., 2010; McKnight et al., 2011; Kagalwala et al., 2004; Lusser et al., 2005; 

Tsukiyama et al., 1999; Pointner et al., 2012). In yeast, flies, and mammals, ChRPs 

generate evenly spaced nucleosome arrays at transcription start sites and organize 

genomic chromatin at other defined boundaries (Pointner et al., 2012; Lee et al., 2007; 

Mavrich et al., 2008a; Valouev et al., 2011; Krietenstein et al., 2016; Wiechens et al., 

2016; Baldi et al., 2018; Gkikopoulos et al., 2011; Zhang et al., 2011). However, 

relatively little is known about the in vivo biological regulation of these spacing factors, 

and it is not understood how they can accurately and reproducibly position nucleosomes 

throughout the genome in different cellular contexts. 

A widely accepted model is that ChRPs pack nucleosome arrays against a 

noninteracting barrier, such as an unrelated DNA binding protein or another nucleosome 

(Krietenstein et al., 2016; Zhang et al., 2011; Mavrich et al., 2008b). In this way, general 

regulatory factors (GRFs) could establish chromatin landscapes with differing 

nucleosome arrays in response to changes in the cellular environment. In support of this 

model, nucleosome arrays near GRFs and other DNA binding elements appear to be 

phased relative to the binding motifs of the sequence-specific DNA binding factors in 

cells and in biochemically reconstituted cell-free systems (Krietenstein et al., 2016; Baldi 
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et al., 2018; Yan et al., 2018). This model suggests that boundaries of nucleosome arrays 

are determined by the binding of barrier factors. Implicit in this barrier model are the 

assumptions that ChRPs act as nonspecific nucleosome spacing machines throughout the 

genome and that specific ChRP and GRF interactions are not required to establish 

nucleosome positions. While this model provides a good explanation for how phased 

nucleosome arrays can be established throughout the genome by a combination of DNA 

binding factors and nonspecific chromatin remodeling factors, the fundamental 

assumptions of the barrier model have not been thoroughly tested. 

It has been shown through genetic and recent biochemical experiments that 

members of the ISWI family of ChRPs functionally interact with transcription factors in 

vivo (Krietenstein et al., 2016; Gelbart et al., 2005; Goldmark et al., 2000; Fazzio et al., 

2001; Yadon et al., 2013). One of the most well-defined interacting partners of ISWI 

proteins is the meiotic repressor unscheduled meiotic gene expression (Ume6), which is 

found in yeasts. It has been previously demonstrated that Ume6 and Isw2, an ISWI- 

containing ChRP complex in Saccharomyces cerevisiae (homologous to the ATP- 

dependent chromatin assembly factor [ACF] complex in humans and flies), share genetic 

targets of repression and likely interact physically (Goldmark et al., 2000). While 

interactions with sequence-specific DNA binding proteins can potentially determine 

precise nucleosome targeting and final nucleosome positions (Donovan et al., 2019; 

Bowman and McKnight, 2017; McKnight et al., 2016), the mechanisms through which 

physical interactions between Isw2 and any genomic recruitment factor like Ume6 

influence nucleosome positioning activity in cells have not been defined. For example, it 

is not known how these physical interactions occur or what role they play in the 
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biochemical outcomes of chromatin remodeling reactions and the resulting downstream 

biological outputs. 

In this work, we have successfully identified the mechanism of interaction 

between Isw2 and Ume6 in S. cerevisiae. By taking a protein dissection approach 

combined with genome-wide nucleosome profiling, we have identified a previously 

uncharacterized helical domain in Ume6 that allows for Isw2 binding, specific genomic 

recruitment, and precise nucleosome positioning outcomes. We further demonstrate that 

conserved attributes of this helical domain are observed in the cell cycle regulator Swi6, 

which we have identified as a new Isw2-recruitment adapter protein that allows for 

specific nucleosome positioning at Mbp1/Swi6 (MBF) and Swi4/Swi6 (SBF) targets. We 

have also determined that the transcription factor-interacting interface of Isw2/ACF-like 

remodeling complexes contains a few key and highly conserved residues within the WAC 

(WTSF/Acf1/cbp146) domain. Finally, we show that these residues, which are essential 

for directional, sequence-specific remodeling, were lost in the evolution of the 

Drosophila lineage, where extensive biochemical, genetic, and genomic characterization 

has been performed on the ITC1 ortholog ACF. 

 

Results 

Isw2 activity in cells is inconsistent with known biochemistry and the barrier model 

for nucleosome packing 

We wished to understand how the conserved Isw2 protein complex in yeast 

behaves genome-wide and at specific promoter nucleosomes at target sites. Yeast Isw2 

has been characterized extensively in biochemical assays, which all suggest that it has 
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nonspecific DNA binding, ATP hydrolysis, nucleosome sliding, mononucleosome 

centering, and nucleosome spacing activities (Stockdale et al., 2006; Kagalwala et al., 

2004; Lusser et al., 2005; Tsukiyama et al., 1999; Dang and Bartholomew, 2007; Dang et 

al., 2006; Hota et al., 2013; Kassabov et al., 2002; Zofall et al., 2004; Zofall et al., 2006). 

These nonspecific nucleosome mobilizing activities suggest that the Isw2 protein should 

be able to organize nucleosome arrays against a barrier across the genome in yeast cells 

since (1) it is estimated that there are enough Isw2 molecules for every 10–20 

nucleosomes in the genome (Gelbart et al., 2005), (2) Drosophila melanogaster ACF, an 

Isw2 ortholog, can organize nucleosomes into evenly spaced arrays (Baldi et al., 2018), 

and (3) other nonspecific and related nucleosome spacing factors can globally space 

nucleosomes across the genome in yeast and other organisms (Pointner et al., 2012; 

Wiechens et al., 2016; Gkikopoulos et al., 2011; Zhang et al., 2011). To first determine 

how Isw2 positions nucleosomes in S. cerevisiae, we examined nucleosome positioning 

activity in an isw1/chd1 deletion background to remove known and potentially 

overlapping global spacing factors and highlight ‘isolated positioning activity’ by Isw2. 

When examining the positioning of nucleosomes with and without Isw2 at all yeast pre- 

initiation complex sites (PICs), it is evident that Isw2 activity is specialized at only a 

subset of target sites (Figure 7A). As seen previously (Gkikopoulos et al., 2011; Ocampo 

et al., 2016), no global nucleosome spacing or organizing activity is detected by Isw2 

alone. Close inspection of Isw2-targeted PICs suggests that Isw2 can only organize a 

single PIC-proximal nucleosome, while subsequent nucleosomes become more poorly 

phased as the distance from the initially positioned nucleosome increases (Figure 7A). 

Importantly, the PICs that display specific Isw2-directed activity are bound by Isw2, 
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while those lacking any detectable nucleosome organization by Isw2 are unbound (Figure 

7A, middle panel). 

It has been shown that Isw2 associates with sequence-specific DNA binding 

factors, such as the transcriptional repressor Ume6 (Goldmark et al., 2000; Fazzio et al., 

2001). Isw2 activity at Ume6-bound loci has been previously characterized as precise, 

with Isw2 reproducibly moving nucleosomes until the predicted edge of the nucleosome 

core particle is 30 base pairs from the center of the Ume6 binding motif (McKnight et al., 

2016). 

Figure 7 (next page): Isw2 is a Specialist Remodeler that Positions Single 
Nucleosomes at Target Sites. (A) (Left) Clustered heatmap showing differences in 
nucleosome dyad signal between isw2/isw1/chd1 and ISW2/isw1/chd1 strains at 5942 pre-
initiation complex sites (PICs). Black indicates positions where Isw2 preferentially 
positions nucleosomes compared to the strain lacking Isw2. (Middle) Heatmap of 
ISW2(K215R) ChIP signal, with rows linked to the PIC data on the left, shows that Isw2-
dependent nucleosome changes overlap with regions where Isw2 is present. (Right) 
Average nucleosome dyad signal for wild type (WT) (black), isw1/chd1 (cyan), 
and isw2/isw1/chd1 (red) strains for the 178 PIC sites in cluster 3. Black arrows denote 
Isw2-driven nucleosome shifts. Green arrows indicate rapid decay of positioning at PIC-
distal nucleosomes in the ISW2/isw1/chd1 mutant. (B) (Left) Genome Browser image 
showing nucleosome dyad signal at a unscheduled meiotic gene expression (Ume6) motif 
(cyan rectangle) for indicated strains. Vertical gray dashed line denotes the motif-
proximal WT nucleosome positions while vertical pink dashed line indicates the 
nucleosome positions in the absence of Ume6 or Isw2. (Center) Clustered heatmap 
showing the difference in nucleosome dyad signal 
between isw2/isw1/chd1 and ISW2/isw1/chd1 strains at 202 intergenic Ume6 motifs. 
Black indicates positions where Isw2 preferentially positions nucleosomes compared to 
strains lacking Isw2. (Right) Average nucleosome dyad signal for indicated strains at 
Ume6 motifs in cluster 1. Black arrows indicate direction of nucleosome positioning by 
Isw2. Green arrows signify decreased positioning of motif-distal nucleosomes in 
the ISW2/isw1/chd1 strain (cyan) compared to WT (black). (C) (Left) Cartoon depicting 
the expected activity of Isw2 at barrier elements according to current biochemical data 
and nucleosome positioning models. Isw2 is thought to move nucleosomes away from 
bound factors and space nucleosomes with an approximately 200 base pair repeat length. 
(Right) Cartoon of the observed activity of Isw2 at target sites where only a motif 
proximal single nucleosome is precisely positioned but distal nucleosomes are not well-
spaced by Isw2. 
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Because of the connection to Ume6, we examined nucleosome positions in an isw1/chd1 

background in the presence and absence of Isw2 to determine whether Isw2 is similarly 

restricted at known target sites. Again, we determined that Isw2 is efficient at positioning 

the Ume6-proximal nucleosome but positioning of nucleosomes decays rapidly as the 

distance from the proximal nucleosome increases, suggesting that Isw2 may only position 

single nucleosomes at target sites (Figure 7B, clusters 1 and 3). Nucleosomes also appear 

to always be positioned toward Ume6 motifs as nucleosome positions in the absence of 

Isw2 are always more distal to the Ume6 motif than when Isw2 is present. Finally, these 

nucleosomes are positioned with the dyad only separated from the Ume6 motif by 100 

nucleotides rather than the ~200 nucleotides that would be expected between dyads in a 

nucleosome array based on Isw2 preferentially leaving 60 base pairs of linker DNA 

between nucleosomes in vitro (Kagalwala et al., 2004; Tsukiyama et al., 1999). Of note, a 

subset of Ume6-bound sites do not display Isw2- dependent nucleosome remodeling 

(Figure 7B, cluster 2). We have observed slightly reduced chromatin 

immunoprecipitation (ChIP) signal for Ume6 at these sites. We speculate that for cluster 

2 sites where Ume6 is bound, the Isw2 complex might in fact be recruited but that the 

nearest nucleosome is too distant from the recruitment site, making it out of reach of the 

remodeler and thus resulting in no change in nucleosome position at these sites. 

The observations that (1) Isw2 is solely required to move single nucleosomes at 

target sites, (2) Isw2 does not have global nucleosome spacing/organizing activity, and 

(3) Isw2 moves nucleosomes within 100 nucleotides of bound Ume6 suggest that Isw2 

behavior in cells is distinct from our understanding of Isw2 activity from decades of 

biochemical characterization. Similarly, these specific movements toward Ume6 (a 
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barrier) are inconsistent with previous biophysical studies, where ISWI proteins were 

shown to move nucleosomes away from inert DNA-bound factors (Li et al., 2015). 

Because of these inconsistencies, we wished to know if Isw2 followed the ‘barrier model’ 

for positioning nucleosomes at Ume6-bound targets. To initially test this, we created a 

variant Ume6 construct where all residues were deleted except for the DNA binding 

domain. This Ume6(∆2–763) construct binds to the same targets as full-length Ume6. 

However, Isw2 does not appear to have any activity on global Ume6-proximal 

nucleosomes in the presence of the Ume6 DNA binding domain alone as nucleosomes in 

this strain occupy identical positions when Ume6 or Isw2 are completely absent (Figure 

7B). In the presence of full-length Ume6, the Isw2 complex appears to be necessary and 

sufficient for moving motif-proximal nucleosomes as nucleosome positions in the 

ISW2/isw1/chd1 strain could achieve identical motif-proximal nucleosome positions as 

the wild-type strain. Additionally, the CHD1/isw1/isw2 and ISW1/chd1/isw2 strains were 

unable to move any Ume6-proximal nucleosomes, which strongly argues that Ume6 is 

not acting as a passive barrier against which nucleosome spacing factors can pack 

nucleosomes. Instead, these data are more consistent with the recent characterization of 

Isw2 as a ‘puller' (Kubik et al., 2019), with Ume6 being a DNA- bound factor that may 

immobilize Isw2 to create leverage for ‘pulling’. Consistent with this immobilized 

pulling model and consistent with the directional movement of single nucleosomes 

toward Ume6-bound sites, artificially tethered chromatin remodeling proteins were 

previously shown to always move nucleosomes toward target sites (Donovan et al., 

2019). We suspected that Ume6 and Isw2 likely interact in a specific fashion to faithfully 
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select and precisely move single-target nucleosomes toward a recruitment motif (Figure 

7C). 

A small helical epitope is necessary and sufficient for Isw2-directed nucleosome 

positioning at Ume6 targets 

To determine which region(s) on Ume6 are required for specific nucleosome 

positioning by Isw2, we initially created a panel of N-terminal Ume6 truncations to 

determine when nucleosome positioning by Isw2 is lost. This initial truncation panel was 

necessary due to the poor overall conservation of the Ume6 protein even within related 

yeasts, as well as the disordered structure predicted by Phyre2 (Kelley et al., 2015). Our 

truncation panel indicated that Isw2 activity was retained if the N- terminus was deleted 

to residue 322 but lost when deleted to residue 508. Closer inspection of the residues 

between 322 and 508 revealed a conserved region with a proline-rich segment followed 

by a predicted alpha helix, altogether spanning Ume6 residues 479–508 (Figure 8A). 

Deletion of residues 2–479 preserved Isw2-positioned nucleosomes at Ume6 sites, while 

an internal deletion of 480–507 in the context of an otherwise full-length Ume6 

abrogated nucleosome positioning by Isw2. 

Importantly, Ume6 ∆2–479 and Ume6 ∆2–508 showed identical binding as 

measured by ChIP, indicating that the loss of nucleosome positioning is not due to the 

loss of Ume6 binding. Since this region is proximal to the characterized Sin3-binding 

domain in Ume6 (Washburn and Esposito, 2001), we wished to validate that the newly 

determined Isw2- recruitment helix is independent from the Sin3-binding domain. Ume6 

recruits both Isw2 and Sin3-Rpd3 for full repression of target genes (Goldmark et al., 

2000; Fazzio et al., 2001). If either Isw2 or Sin3-Rpd3 is present, there is partial 



 
 
 

65 

repression at Ume6- regulated genes. However, if Sin3-Rpd3 and Isw2 are both lost, 

Ume6 targets are fully de-repressed.  

We examined transcriptional output at Ume6 genes in Ume6(∆2–479) +/– Rpd3 

and Ume6(∆2–508) +/– Rpd3. Transcription was modestly increased at Ume6 targets in 

Ume6(∆2–508)/RPD3+ compared to Ume6(∆2–479)/RPD3+, which would be expected 

if only Isw2 is lost when residues 479–508 are deleted.  

Figure 8 (next page): A Small Predicted Helix is the Isw2 Recruitment Epitope in 
Ume6. (A) (Top left) Schematic diagram of Ume6 truncation and deletion constructs 
used to identify the Isw2-recruitment epitope, with the known Sin3-interacting domain 
depicted as a green square, the DNA binding domain as a dark blue rectangle, and the 
putative Isw2-recruitment helix as a light blue rectangle. (Bottom left) Modeled helical 
peptide (by Phyre2) and sequence conservation of the identified Isw2-recruitment motif 
in Ume6 constructs from other yeasts. Asterisks denote invariant residues. (Right) 
Nucleosome dyad signal for Ume6 truncation and deletion strains indicates deletion of 
the region from residues 480 to 507 completely abrogates nucleosome positioning by 
Isw2 at Ume6 target sites. Vertical dashed gray lines denote wild-type (WT) positions of 
nucleosomes while vertical dashed pink lines indicate isw2 or ume6-deficient positions of 
nucleosomes. (B) Genome Browser image showing transcript abundance at three Ume6 
target sites for yeast strains lacking Rpd3 with WT Ume6 (gray), Ume6(∆2–479) (blue), 
and Ume6(∆2–508) (orange). Grossly increased transcription is seen when residues 480–
507 are deleted, consistent with expected transcriptional increase associated with loss of 
Isw2 and Rpd3. Upstream repression sequence (URS) sites are indicated as cyan 
rectangles. No significant increase in transcription is detected when Ume6 residues 2–479 
are deleted. Biological replicates are shown to highlight reproducibility. (C) (Top) 
Cartoon schematic for ectopic display of the Isw2-recruiting helix (residues 480–507) to 
the C-terminus of a truncated Ume6 construct lacking Isw2-directed nucleosome 
positioning. A short SpyTag is appended to the C-terminus of the Ume6 construct and 
residues 480–507 are fused to the SpyCatcher domain and introduced on a yeast 
expression vector. (Bottom) Nucleosome dyad signal demonstrating recovery of Isw2-
directed nucleosome positions at a subset of Ume6 target genes by the ectopically 
displayed helical element. Vertical dashed gray lines denote WT positions of 
nucleosomes while vertical dashed pink lines indicate isw2 or ume6-deficient positions of 
nucleosomes. URS sites are indicated as cyan rectangles.  
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More convincingly, only a modest increase in transcription was seen at Ume6 targets in 

the Ume6(∆2–479)/∆rpd3 strain, suggesting that Isw2 is still present, while the 

Ume6(∆2– 508)/∆rpd3 strain displayed extreme induction of Ume6-regulated genes, 

suggesting that both Isw2 and Rpd3 activity are absent (Figure 8B). 

Finally, we wanted to know if the predicted helix consisting of Ume6 residues 

479–508 was sufficient to bring Isw2 nucleosome positioning activity to Ume6 target 

sites. To test this, we employed the SpyCatcher/SpyTag system (Zakeri et al., 2012), 

which creates a spontaneous covalent bond between a short SpyTag peptide and a 

SpyCatcher domain. We fused the SpyTag peptide to the C-terminus of Ume6(∆2–596), a 

construct that is incapable of positioning motif-proximal nucleosomes. We then appended 

Ume6 residues 479–508 to the C-terminus of the SpyCatcher domain and introduced this 

fusion on a yeast expression plasmid driven by the ADH1 promoter. In yeast cells, this 

would create a fusion protein where the helical element is ectopically displayed on the C-

terminus of a DNA binding competent but nucleosome-positioning- deficient construct, 

connected via a SpyTag-SpyCatcher linker. This fusion protein was capable of fully 

recapitulating Isw2-positioned nucleosomes at a subset of Ume6 sites (Figure 8C). 

Perhaps not surprisingly, considering the non-native positioning of the recruitment helix 

in this fusion construct, not all Ume6 sites were able to gain proper nucleosome 

positioning with this chimeric system. We conclude that the region spanning residues 

479–508 in Ume6 is a yeast-conserved Isw2-recruitment domain and is required and 

sufficient for recruiting Isw2 nucleosome positioning activity to Ume6 targets. 
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Discussion 

An interacting barrier model for nucleosome array establishment 

Collectively, our results give rise to an ‘interacting barrier model’ as an 

alternative means of genomic nucleosome positioning by introducing a targeted 

interaction between an epitope contained within condition-specific transcription factors 

and ISWI-type ChRPs. We show that a recruitment factor, the sequence-specific 

repressor Ume6, harbors a helical domain that interacts with the N-terminus of the Isw2 

accessory protein Itc1. Further, we reveal this geometrically restricts the binding of the 

Isw2 catalytic subunit to a motif-proximal nucleosome. The complex then remodels the 

nucleosome, repositioning it to a specific distance from the Ume6 recognition motif. At 

this point and for reasons to be elucidated, this complex is strained or inactivated, and it 

fails to remodel any further, leaving the nucleosome in a precise location with respect to 

the bound recruitment factor. The activity of Isw2 and the interacting barrier sets the 

absolute phase of a nucleosome array that is propagated by true nonspecific spacing 

activities of Chd1 and Isw1 in yeast, as previously described (Gkikopoulos et al., 2011; 

Zhang et al., 2011; Ocampo et al., 2016). This ‘interacting barrier model’ of chromatin 

organization is more comparable to the factor-targeted activities of SWI/SNF than the 

nonspecific array spacing of CHD family remodelers and is potentially conserved 

through humans based on conservation of key interacting residues in Itc1 and the 

observation that Isw2 orthologs can precisely position nucleosomes adjacent to specific 

factors in the human genome (Wiechens et al., 2016). Together, we show that coupling 

between an epitope on an interacting barrier and a conserved chromatin remodeling 
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protein leads to robust, directional, and specific nucleosome organization at genomic 

regulatory elements. 

Small epitopes in transcription factors organize large chromatin domains 

Our data suggest that some small peptide domains embedded within transcription 

factors can nucleate nucleosome arrays of over 1 kb in length in vivo through an 

interaction with evolutionarily conserved ChRPs. Unlike the arrays established by 

nonspecific ChRPs, these nucleosome arrays are organized in a sequence-specific and 

directional manner. Establishing large swaths of chromatin structure by appending a 

small epitope on a genome-associated protein creates opportunity for diversity with few 

evolutionary constraints. Only changes in relatively small DNA binding motifs and the 

small peptide sequences with which they interact can have a large impact on chromatin 

structure. 

Supporting this notion, we were able to identify a strikingly similar motif to that 

found in Ume6 in the unrelated cell cycle regulator Swi6, which we identified as a new 

Isw2- recruitment adapter for Swi4 and Mbp1. For these reasons, we find it likely that 

more ChRP-interacting motifs will be discovered in multiple transcription factors from a 

variety of organisms, and these motifs may play a significant role in sequence-specific 

nucleosome positioning for precisely phased and tunable nucleosome arrays in eukaryotic 

genomes. Importantly, the identification of such epitopes in human cells could lead to the 

development of targeted drugs to specifically disrupt defined remodeler–transcription 

regulator interactions. 
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Bridge from Chapter III to IV 

 In Chapter III, we investigated the biochemical basis for targeted chromatin 

remodeling by Isw2. In the course of the work described in Chapters II and III, we began 

developing an optimized protocol to collect mononucleosomes, described in Chapter IV. 

Considering our lab’s interest in precisely mapping nucleosome positions, we commonly 

performed MNase-Seq to collect nucleosome-size fragments from yeast cultures. 

However, the process of MNase digestion was not well-optimized, leading us to design a 

shorter process, termed rapid MNase, that simplified MNase-Seq. While the time to 

perform the procedure was decreased, we also found that it was widely applicable, 

allowing us to collect nucleosomes from log-phase and quiescent yeast, c. elegans, and 

wild mushrooms, among other organisms.  

 For this work, I was responsible for generating sets of MNase-digested samples 

for NGS using both the original MNase-Seq protocol and our rapid MNase protocol. I 

performed these experiments for wild-type yeast and for a strain harboring several ChRP 

deletions, which showed disrupted nucleosome patterning. I was also involved in 

reviewing and editing the final manuscript. The sections provided detail our development 

of an efficient method for analyzing nucleosome positions in various organisms, which is 

fundamental to the work presented in all the chapters of this dissertation. 
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Introduction 

MNase-seq (micrococcal nuclease sequencing) is used to map nucleosome 

positions in eukaryotic genomes to study the relationship between chromatin structure 

and DNA-dependent processes. Current protocols require at least two days to isolate 

nucleosome-protected DNA fragments. We have developed a streamlined protocol for 

S. cerevisiae and other fungi which takes only three hours. Modified protocols were 

developed for wild fungi and mammalian cells. This method for rapidly producing 
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sequencing-ready nucleosome footprints from several organisms makes MNase-seq faster 

and easier, with less chemical waste. 

Methods 

Before you begin 

Timing: [0.5–2 h] 

Here, we describe the protocol for use in budding yeast in liquid culture, which was 

optimized from a previously published protocol (Rodriguez et al, 2014). We have also 

adapted this streamlined protocol for use with S. cerevisiae growing on a plate, 

S. cerevisiae quiescent cells, S. pombe, N. crassa, wild mushrooms, C. elegans, D. rerio 

fin cells, and mammalian cells. The key changes to adapt the protocol to other cell stages 

or organisms are noted in the relevant step of the protocol. 

1. If needed, prepare buffers (see materials and equipment for recipes). 

a. The following stock solutions can be prepared ahead of time and stored for 

an extended period at 25°C: 2M sorbitol, 1M Tris pH 7.5, 2.5M glycine, 

STOP buffer. 

b. Stock solutions of Proteinase K (20 mg/mL) and RNase A (10 mg/mL) can 

be prepared ahead of time and stored for an extended time at −20°C. 

c. MNase (20 units/μL) and MNase digestion buffer can be aliquoted and 

stored long-term at −80°C. We have observed that MNase aliquots are stable 

for at least a year, but have not tested longer storage. 
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2. Ensure that the formaldehyde being used is less than 3 months old. 

3. 2 days before the start of the experiment (day -2), streak the strain(s) of interest onto 

appropriate selection plates and incubate at 30°C. Sick strains, or strains grown in 

synthetic medium, may take longer to grow. 

Note: If isolating quiescent (Q) cells, you will need an additional 3 days before starting 

the experiment, so cells need to be streaked out at least a week prior. 

4. The day before the experiment (day -1), start an overnight culture of yeast in YPD or 

other appropriate media; grow at 30°C with shaking for 18–20 h. 

Note: If isolating Q cells, start an overnight culture on day -4 or earlier, as the culture 

must grow for at least 3 days to reach quiescence. 

Note: If working from yeast on a plate, instead of an overnight culture, make a large 

patch (1cm × 3 cm) on a plate with appropriate selection if needed; sick strains may take 

up to 48 h to grow. 

Preparing cell pellets 

Timing: [3–5 h] 

5. On Day 0 (or Day 1, if proceeding directly to crosslinking) dilute an overnight 

culture of yeast to an OD600 = 0.2–0.3 in 25 mL of YPD, or other appropriate media. 

Grow at 30°C with shaking, to an OD600 = 0.8–1. 
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Note: For more slowly growing strains, a larger volume may be used and grown to a 

lower OD600; ensure at least one doubling takes place before pelleting. The goal is to have 

20 OD∗mL of cells (i.e., 20ml of OD600 = 1, or 25ml of OD600 = 0.8). 

6. Pellet 20 OD∗mL of cells in a 50-mL conical tube at 3000×g for 5 min. 

Note: See Table 2 for information on input of different cell types. 

7. Carefully remove supernatant. Resuspend pellet in 1 mL of deionized water and 

transfer to a 1.5-mL microcentrifuge tube. 

Optional: If time permits, you can proceed directly to the crosslinking protocol at this 

point instead of pelleting, flash freezing and storing the cells ahead of time; there is a 

Pause Point after crosslinking. 

8. Pellet at 20,000 × g for 1 minute in a microcentrifuge. Remove supernatant. 

9. Flash freeze the pellet in liquid nitrogen and store it at −80°C. Samples are stable for 

at least 2 or 3 months at −80°C; we have not tested longer storage times. 

Step-by-step method details 

Prepare cross-linked cells 

Timing: [20−30 min] 

In this step, formaldehyde is used to capture interactions between DNA and 

nucleosomes. The crosslinking reaction is then quenched by glycine. For yeast, cells are 

generally crosslinked with formaldehyde to maintain nucleosome positions throughout 

the subsequent steps, though it has been debated whether these crosslinks can efficiently 
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trap nucleosome positions without introducing artifacts (Henikoff et al., 2011; Cole et al., 

2012). It may be preferable to crosslink cells on the same day as growth, though we have 

achieved good results with the method below. Due to natural variation in cells, we 

recommend performing the experiment on three biological replicates. 

MNase-seq of mammalian cells does not require crosslinking. We performed 

experiments on the cell line PLB-895 (Tucker et al., 1987) both with and without 

crosslinking and there was no noticeable difference in visualization of nucleosome 

footprints (Figure 6), though we recommend doing a side-by-side comparison when 

working with a new cell type for the first time, if possible. 

1. Thaw MNase digestion buffer on ice; you will need 100 μL per sample plus another 

10 μL per 10 samples to dilute the ExoIII. 

2. Resuspend cell pellet in 1 mL of deionized water. 

Note: Crosslinking is optional for mammalian cells; if skipping this step, proceed directly 

to step 8 

3. Add 27 μL of 37% formaldehyde to a final concentration of 1%. Rotate end-over-

end for 15 min at 25°C. 

a. While the cells are cross-linking, prepare spheroplast buffer; you will need 

1 mL per sample with 2 mg zymolyase per mL. 

4. To quench the crosslinking reaction, add 50 μL of 2.5M glycine for a final 

concentration of 125 mM. 
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5. Pellet at 20,000 × g for 1 minute in a microcentrifuge and remove supernatant 

carefully. 

Pause Point: At this point, cells can be flash frozen in liquid nitrogen and stored at 

−80°C. Samples are stable for at least 2 or 3 months at −80°C; we have not tested longer 

storage times. 

Make spheroplasts and digest chromatin 

Timing: [3−4 h] 

In this step, the cell walls of fungi are broken and nuclei are permeabilized to allow 

micrococcal nuclease (MNase) to access and digest extranucleosomal DNA. 

Permeabilization is required for fungi but not for mammalian cells, C. elegans, or 

D. rerio; for non-fungal samples proceed directly to step 8. [Troubleshooting Problem 1:] 

After permeabilization, accessible regions of genomic DNA are digested by MNase, 

and the ends of the resulting nucleosome fragments are trimmed by Exonuclease III to 

reduce variation in size, which enables consistent, high-resolution identification of the 

nucleosome dyad at the center of the core particle. [Troubleshooting Problem 2:] 

Cellular RNA is removed, formaldehyde crosslinks are reversed, and protein is 

digested prior to DNA purification. Finally, the residual 3’ phosphates (from MNase 

cleavage activity) are removed prior to genomic library construction. 

6. Resuspend the pellet of crosslinked cells (fresh or previously frozen) in 1 mL 

spheroplast buffer plus 2 mg zymolyase to permeabilize the cell walls. Rotate at 

25°C for 15 min. 
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a. While the sample incubates, dilute ExoIII 1:10 (from 100 U/μL stock) in 

MNase digestion buffer; you will need 3 μL of diluted ExoIII per sample. 

Keep on ice. 

b. Thaw MNase (3 μL per sample), RNase (3 μL per sample), and Proteinase K 

(10 μL per sample) on ice. 

Note: For yeast taken directly from a plate, increase spheroplasting incubation time to 

30 min. For purified Q cells, spheroplast for 60 min and increase the amount of 

zymolyase to 10 mg. 

7. Pulse-pellet (15 seconds at 20,000 × g); carefully remove supernatant. 

8. Add 100 μL digestion buffer + 3 μL MNase (20 U/μL; 60U total) + 3 μL ExoIII 

(10 U/μL). Incubate at 37°C for 10 min to digest chromatin. 

Note: For yeast from a plate, use 1.5μl MNase. For Q cells, use 0.2μl MNase and 

incubate for 2–10 min (see troubleshooting 3 for more information on optimizing this 

protocol for Q cells). 

Critical: Exact timing of digestion across samples is essential for consistency. To achieve 

an identical start time for digest, we recommend pipetting the MNase into the open lid of 

the microcentrifuge tube, and then briefly spinning all the tubes down so that the enzyme 

reaches each sample at precisely the same time. 

9. Stop digestion with 12.5 μL STOP buffer. 
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Note: We have eliminated SDS from the STOP buffer and switched the order of the 

Proteinase K and RNAse A steps in order to streamline the protocol. Traditionally, SDS 

was included in the STOP buffer and then Proteinase K was added (Rodriguez et al, 

2014); both of these components are used to break down protein in the sample, but they 

also inactivate RNAse, necessitating an additional purification step before proceeding to 

the RNAse step. In our version, EDTA and EGTA are sufficient to halt crosslinking, and 

no extra purification is needed. 

10. Add 3 μL RNase A (10 mg/mL stock). Incubate at 42°C for 30 min. 

11. Add 12.5 μL 10% SDS + 10 μL Proteinase K (20 mg/mL stock) to digest protein 

and reverse crosslinks. Incubate at 65°C for 45 min. 

Note: For uncrosslinked mammalian cells, the incubation time is reduced to 15 min 

12. Add 700 μL Buffer PB (from Qiagen kit). Purify using a single Qiagen MinElute 

PCR column. Follow protocol instructions, with the exception of the elution step. 

Elute with 12 μL 1× CutSmart buffer (NEB; diluted from 10× stock) 

Note: For wild mushrooms, after adding Buffer PB centrifuge the sample for 2 min at 

20,000 × g to further clear remaining cellular debris. Apply the supernatant to the 

MinElute column. 

13. Add 1 μL Quick CIP. Incubate for 10 min at 37°C. 

14. Add 7 μL Orange Loading Dye (NEB) and run the entire sample on a 2% agarose 

gel. 
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Critical: The use of Orange Loading Dye and a 2% gel is required for visualization and 

separation of the digested bands. 

Note: Using a 7cm × 10cm or 15cm × 10cm TAE-agarose gel in TAE, it takes 

approximately 40 min at 100V to get proper separation of bands 

15. Cut out the mononucleosome band, gel extract with a Qiagen MinElute column. 

Follow protocol instructions, with the exception of the elution step. Elute with 12 μL 

EB. 

16. Quantify with PicoGreen or other preferred method; store at −80°C. DNA yield 

typically ranges from 10-50 ng total. This sample is now ready for preparing 

libraries; we use 5 ng of input with the Ovation Ultralow Library System V2 (from 

NuGEN), though we have successfully sequenced libraries prepared from as little as 

0.5 ng input. There are a variety of options for preparation of libraries, and this 

protocol can likely feed into whatever pipeline you are currently using. We have not 

tested how long samples are stable at −80°C, but we usually prepare library samples 

within a month. 

Expected outcomes 

The first step toward validating the nucleosome footprints obtained using this 

protocol is assessing the quality of the digests on agarose gel (Step 14). Figure 9 shows 

an example of well-digested DNA, where bands are evident for the tri-, di-, and mono-

nucleosomal fragments. Some variation is acceptable, but over- or under-digested DNA 

may yield poor quality data (see troubleshooting, Problem 2). 
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Figure 9. Sample gel showing properly digested nucleosome footprints Agarose gel 
showing nucleosome footprints recovered from liquid culture of S. cerevisiae using 
the rapid MNase protocol. (A) and (B) are replicates from the same WT yeast strain. 

After preparing libraries from the S. cerevisiae samples obtained using our new 

rapid protocol and a previously published protocol (Rodriguez et al., 2014), we 

sequenced them and analyzed the data using our standard protocol (McKnight and 

Tsukiyama 2015; Donovan et al., 2019). We compared our data to previously published 

datasets (Donovan et al., 2019; McKnight et al., 2016) for wild type and isw2 yeast 

(Figure 10). We chose Isw2-deficient yeast because Isw2 is required for nucleosome 

shifts at specific target loci, which allows us to determine if our protocol can recapitulate 

Isw2-specific nucleosome positions at transcription start sites. For all samples, 

nucleosome organization at transcription start sites (TSSs) displayed the stereotypical 

structure, with a nucleosome-depleted region flanked by packed nucleosome arrays 

(Figure 10A). Comparison of nucleosome positions at Isw2 targets showed that 

nucleosomes were detected at strain-specific but not protocol-specific locations (Figure 

10B). Both the rapid protocol and the standard protocol recovered strain-specific 

nucleosome positioning at Ume6 binding sites, a known Isw2-recruitment protein 

(Goldmark et al., 2000) across the genome (Figure 10C and 10D). 
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Figure 10. Rapid MNase can accurately map nucleosome positions in S. cerevisiae 
cells (A) Nucleosome dyad signal at 4655 yeast transcription start sites (TSSs) are plotted 
for WT and isw2 nucleosomes harvested using a standard or rapid protocol. (B) Example 
Genome Browser image showing the standard method and rapid method can map Isw2-
directed nucleosome positions similar to published data sets at the RAD51 locus. Dashed 
lines indicate Isw2-positioned nucleosomes. (C) Nucleosome dyad signal at 202 
intergenic Ume6 target sites showing rapid and standard MNase methods can accurately 
identify global changes in nucleosome structure at an Isw2 recruitment motif. (D) 
Genome Browser image showing all methods correctly identify Isw2-positioned 
nucleosomes at the MEI4-ACA1 locus, a Ume6 target site. Dashed lines indicate Ume6- 
and Isw2- positioned nucleosomes. 

We also applied the rapid MNase protocol to purified quiescent cells (Allen et al., 

2006), or Q cells. As previously observed, quiescent yeast required longer spheroplasting 

with an increased amount of zymolyase (McKnight et al., 2015) to compensate for a 

highly fortified cell wall (Li et al., 2015). We also tested different amounts of time for the 

MNase digest (Figure 11A), as we found our Q cell protocol required more adjustments 

to get acceptable footprints, which were not entirely consistent across samples of Q cells 

prepared on different days. We hypothesize that this is because isolation of Q cells 

involves several steps and therefore produces more heterogeneous cell samples. For this 
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reason we recommend testing different MNase digest times and/or amounts of MNase 

when processing Q cells to obtain properly-digested nucleosomes.  

 
Figure 11. Rapid MNase can recover nucleosome footprints from isolated quiescent 
cells and yeast patches (A) Representative gel showing nucleosome footprints recovered 
from purified quiescent cells using the rapid MNase protocol. (B) Representative gel 
(right) showing nucleosome footprints recovered from a fresh patch of yeast collected 
from YPD-Agar (left). (C) Nucleosome dyad signal at transcription start sites (TSSs) 
comparing standard and patch- recovered “colony” MNase footprints. (D) Example 
Genome Browser image showing “colony” MNase footprints can accurately identify 
Isw2-directed nucleosome positions at the ESC8 locus compared to the standard MNase 
protocol and published data sets. (E) Nucleosome dyad signal at 202 intergenic Ume6 
target sites showing “colony” MNase can accurately identify global changes at an Isw2 
recruitment motif. (F) Genome Browser image showing colony MNase can similarly 
identify Isw2-positioned nucleosomes at the YIG1-CSM4 locus, an example Ume6 target 
site. Dashed lines indicate Ume6- and Isw2-positioned nucleosomes. 
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We found that we could also reproducibly recover nucleosome footprints from 

patches of yeast grown on agar plates, or “colony MNase” (Figure 11B) and the captured 

nucleosome positions accurately reflect nucleosome positioning across the yeast genome 

(Figures 11C and 11D). Similar to liquid culture, the rapid colony MNase protocol can 

also detect Isw2-specific nucleosome events genome-wide (Figures 11E and 11F). It is 

important to note that colony MNase is not appropriate for all types of experiments, and 

researchers should consider whether stationary or log-phase cells are more appropriate 

for their needs. 

Without any protocol modifications, we were able to recover a well-defined and 

appropriately digested nucleosome ladder from wild type S. pombe cells (Figure 12A). 

We compared our sequencing data set with previously published MNase-seq data sets 

from S. pombe (DeGennaro et al., 2013; Steglich et al., 2015). Genomic nucleosome 

dyad positions from samples prepared by the rapid MNase protocol were the same as 

seen previously (Figure 12B). In addition, global nucleosome positioning at S. pombe 

TSSs was nearly identical across data sets (Figure 12C). We also performed the rapid 

MNase protocol on crosslinked, germinated N. crassa (Figure 12D). Importantly, we 

verified that the genomic nucleosome positions we obtained were similar to previously 

published N. crassa data sets (Seymour et al., 2016; Klocko et al., 2019) (Figure 12E). 
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Figure 12. Rapid MNase can accurately map nucleosome positions in S. pombe and 
N. crassa (A) Agarose gel showing example nucleosome footprints recovered from S. 
pombe using the rapid MNase protocol. (B) Genome Browser image comparing 
nucleosome dyad positions on S. pombe chrII recovered for the rapid MNase protocol 
(top) and previously- published data sets. (C) Alignment of nucleosome dyads at 11,350 
transcription start sites (TSSs) for rapid MNase-recovered nucleosome footprints and 
previously-published data sets. (D) Agarose gel showing example nucleosome footprints 
recovered from N. crassa using the rapid MNase protocol. (E) Genome Browser image 
comparing nucleosome dyad positions at the N. crassa NCU3995-NCU3994 locus for the 
rapid MNase protocol (top) and previously-published data sets. 
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We wished to design a rapid protocol that was standardized across species, so we 

performed experiments on a variety of locally foraged wild fungi and were able to obtain 

well-spaced nucleosome footprints (Figure 13). It is important to note that the size of the 

mononucleosome band is usually between 100 and 200 bp, but this product might run 

slightly larger in different organisms, as in lane 2 of Figure 13A. Because we did not 

sequence this sample, we cannot be absolutely certain that this band reflects 

mononucleosomal fragments, but we are reasonable sure. We also tested C. elegans, D. 

rerio fin cells, and the cell line PLB-895 (Tucker et al., 1987); while we do not have gel 

images for the C. elegans or D. rerio samples, we saw a prominent mononucleosome 

band for both of these organisms after a single test using the same protocol as for 

mammalian cells (with crosslinking), and we are confident that this protocol can be easily 

adapted for sequencing-quality nucleosome footprints. For PLB-895 cells, we performed 

the protocol with crosslinking in order to better compare it to our other samples (Figure 

14A), but we also prepared samples without crosslinking as this is the more standard 

practice for MNase of mammalian cells (Figure 14B); there is no obvious difference 

visually. A 1-day MNase protocol already exists for mammalian cells (Ramani et al., 

2019), but ours is significantly shorter and provides a promising standardized alternative 

to previously published protocols across organisms. We did not sequence these 

nucleosome fragments in the interest of time and cost, along with the lack of annotated 

genomes for wild fungi, but we encourage users to test the rapid protocol in their model 

organism of choice. 
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Figure 13. Nucleosome footprints can be rapidly recovered from wild mushroom 
samples (A) Images of locally-foraged wild mushrooms that were subjected to the rapid 
MNase protocol (top). Sample 5-6 consists of a distinct surface fungal specimen (5) 
growing on a host specimen (6). Recovered nucleosome footprints for corresponding 
mushrooms are shown (bottom). Speculative identities for these samples are (1) 
Panaeolus foenisceii, (2) unknown, (3) Craterellus tubaeformis, (4) Cantharellus 
formosus, (5) Hypomyces lactifluorum, (6) Russula brevines, (7) Lycoperdon perlatum. 
(B) Optimized rapid MNase for specimen 4 (chanterelle) was achieved using 50 mg of 
tissue leading to well-digested nucleosome footprints (top). The optimized protocol was 
performed on 50 mg of a previously-untested specimen leading to well-digested 
nucleosome footprints (bottom). Speculative identity of these samples are Cantharellus 
formosus (top) and Agricus xanthodermus (bottom). 
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Figure 14. The rapid MNase protocol can be performed on human cells with or 
without crosslinking (A) Cartoon schematic showing rapid MNase protocol and 
associated nucleosome footprints for 1 million human cells from the diploid myeloid 
leukemia cell line PLB-895. The protocol is identical to the yeast liquid culture protocol 
except that there is no zymolyase treatment. (B) Cartoon schematic showing rapid MNase 
protocol for PLB-895 cells and associated nucleosome footprints when the crosslinking 
and crosslinking reversal steps are omitted and other steps are shortened. The crosslink-
free protocol can provide nucleosome footprints that are ready for library construction in 
less than an hour. Left lane: 1.5 million cells input; right lane: 1 million cells input. 

 

Quantification and statistical analysis 

Libraries were sequenced at the University of Oregon’s Genomics and Cell 

Characterization Core Facility on an Illumina NextSeq500 on the 37 cycle, paired-end, 

High Output setting, yielding approximately 10–20 million paired reads per sample. 

MNase sequencing data were analyzed as described previously (McKnight and 

Tsukiyama 2015). Paired-end reads were aligned to the S. cerevisiae sacCer3 (Yates et al, 

2019), S. pombe (Wood et al., 2002), or N. crassa (Galagan et al., 2003) reference 

genome with Bowtie 2 (Langmead and Salzberg 2012), and filtered computationally for 

unique fragments between 100 and 200 bp. Dyad positions were calculated as the 
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midpoint of alignment coordinates, then dyad coverage was normalized across the 

genome for an average read/bp of 1.0. Nucleosome alignment to the Ume6 binding site, 

WNGGCGGCWW, was performed by taking average dyad signal at each position 

relative to all intergenic instances of a motif center. Intergenic instances of the Ume6 

motif were found using the Saccharomyces Genome Database Pattern Matching tool 

(https://yeastgenome.org/nph-patmatch). Transcription start sites were obtained from 

published datasets for S. cerevisiae (Nagalakshmi et al., 2008) and S. pombe (Thodberg 

et al., 2019). Previously-published S. cerevisiae data (SRX5086833, (Donovan et al., 

2019); SRX1176421, (McKnight et al., 2016)), S. pombe data (SRX554384 (Steglich 

et al., 2015); SRX331943, (DeGennaro et al 2013)), and N. crassa data (SRX1596291, 

(Seymour et al., 2016); SRX2822417, (Klocko et al., 2019)) were downloaded from the 

Sequence Read Archive (SRA) and analyzed using our computational pipeline to identify 

nucleosome dyad positions. Data were visualized using Integrated Genome Browser 

(Freese et al., 2016). Sequencing data from this work can be accessed at the GEO 

database under accession code GSE141676. 



 
 
 

94 

Troubleshooting 

Problem 1 

Genomic DNA is not being digested, as evidenced by a very high molecular 

weight band on the agarose gel and little or no signal for nucleosome footprints, as in 

Figure 15. 

 

Figure 15. Sample gel showing intact genomic DNA and partial nucleosome 
footprints from non-permeabilized cells Agarose gel showing example nucleosome 
footprints recovered from patches of S. cerevisiae using unoptimized “rapid colony 
MNase” protocol (2 mg of zymolyase for 15 mi) using an input of (A) 30 OD pellet of 
yeast, or (B) 20 OD pellet of yeast. 

 

Potential solution 

This most likely is the result of cells not being permeabilized. We suggest 

extending the incubation time for the spheroplasting step (Step 6) or increasing the 
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amount of zymolyase per mL of buffer in 1-mg increments. Another option is to perform 

this step at 37°C rather than at 25°C. After spheroplasting, the solution should be much 

less opaque than it was prior to this step, so it is possible to troubleshoot this step without 

completing the entire protocol. Furthermore, there are likely organisms that may require 

additional steps to help permeabilize cells, particularly if the cells possess zymolyase-

resistant cell walls. Previous work has demonstrated success using cryogrinding as the 

cell-breaking step (Gonzalez and Scazzocchio 1997; Givens et al., 2011). 

Problem 2 

The DNA is over- or under-digested, as evidenced by too much or too little signal 

for the mononucleosome band. Examples of under-digested samples are shown in lanes 

B, C, and E of Figure 16. Examples of over-digested samples are shown in lanes D and F. 

Lane A shows a sample where fewer than 20 OD of cells were pelleted initially. 

 

Figure 16. Agarose gel showing example nucleosome footprints recovered from 
S. cerevisiae liquid culture using the rapid MNase protocol (A) Only 15 OD of cells 
were used as input. (B) Under-digested sample. (C) Under-digested sample. (D) Over-
digested sample. (E) Under-digested sample. (F) Over-digested sample. 
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Potential solution 

MNase activity can vary across lots and vendors, so it is critical to calibrate the 

MNase concentration to give the desired extent of digestion. We recommend performing 

a test of 3 samples with either 2 μL, 3 μL, or 4 μL of MNase (20 U/μL stock) in Step 6 

for S. cerevisiae; different amounts of MNase should be chosen for other types of 

samples based on Table 2. When running these tests, it is not necessary to treat samples 

with CIP, so Step 13 of the protocol can be skipped. An ideal digest will result in signal 

for mono-, di-, and tri-nucleosome fragments, with the most signal for the mono-

nucleosome band, as in Figure 9. 

Sometimes it is necessary to adjust the amount of MNase used in the protocol 

based on your specific enzyme activity, particularly when working with an organism that 

we have not tested. It is worth noting that often it is still possible to excise the 

mononucleosome band and obtain high-quality data of over-digested samples, but it is 

preferable to work with appropriately digested footprints, and the extent of digestion 

should be consistent across samples that are being compared in a particular experiment. 

If the ratio of mono- to di-nucleosome bands appears to be correct, the issue may 

actually be that too few cells were used, as in lane A of Figure 16. Within an organism, 

the number of cells used could vary depending on the growth conditions or media 

composition, as evidenced by the adjustments needed for colony MNase. It therefore 

possible that specific conditions or mutant strains may require subtle changes to digestion 

or input amount, particularly if it is challenging to accurately quantify the initial number 

of cells. 
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Problem 3 

Quiescent cells produce improperly-digested footprints. Similar to Problem 2, if 

DNA appears under- or over-digested for quiescent cells, there are additional steps we 

took to optimize these samples. 

Potential solution 

Assuming that the MNase activity has been calibrated as in Problem 2, there are 

additional considerations when processing quiescent cells. We found that quiescent cells 

isolated on different days were not consistently digested, so we recommend preparing 

multiple MNase samples as standard practice, and testing different incubation times for 

MNase digest in Step 8, as shown in Figure 11A. For the sample shown in Figure 11A, 

the mononucleosome band from the 5-minute sample was excised, but for other Q cells 

the 5-minute time point was over- or under-digested. As indicated in the protocol, using 

multiple different quiescent cells, we observed a range of 2–10 min to yield appropriate 

footprints, but due to the variability we have seen, it is conceivable that the optimum 

range might be shifted for quiescent samples prepared in another lab, as the technique 

seems sensitive to small changes. In our hands, once we optimized the amount of MNase, 

the same amount of MNase worked for a variety of Q cell samples. 

Problem 4 

Unexpectedly low DNA yield, as evidenced by faint bands or no signal on the 

agarose gel.  

Potential solution 

Increase the input amount when preparing the sample. Assuming calculations for 

input were correct, we recommend doubling or even tripling the amount of sample as a 
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test. Yeast cells in log phase versus quiescence, for example, give slightly different OD 

readings, and sometimes sick strains, certain mutants, or yeast grown in different medium 

vary in size, so the OD reading and pellet size do not accurately reflect the number of 

cells and therefore amount of DNA in the sample. Furthermore, the amount of input 

required can vary drastically for different organisms, so for a sample type that we have 

not tested, optimization of the amount of input will be necessary. 

Problem 5 

Instead of nucleosome footprints, only a large smear is visible on the agarose gel. 

Potential solution 

This is likely due to RNA and/or residual protein in the sample. We most often 

see this with improperly digested RNA and suggest first increasing the incubation time 

with RNAse A in Step 10. If that is not effective, increase the incubation time with 

Proteinase K in Step 11. Another possibility is that the RNAse A and/or Proteinase K 

stocks have lost activity, and these may need to be re-made. 

Bridge from Chapter IV to V 
 

Following the experience working on rapid MNase, we turned our attention to 

another outstanding concern in the lab, centered around detecting protein-DNA 

interactions without the need for crosslinking or immunoprecipitation. While originally 

intended as a method to monitor Isw2 localization in the yeast genome, the results we 

obtained from Spycatcher Linked Targeting of Chromatin Endogenous Cleavage show it 

produces quality results that may be generally useful, even for proteins that can be 

studied with standard factor mapping techniques. 
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 For this project, I generated the GAL-inducible MNase-SpyCatcher002 plasmid 

and the SpyTag002 tagging plasmid using existing vectors. I engineered the yeast strains, 

collected each of the SpLiT-ChEC samples, prepared the NGS libraries, and designed the 

computational pipeline to process NGS data from FASTQs to visualization. I created 

several tools and additional pipelines for this analysis, all of which are available on 

GitHub (Bankso/SCAR and Bankso/SEAPE). Last, I prepared the figures, wrote the first 

draft of the manuscript, and was involved in editing.  
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CHAPTER V 

MAPPING DNA-ASSOCIATED PROTEINS AND PROXIMAL CHROMATIN 

ELEMENTS IN THE BUDDING YEAST GENOME USING SPYCATCHER-

LINKED TARGETING OF CHROMATIN ENDOGENOUS CLEAVAGE  

(SPLIT-CHEC) 

  
Introduction 

DNA-binding proteins (DBPs) have well-documented roles in replication (Bell et 

al., 2001), metabolic adaptation to environmental inputs (Miles et al., 2013), and tissue 

differentiation (Ferri et al., 2007). Many DBPs, including transcription factors (TFs) (Ju 

et al., 1990; Rhode et al., 1992), chromatin remodeling proteins (Cairns et al., 1996; 

Flaus et al., 2006; Clapier and Cairns, 2009), and histones (Huang and Bonner, 1962; 

Kornberg, 1974; Luger et al., 1997), form detectable complexes with DNA and bind 

throughout the genome of eukaryotic organisms. Protein-DNA interactions in vivo are 

critical for targeting functional outputs of DBPs and any interacting proteins 

(Dangkulwanich et al., 2014); a hallmark example are TFs, which bind to target sites in 

the genome and influence gene expression (Lee et al., 2002). Protein-DNA interactions in 

the context of TFs generally occur between specific DNA motifs and the DNA-binding 

domain of the TF (Zamanighomi et al., 2017; Jolma et al., 2013). TFs often interact with 

transcription-related machinery to target RNA polymerase to transcription start sites 

(TSSs), which encourages expression of genes, but can also contribute to DNA 

accessibility by helping to establish elements of chromatin structure (Ganapathi et al., 

2011). 
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The organization of chromatin, the condensed complex of DNA and protein found 

in the nuclei of eukaryotic cells (Kornberg, 1974), plays a critical role in determining the 

relative accessibility of DNA sequences to DNA-interacting proteins (Adams and 

Workman, 1995). Chromatin is often regarded as a binary control system that moves 

between “open” and “closed” accessibility states, though chromatin accessibility can be a 

poor indicator of TF binding (Tsompana and Buck, 2014; Coux et al., 2020). 

Nucleosomes, the fundamental unit of chromatin, consist of roughly 150bp of DNA 

wrapped around an octamer of histone proteins (Luger et al., 1997). Histones are 

deposited by several chromatin-interacting proteins to form nucleosomes (Tachiwana et 

al., 2021) which are organized into evenly spaced “arrays” throughout the genome (Singh 

et al., 2021). Organization of nucleosomes is observable from yeast (Lee et al., 2007) 

through human tissue (Ozsolak et al., 2007; Schones 2008) and often occurs with respect 

to TF binding sites (Kasinathan et al., 2014), TSSs (Lai et al., 2018), and autonomous 

replication sequences (Fennessy and Owen-Hughes, 2016). Nucleosomes can interfere 

with DNA binding by other proteins, which helps define DNA accessibility during 

transcription (Adams and Workman, 1995; Venkatesh and Workman, 2015).  

The mechanisms that position nucleosomes have been studied for several decades, 

but dissecting the relative contributions of active nucleosome positioning and DNA 

sequence-based positioning is challenging. There is likely significant interplay between 

mechanisms, where some elements of nucleosome positions are defined by DNA 

sequence preference (Thastrom et al., 2004; Kaplan et al., 2008; Krietenstein et al., 

2016), TF binding and recruitment of co-factors (Svaren et al., 1994; Ganapathi et al., 

2011; Voss and Hager, 2013), and general and site-specific chromatin remodeling 
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activity (Henikoff, 2016; Singh et al., 2021). Therefore, it is advantageous to examine 

both DNA sequences and nucleosome localization when considering DBP targeting, as 

many protein-DNA interactions are influenced by and are capable of directing chromatin 

organization. 

Techniques like ChIP (Johnson et al., 2007) and ORGANIC (Kasinathan et al., 

2014) are used to recover regions of DNA associated with a DBP, termed a consensus 

motif, that serves as a favorable site of interaction between DNA and the DBP. By 

combining ChIP with exonuclease digestion, a technique called ChIP-exo (Rhee and 

Pugh, 2011), it is possible to further probe the interaction of a DBP with its consensus 

motif. ChIP-exo has been used to precisely determine the binding site footprints 

associated with many of the DBPs found in budding yeast, and also confirmed that 

factors make direct contact with their consensus sequences when binding to a target 

region. These results aligned with observations that consensus motifs often predict where 

a protein will localize in the genome (Zamanighomi et al., 2017; Jolma et al., 2013), but 

fail to reveal information about the local chromatin environment that enables DBP 

localization to the target sequence. 

Current methods of measuring chromatin accessibility and protein localization 

simultaneously, including CUT&RUN (Skene and Henikoff, 2017) and CUT&Tag 

(Kaya-Okur et al., 2019), are attractive because DNA fragments are generated via epitope 

recognition by a fused antibody, which distributes the protein fusion to target sites 

throughout the genome. By directing micrococcal nuclease (MNase) digestion or a 

sequencing adaptor-loaded Tn5 transposase, high-resolution maps of DNA fragments 

corresponding to a combination of protected DNA sequences can be obtained by next-
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generation sequencing (NGS). Fragment size can be used to discern between nucleosome 

information and small DBP binding to reveal the target site and proximal nucleosome 

positions (Henikoff et al., 2011; Meers et al., 2019), which has been applied to several 

experimental systems. Antibody-free systems that capture DNA-protein interactions have 

also been successful (Policastro and Zentner, 2018), including chromatin endogenous 

cleavage and sequencing (ChEC-Seq) (Zentner et al., 2015). This system employs a 

direct fusion of MNase to a protein of interest and maps cleavage sites adjacent to 

predicted consensus motifs. By relying on the inherent targeting capacity of TFs and 

transcription machinery, MNase digestion can be performed in situ without the need to 

select fragmentation sites via antibody recognition. The results of ChEC-Seq are 

somewhat limited in their application, as the analysis of cleavage sites was performed 

using pre-annotated target sequences from ORGANIC (Kasinathan et al., 2014). 

However, the results demonstrated that self-targeted nuclease digestion is highly 

desirable in terms of detecting differences in binding site accessibility and the orientation 

of DNA interaction within target sequences for yeast TFs. 

In yeast, a subset of TFs are deemed general regulatory factors (GRFs). GRF 

binding in the genome is often correlated with the formation of a nucleosome free region 

(NFR) in the DNA sequences proximal to the consensus sequence (Ganapathi et al., 

2011; Rossi et al., 2018; Badis et al., 2008; van Bakel et al., 2013; Barnes and Korber, 

2021). Some GRFs are involved in recruiting ATP-dependent chromatin remodelers to 

shift or dissociate nucleosomes from DNA, which is thought to help establish and 

maintain NFRs (Badis et al., 2008; van Bakel et al., 2013; Barnes and Korber, 2021). 

ARS-binding factor 1 (Abf1) is a well-studied GRF that stimulates specific nucleosome 
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positions surrounding Abf1-bound DNA (Rhode et al., 1992; Ganapathi et al., 2011). 

This activity is not anticipated to be through chromatin remodeling activity of Abf1, but 

rather binding site competition with nucleosomes (Yarragudi et al., 2004) and recruitment 

of the RSC remodeling complex (Kubik et al., 2018), which forces nucleosomes out of 

NFRs and into canonical positions (Yen et al., 2012; Ganguli et al., 2014).  

We envisioned a system that would allow detection of protein-DNA interactions 

and nucleosome-derived signal, with no requirement for crosslinking or antibody 

recognition, by expressing a targetable MNase fusion in the yeast genome. MNase is 

suitable for this task, as it requires millimolar concentrations of Ca2+ to be activated, 

which is several orders of magnitude higher than the typical Ca2+ concentration found in 

yeast cells (Cui et al., 2009). To target nuclease digestion, we fused MNase to Spycatcher 

via a flexible linker (Chen et al., 2013) and placed it under an inducible promoter in the 

genome of S. cerevisiae. SpyCatcher is able to join with SpyTag, a 13 amino acid 

sequence, which is selectively targeted by SpyCatcher to form a covalent isopeptide 

bond, fusing together any protein attached to either component of the system (Zakeri et 

al., 2012; Keeble et al., 2017). This technology has been used in a wide range of 

applications (Hatlem et al., 2019), including to target chromatin remodeling activity to 

TF-bound genome loci (Donovan et al., 2018). By incorporating SpyTag at endogenous 

loci of TFs and other DBPs, we can capture high-resolution maps of both protein binding 

and local nucleosome patterning, achieved by in situ DNA digestion by the MNase-

SpyCatcher (MNSC) fusion targeted to TF-bound sites. Further, by limiting expression of 

MNSC to a brief period prior to cell harvest, we observed low background digestion, 

presumably due to the difference in digestion rates that can be achieved by tethered vs 
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untethered MNSC. We anticipate that SpyTagged proteins exhibit native behavior, 

considering the diminished potential for misfolding or reduced binding capability 

imparted by a small, unstructured tag. Here, we present SpyCatcher Linked Targeting of 

Chromatin Endogenous Cleavage and deep sequencing (SpLiT-ChEC-Seq), which 

enables simultaneous mapping of protein binding signal and proximal nucleosome 

patterning at genomic sequences bound by endogenously expressed factors. 

Results 

SpLiT-ChEC produces well-defined signal with multiple fragment sources 

As a proof of concept, we tagged Abf1 and performed SpLiT-ChEC in time course post-

Ca2+ addition (Figure 17a). Abf1 is an important regulator of chromatin structure that 

helps establish NFRs at loci throughout the yeast genome. Importantly, SpyTagged Abf1 

is expressed under the control of its endogenous promoter and only becomes conjugated 

with the MNSC fusion (Figure 17b) after expression is induced by addition of galactose 

to cultures.  

After purifying DNA and enriching samples for <200bp fragments, we performed 

paired-end sequencing genome-wide to determine the complement of DNA sequences 

recovered from the experiments. Alignment to the budding yeast genome and subsequent 

visualization of the sequenced fragment sizes showed a bimodal distribution in our 

SpLiT-ChEC samples at each timepoint (Figure 17c), suggesting that fragmentation is 

influenced by protection of DNA associated with proteins and nucleosomes. We used 1x 

normalized genome coverage from Abf1-tagged and non-tagged (“No-tag” or “NT”) 

samples at each timepoint to calculate the ratio of signal over background that occurs 

when MNSC is targeted to Abf1-bound loci.  
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Figure 17. SpLiT-ChEC-seq captures protein binding and nucleosome localization 
signal from sites of targeted nuclease digestion. a) outline of the basic workflow to 
express MNase-Spycatcher and perform in situ digestion of DNA, which is purified and 
subjected to next-generation sequencing. b) cartoon representation of the 
Spycatcher/Spytag targeting system employed to localize MNase to protein-bound loci in 
the yeast genome. c) fragment size distributions observed across three timepoints of both 
untargeted (No-tag, NT) and Abf1-targeted SpLiT-ChEC-seq. Abf1 was C-terminally 
tagged with Spytag at the endogenous locus in yeast harboring the GAL-inducible 
MNase-Spycatcher construct. d) Integrated Genome Browser (IGB) screen capture 
showing the signal over background for small (<120bp) and large (140-180bp) fragment 
protection observed in Abf1-targeted SpLiT-ChEC-seq after 20 sec. of calcium-activated 
DNA digestion. 
 

While the entire complement (<200bp) of fragments can be visualized (Figure 

S1), we found that separately aligning fragments from two size ranges allowed TF-

derived small factor protection (SFP) (<120bp) to be viewed separately from the large 

fragment protection (LFP) (140-180bp), which possibly results from nucleosomes bound 
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near Abf1-targets (Figure 17d). Both signal types display high-intensity peaks, primarily 

found in promoter and terminator regions of genes throughout the genome. When 

comparing the two signal sets, most often SFP signal is found in sequences lacking LFP 

signal, with LFP signal directly proximal to SFP sites at many targets, as is the case in 

Figure 17d.  

Canonical Abf1 binding and chromatin organization is captured in SpLiT-ChEC  

Since Abf1 localization is associated with the consensus motif 5’-

WHWTCGTRTAWAGTGAYAND-3’ as determined by ChIP-exo (Rhee and Pugh, 

2011), we examined SpLiT-ChEC datasets and found many examples of Abf1 SFP 

directly situated over DNA sequences matching this motif (Figure 18a). In order to 

visualize SpLiT-ChEC signal at predicted Abf1 target regions in the yeast genome, we 

used FIMO (Grant et al., 2011) to locate Abf1 consensus sequences based on the 

JASPAR (Castro-Mondragon et al., 2022) entry corresponding to the Abf1 ChIP-exo 

footprint (MA0265.2, Figure 18b). Plotting the average SpLiT-ChEC signal at all 2272 

predicted Abf1 consensus sequences shows Abf1-targeted digestion occurring at these 

sites, with high intensity SFP signal (Figure 18c) directly over the predicted Abf1 

consensus sequences. The average Abf1 SpLiT-ChEC LFP at consensus sequences 

(Figure 18d) shows that LFP signal is not typically found in the regions marked by SFP 

over consensus sequences. Overlaid SpLiT-ChEC signal from three sequenced timepoints 

(10s, 20s, 60s) shows that the shape and location of averaged SFP and LFP signal is 

similar across all timepoints. Time-dependent changes in signal intensity are present in 

both signal sets, most obviously seen as decreases in height of SFP and LFP dominant 

peaks in 60s timepoint traces (Figure 18c,d). This observation is consistent with data 
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from ChEC-seq, which can discern between high and low scoring pre-annotated binding 

sites based on time-dependent variability in cleavage intensity (Zentner et al., 2015). 

Overlaying SpLiT-ChEC SFP and LFP with nucleosome positions derived from MNase-

seq (McKnight et al., 2021, GEO: GSE141676), which is used to map nucleosome 

positions in genomic DNA (Figure S2a), shows a striking similarity between the NFRs 

surrounding Abf1 consensus sequences. Abf1 SFP is present within the bounds of the 

NFR defined by MNase-seq data (Figure 18e). Nucleosome positions are not necessarily 

recapitulated exactly by SpLiT-ChEC LFP, which is clear when examining the 

nucleosome-derived fragment centers in MNase-Seq relative to LFP high-intensity 

regions (Figure 18f). Nevertheless, LFP signal provides information on nucleosome 

protection, similar to that derived from MNase-Seq, which could be used to examine the 

relationship between protein binding and nucleosome protection at targets throughout the 

yeast genome. In total, the agreement between MNase-seq data and the signal derived 

from Abf1-targeted SpLiT-ChEC suggests that we are capturing signal at true NFRs 

associated with Abf1 localization.  

 
Figure 18. (next page) Abf1 SpLiT-ChEC signal is present at Abf1 consensus 
sequences and recapitulates chromatin organization elements observed in 
nucleosome positioning data. a) IGB screen capture of Abf1 SpLiT-ChEC 10s, 20s, and  
60s digestion timepoints showing small fragment signal located over an instance of the 
20bp Abf1 consensus sequence (blue underline). b) JASPAR entry MA0265.2, the 20 bp 
Abf1 consensus sequence derived from ChIP-exo. c) Overlay of the average Abf1 SpLiT-
ChEC small fragment signal from 10s, 20s, and 60s timepoints found at all 2272 Abf1 
ChIP-exo consensus sequences in the yeast genome predicted by FIMO based on the 
motif found in (b). d) Overlay of the average Abf1 SpLiT-ChEC large fragment signal 
from 10s, 20s, and 60s timepoints found at all 2272 predicted Abf1 ChIP-exo consensus 
sequences in the yeast genome. e) Average traces of Abf1 10s SpLiT-ChEC small 
fragment signal and MNase-seq signal found at all 2272 predicted Abf1 ChIP-exo 
consensus sequences in the yeast genome. f) Average traces of Abf1 10s SpLiT-ChEC 
large fragment signal and MNase-seq signal found at all 2272 predicted Abf1 ChIP-exo 
consensus sequences in the yeast genome. 
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Abf1 SFP can be used to find peaks with MACS3  

Given the intensity of Abf1 SFP signal at known consensus sequences, we 

imagined our data could be used to identify bound targets throughout the yeast genome 

using a peak calling algorithm. Analysis of aligned reads with MACS3 (https://macs3-

project.github.io/MACS/) generated three sets of SFP-derived peaks, one from each 

timepoint in Abf1-targeted SpLiT-ChEC. Variable numbers of peaks were called from 

each timepoint, with the highest number of peaks coming from the 20s signal (Figure 

S2b).   

Rather than handling each timepoint peak set independently, we designed a 

computational process to identify target regions in Abf1 SFP signal according to peak 

groupings from across timepoints. We took the central two basepairs (dyads) from all 

peaks identified by MACS3 in each timepoint sample (n=4322); merging this set of 

dyads without extension resulted in 3476 independent entries. Next, the bounds of each 

target site were symmetrically extended by increasing values and any regions overlapping 

as a result of the expanded region size were merged. By visualizing the region counts, we 

anticipated that an optimal merge distance could be identified as the extension value 

where the total peak counts settled into a local minimum. A bar chart of the number of 

regions after each cycle showed substantial decreases at low merge distances, 

demonstrating that peaks were detected in similar regions across all timepoints (Figure 

S2c). When we applied this methodology to Abf1-derived SFP peaks, our analysis 

suggested Abf1-targeted signal occurs within 90bp regions (n = 1807), which is 

consistent with the approximate size of the NFR present in MNase-seq and SpLiT-ChEC 

LFP (Figure 18f). Plotting SpLiT-ChEC signal using the calculated target sequences 
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displays center-aligned SFP (Figure S2d) and LFP (Figure S2e), similar to that observed 

for signal at consensus sequences, suggesting our merge process identified the centers of 

Abf1-targeted regions from across all timepoints. 

 A minimal Abf1 motif marks canonical targets in SpLiT-ChEC  

With Abf1 target regions in hand, we were curious if the Abf1 consensus motif 

was enriched in our recovered DNA sequences. Motif enrichment analysis showed that, 

of the 1627 sequences randomly selected from inputs for SEA (Simple enrichment 

analysis, Bailey and Grant, 2021), 46% (Q value = 5.69E-224) contained a motif 

matching JASPAR entry MA0265.2. We also performed de novo motif discovery via 

XSTREME (Grant and Bailey, 2021) on 90bp sequences with Abf1 signal, which 

revealed a “minimal” version of the Abf1 motif (MM, 14bp vs 20bp from ChIP-exo), 

found by SEA in 53% (Q value = 1.17E-250) of the sites (Figure 19a). Next, we 

calculated the number of Abf1 consensus motifs overlapped by Abf1 targets based on 

SpLiT-ChEC peaks, as determined by the extend-and-merge process. This analysis 

suggested Abf1-targeted SpLiT-ChEC digestion is found within 90bp regions. Plotting 

the fraction of FIMO-predicted motifs found in target regions from each merged peak set 

showed that the SpLiT-ChEC derived minimal motifs more frequently found in target 

centers (Figure 19b). Based on this result, we elected to use the FIMO-predicted MM 

sites as a filter to separate the 90bp target regions into +MM and -MM sets. Consistent 

with previous observations of lower perceivable levels of Abf1 binding at non-canonical 

sites (Kasinathan et al., 2014), -MM target sequences showed overall lower average SFP 

and LFP (Figure 19c). Since the LFP shape does not appear to be disrupted at -MM sites, 

we presume that the lower LFP intensity observed at -MM sites is related to lower levels 
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of Abf1-targeted digestion occurring in these regions, not less defined nucleosome 

patterning in the region. Based on the observation that SpLiT-ChEC signal varies across 

time, we were curious if examining the per-basepair signal intensity within 90bp merge 

regions could be used to visualize the progress of MNase digestion as it occurs post-Ca2+ 

addition. Initially, we plotted two timepoints for each target region by treating the scaled 

intensity values as Cartesian coordinates (Figure 19d). Coloring the points based on the 

presence of Abf1 minimal motif (+/- MM) shows that there is separation between the two 

groups, with -MM generally showing lower intensity at both the 20s and 60s timepoints. 

Plotting average per-basepair intensities for each timepoint, separated by +/-MM, allowed 

us to view the trajectory of binding intensity over time (Figure 19e).  

 
Figure 19. (next page) Abf1 SpLiT-ChEC allows consensus motifs to be identified 
and shows higher signal intensity within target regions containing consensus motifs. 
a) Comparison of motifs identified for Abf1 from SpLiT-ChEC (top, 14bp) and ChIP-exo 
(20 bp, bottom). b) Plot showing the proportions of 14bp SpLiT-ChEC minimal motifs 
(black) and 20bp ChIP-exo motifs (blue) found in regions identified by merging MACS3 
peaks derived from Abf1 SpLiT-ChEC 10s, 20s, and 60s signal. c) Overlay of average 
Abf1 SpLiT-ChEC signal centered on 90bp target sequences based on MACS3 peaks 
from 10s, 20s, and 60s timepoints. Signal is separated into sites containing a predicted 
14bp minimal motif (+MM) and sites without a motif (-MM). d) Per basepair Abf1 small 
fragment signal intensity found in 90bp target regions for 20s and 60s digestion 
timepoints, plotted as Cartesian coordinates and colored by sites with a minimal motif 
(+MM, blue) and without a minimal motif (-MM, orange). Scaling was achieved using 
the 5th and 95th percentile values for each timepoint as minimum and maximum values, 
respectively. Any values < 0 after scaling were assigned to 0 and values >1 were assigned 
to 1. e) Abf1 small fragment signal intensity at all 90bp target sequences from all 
timepoints calculated as in (d), separated into +MM and -MM groups and averaged for 
each group and each timepoint. 
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Although the trends in SFP intensity appear similar, the overall intensity of signal 

without a minimal motif appears lower at all timepoints, consistent with observations 

made from plotting the raw SFP signal. While the height of the peaks in SFP appear to 

decrease at 60s, the intensity per-basepair increases, which we anticipate is due to signal 

broadening as digestion progresses and DNA fragments are shortened (Henikoff et al., 

2011). In summary, we observe a difference in the average Abf1 SpLiT-ChEC SFP signal 

intensity in target regions separated by the presence or absence of a minimal motif at 

each timepoint, where Abf1 targets without a minimal motif show lower average signal 

compared to sites that contain a minimal motif. 

SpLiT-ChEC signal can be clustered based on intensity and shape 

Next, we wanted to see if unsupervised clustering of signal derived from SpLiT-

ChEC would allow subsets of Abf1-targeted sequences to be identified. We applied k-

means (k = 3) clustering to raw LFP signal from the 60s timepoint at 90bp target regions 

(Figure S3a). The signal patterns observed in each LFP cluster were surprisingly distinct, 

with obvious signal bias towards either side of the Abf1 target center (clusters 1 and 2), 

and the 3rd cluster showing targets with LFP signal in the center of sites. Focusing on the 

central 200bp of the 90bp target regions (Figure S3b) shows the asymmetry in LFP 

protection, with the most substantial LFP at the edges of the central 90bp in each target. 

When we plotted the SFP average signal trajectories for each LFP cluster (Figure S3c), 

we observed similar signal evolution patterns for clusters 1 and 2, which remained mostly 

constant across timepoints. Interestingly, the cluster 3 average trajectory shows lower 

intensities at each timepoint when compared to cluster 1 and 2 patterns, with a consistent 

upward trend in signal evolution. 
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When k-means (k = 3) clustering was applied to SFP per-basepair intensity 

measured across the three timepoints, plotting the values for each site at 20s and 60s post-

Ca2+ addition shows distinct groups of points (Figure S3d). The values of average 

intensity per bases from each cluster suggest that k-means clustering separates sites 

primarily by signal intensity at each timepoint (Figure S3e). Plotting average LFP signal 

according to SFP cluster annotations (Figure S3f) revealed signal shapes that are distinct 

from those found in LFP-based clusters (Figure S3a). Unlike the LFP clusters, signal 

intensity on either side of the center within each cluster was roughly equal with no clear 

preference for sites with or without LFP signal in the central NFR between groups. 

Instead, LFP patterns associated with SFP clusters differ primarily by intensity, 

suggesting that the per-base SFP calculations are limited to the relative amount of Abf1-

directed digestion occurring within the 90bp targets. 

 Abf1 SpLiT-ChEC signal near TSSs is directional and highly variable  

Given the directionality we observed in Abf1 LFP signal clusters, we applied 

strand information derived from TSSs near 90bp targets to see whether signal is 

orientated with respect to the direction of transcription. Using T-Gene (O’Connor et al., 

2020), we located TSSs in the budding yeast genome nearest to each 90bp target, limited 

to within +/- 1000bp (n = 1660). After applying the strand designation for the identified 

TSSs, we plotted the average SFP signal at target centers across all timepoints (Figure 

20a). The average traces of Abf1 SFP near TSSs show the expected high intensity central 

peak, but also a more prominent low-intensity protection peak roughly 200-250bp 

upstream of Abf1 target centers, which was present on either side of the central peak 

before the addition of strand information. When we examined LFP signal at the TSS-
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proximal targets (Figure 20b), we noticed a prominent bias in peak intensity opposite 

from the direction of transcription at all timepoints. The relative peak intensity is in 

opposite orientation compared to +1/-1 nucleosome positions observed by MNase-Seq at 

NFRs near TSSs. While we cannot rule this out as a physical limitation of the SpLiT-

ChEC system, this could also represent the presence of co-bound factors at Abf1 targets 

that help define precise nucleosome positions (Yen et al., 2012; Ganguli et al., 2014).  

We were curious if Abf1 SFP per-base intensity across timepoints for TSS-

proximal targets would reveal subgroups based on optimized k-means clustering. We 

applied the WSS (within sum of squares) calculation to create an elbow plot (Figure S4) 

and identified k = 6 as an appropriate number of k-means clusters. When examining the 

number of sites in each cluster, we were surprised by the lack of separation between sites 

with or without an example of the Abf1 minimal motif (Figure 20c). While cluster 1 is 

seemingly dominated by -MM targets, no group appears to be completely composed of -

MM or +MM sites. Plotting the per-basepair SFP signal at 20s and 60s for each target site 

shows visually distinct groups of points throughout the coordinate plane when colored by 

cluster (Figure 20d). Using the SF cluster annotations, we plotted the average per base 

intensities at each timepoint (Figure 20e), revealing that the clusters are mostly separated 

by signal intensity, which was expected based on our preliminary cluster analysis (Figure 

S3). However, some degree of the change in signal between timepoints appears to be 

captured within the k=6 clusters, particularly when examining clusters 4 and 6, which are 

graphically similar in intensity and trend for 10s and 20s, but display opposite trends 

when examining the 60s average per base signal.  



 
 
 

119 

To examine the average signal identified within the groups of Abf1 targets, we 

plotted SFP (Figure 20f) and LFP (Figure 20g) according to SFP cluster labels, using 

only the average signal derived from the 20s Abf1 SpLiT-ChEC timepoint. The SFP 

signal traces differ based on central peak intensity, with some small differences in 

proximal signal, though no clear differences are readily identifiable. No obvious LFP 

patterning trends are evident in the average signal within the SF clusters, though each 

trace differs by overall intensity, matching expectations set by our pre-TSS cluster 

analysis. We anticipate this analysis could be more insightful for proteins directly 

involved in nucleosome positioning, which may show distinct LFP signal patterns 

associated with targeted chromatin remodeling. 

 
Figure 20. (next page) Abf1 SpLiT-ChEC small fragment signal near transcription 
start sites is directional with respect to gene orientation and can be used to identify 
similarly protected target sequences. a) Overlay plot of 10s, 20s, and 60s Abf1 SpLiT-
ChEC small fragment signal centered on 90bp targets within +/- 1000 bp of a TSS. TSS 
strand designation was applied to plotting calculations. b) equivalent to (a), except using 
long fragment signal. c) Counts of the number of Abf1 90bp target sequences in each k-
means cluster (k = 6) colored by sites with and without a minimal motif. d) Per basepair 
Abf1 small fragment signal intensity found in 90bp target regions for 20s and 60s 
digestion timepoints, plotted as Cartesian coordinates and colored by k-means SF cluster 
designation. e) Abf1 small fragment signal intensity at TSS-proximal 90bp target 
sequences from all timepoints calculated as in (d), separated into SF cluster groups and 
averaged for each group at each timepoint. f) Average traces of 20s Abf1 SpLiT-ChEC 
small fragment signal separated by k-means cluster annotations. g) equivalent to f), 
except applied to 20s Abf1 long fragment signal. 
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Abf1 SpLiT-ChEC LFP near TSSs reveals distinct clusters of chromatin 

organization  

We wanted to visualize the differences in LFP patterning among 90bp targets near 

TSSs, considering the known relationship between Abf1 localization, nucleosome 

positioning, and NFR formation at Abf1-targeted genome loci (Rhode et al., 1992, 

Ganapathi et al., 2011). We selected k = 8 as the optimal number of clusters, based on an 

elbow plot using the WSS method (Figure S5). Applying k-means clustering to the signal 

from a single LFP timepoint, 60s, shows clusters that contain various proportions of sites 

both with and without an Abf1 minimal motif (Figure 21a); as with the SFP signal 

(Figure 20c), +MM and -MM sites do not separate into distinct clusters based on the 

presence or absence of a minimal motif. When we plotted the average 60s SpLiT-ChEC 

LFP signal based on long fragment (LF) cluster annotations, we observed differences in 

signal intensity, directionality, and the locations of the most intense LFP signal (Figure 

21b,c). Similar to our preliminary clustering analysis, we observe a subset of sites with 

LFP signal in the predicted NFR. LF clusters 4 and 7 both display this feature, with 

cluster 7 showing a clear LFP peak in the center of the average signal traces (Figure 21c). 

The average LFP signal associated with cluster 6 shows a narrowing of the NFR with 

respect to other signal traces, an interesting feature which is often associated with 

decreased transcriptional activity for nearby target genes (Weiner et al., 2010). We were 

curious about the relationship, if any, between the differences we observed in average 

LFP signal among LF clusters and the corresponding SFP signal qualities. We were 

surprised to find that SFP signal patterns in these clusters vary substantially in signal 

intensity and shape, with various degrees of SFP outside of the expected 90bp central 
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region (Figure 21d). While every average SFP signal trace appears to show some amount 

of protection proximal to the central high-intensity signal, cluster 3 provides the most 

striking example. Cluster 3 displays a defined peak 200-250bp upstream of the central 

SFP and contains a high intensity central SFP peak. The upstream signal feature 

originally became more pronounced when strand information was applied to TSS-

proximal 90bp target sequences (Figure 20a). Interestingly, when examining the average 

LFP signal for cluster 3, we observed a high level of signal directly between the region 

defined by the two SFP average signal features. Additionally, we observed cluster 7 as 

having the most visually distinct average SFP signal (Figure 21e), which shows a broad 

shoulder in place of the high intensity, tightly defined signal we observe in other clusters. 

When compared to the average LFP trace for cluster 7 (Figure 21c), this suggests 

that centralized LFP signal is not an effective predictor of Abf1 localization, but rather 

that Abf1 is capable of targeting digestion to these sites regardless of LFP within the 

expected target regions. Further, when we examined the average per-base SFP intensity at 

each timepoint for the LF-derived clusters (Figure 21f), we found several interesting 

patterns, most notably in clusters 5 and 2. Cluster 5 displays the lowest overall intensities 

among this set of clusters, which we anticipate could be related to the relatively high 

number of target sequences in this group that lack an Abf1 consensus motif (Figure 21a). 

Cluster 2 essentially displays the opposite effect – the relative number of -MM sites is 

lower for this group of Abf1 targets when compared to cluster 5 and average per base 

SFP intensity appears to be higher at all timepoints. 
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Figure 21. Abf1 SpLiT-ChEC large fragment signal near transcription start sites 
can be used to identify chromatin organization subgroups with distinct protection 
characteristics. a) Counts of the number of Abf1 90bp target sequences in each k-means 
cluster (k = 8) colored by sites with and without a minimal motif. b) Average traces of 
60s Abf1 SpLiT-ChEC large fragment signal separated by k-means cluster annotations. c) 
Close up view of the signal within the central 200bp of traces found in (b). d) equivalent 
to b), except plotting 60s Abf1 SpLiT-ChEC small fragment signal. e) trace showing the 
average small fragment signal of target sites found in LF cluster 7, which contains a 
centralized region of long fragment protection. f) Abf1 small fragment signal intensity at 
TSS-proximal 90bp target sequences from all timepoints, separated into LF cluster 
groups and averaged for each group at each timepoint. 
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Discussion 

While many methods exist that allow protein-DNA interactions to be detected, 

few allow transcription factor binding sites and chromatin organizational elements to be 

measured simultaneously. Generally, multiple experiments must be performed if 

information on both protein-DNA interactions and nucleosome positions is required to 

make conclusions about the behavior of proteins related to chromatin organization. 

Further, current methods for producing genomic DNA fragments from multiple sources 

are either non-targeted (ATAC-Seq, MNase-Seq) or require preparation of functionalized 

antibodies to target enzymatic digestion (CUT&RUN) or transposase activity 

(CUT&Tag) to loci of interest. SpLiT-ChEC provides an alternative to these systems, as 

it relies on the inherent capacity for SpyCatcher and SpyTag to self-associate in a 

biological environment. By SpyTagging proteins in the yeast genome, expression is 

controlled by an endogenous promoter, which avoids the issue of mismatched expression 

associated with the use of a plasmid and/or exogenous promoter. Since the SpyTag is 

small (13 amino acids), it is straightforward and inexpensive to add to an endogenous 

protein in a variety of organisms and cell types.  

Integrating MNSC into the yeast genome with an inducible promoter provides 

two benefits: first, a common base strain can be used as a platform for SpyTagging 

proteins of interest and second, inducing MNSC expression for only a short period before 

harvesting cultures allows the SpyTagged target protein to be expressed in its near-native 

state and bind to chromatin without interference from a large fusion protein. After 

expressing the MNSC construct, MNase is covalently tethered to the SpyTagged target 

and DNA digestion is activated by adding high concentrations of Ca2+to permeabilized 
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yeast cells. This provides better control of MNase activity, which reduces the level 

digestion by free MNSC and provides high signal-over-background in our calculated 

coverage. By separating the sequenced DNA fragments into predefined size ranges, we 

assess the levels of protection from DNA digestion corresponding to DNA binding 

proteins (<120bp fragments) and nucleosomes (140-180bp) from a single paired-end 

sequencing run. Our results suggest that SpLiT-ChEC can serve as an effective tool for 

monitoring protein localization and proximal nucleosome patterning at DNA sequences 

that are bound by SpyTagged proteins.   

Abf1 presents an ideal model system to evaluate SpLiT-ChEC because of its 

known roles in chromatin organization, its activity as a GRF, and the well-defined 

consensus motif associated with its localization (Rhode et al., 1992; Yarragudi et al., 

2004; Ganapathi et al., 2011; Rhee and Pugh, 2011). NFRs are associated with GRF 

binding and are frequently found surrounding consensus motifs (Yarragudi et al., 2004), 

which was readily observed in the LFP signal we detected with SpLiT-ChEC. When 

compared to SFP signal, LFP signal is generally found outside of regions associated with 

protein binding, like those marked by Abf1 consensus sequences. This aligns with the 

observation that Abf1 can nucleate NFRs by competing with nucleosomes to bind DNA, 

similar to the activity observed for pioneering factors in higher eukaryotes (Rhode et al., 

1992; Balsalobre and Drouin, 2022). While Abf1 is not capable of repositioning 

nucleosomes, GRF-mediated targeting of chromatin remodeling proteins, like RSC, is a 

known mechanism that allows nucleosomes to be evicted from NFRs throughout the 

genome (Kubik et al., 2018; Yen et al., 2012; Ganguli et al., 2014). Consistent with this 

activity is the appearance of well-defined LFP signal in many of the regions directly 
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proximal to the Abf1 target sites, which we defined using peak centers from multiple 

timepoints of SpLiT-ChEC SFP signal. We predict that analyzing clusters of targets 

defined by SpLiT-ChEC could identify enriched sequence repeats, subsets of sequence 

motifs, or protein co-localization, any of which may correspond to biologically relevant 

mechanisms that define precise, site-specific nucleosome positions or enable association 

of factors with nucleosome-bound DNA. Based on our results, we anticipate SpLiT-

ChEC will be a valuable tool for studying proteins that are directly involved in dynamic 

processes such as chromatin remodeling and transcription. We have also collected SpLiT-

ChEC data for Reb1, Med14, Ume6, and Gal4 (unpublished), demonstrating that this 

technique can be applied to a wide variety of chromatin-associated factors. Full analysis 

of this data was beyond the scope of this manuscript, but preliminary results suggest that 

SpLiT-ChEC is a flexible tool for detecting DNA binding and nucleosome patterning in 

each of these contexts.   

When separating the Abf1 SpLiT-ChEC signal by the presence of a minimal 

consensus motif, we were surprised to see the relative amount of LFP definition was not 

obviously perturbed in sites lacking a predicted MM. While we cannot rule out that Abf1 

is able to stimulate NFR formation at these sites, though with seemingly lower binding 

intensity, we imagine these interactions represent either co-targeting or binding to NFRs 

established by other GRFs found in yeast (Yarragudi et al., 2004; Kasinathan et al., 2014; 

Barnes and Korber, 2021). We noted that, of the 1807 90bp sequences identified as Abf1 

targets in this study, 296 also contain a consensus motif (JASPAR entry MA0363.2) 

associated with binding of the well-studied GRF Reb1 (Ju et al., 1990), based on sites 

located in the yeast genome with FIMO pattern matching. However, after separating 



 
 
 

127 

Abf1 targets into -MM and +MM groups, we found that 241 of those 296 Abf1 target 

sites do not contain an Abf1 consensus sequence. While a more thorough analysis is 

warranted to substantiate our hypothesis, we believe this highlights a valuable insight 

from SpLiT-ChEC data: Abf1 binding throughout the genome can occur independently of 

its consensus motif, but is not necessarily non-specific, as it appears to be associated with 

gaps in LFP signal, and, theoretically, specific chromatin organizational states that allow 

access to a subset of loci. 

Since SpLiT-ChEC sequencing data is relatively complex to process and interpret, 

we invested substantial effort into designing computational pipelines and tools that 

simplify the analysis of our datasets, which is freely available on GitHub (Bankso/SCAR 

and Bankso/SEAPE). For example, the process we designed to merge peaks into high-

confidence regions of Abf1 binding could be applied to SpLiT-ChEC data recovered 

from other factors, regardless of their association with NFRs. In the future, we predict 

that timepoints collected earlier after that addition of Ca2+ may be better suited to this 

task, as we observed a time-dependent shift in the population of large fragments, 

associated with extended MNase digestion, which could overrepresent SFP signal found 

in the experiments. As more SpLiT-ChEC data is generated, we hope to refine the 

computational processes supporting this analysis, with the intention to make the 

technique generalizable and easily accessible for studying chromatin organization. 
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Methods 

Strain construction 

Stock strains stored at -80°C were streaked onto selective media. From overnight 

starter cultures, yeast were diluted and grown at 30°C in yeast peptone media containing 

2% glucose (YPD), then harvested by centrifugation at 3428 RCF for 5 minutes. Pellets 

were resuspended in sterile water and aliquoted to sterile tubes, then washed twice with 1 

mL of sterile water. Washed pellets were resuspended in transformation buffer (240 uL 

PEG 50%, 36 uL LiOAc, 50 uL salmon sperm DNA) with a DNA cassette to be 

integrated into the genome via homologous recombination. Samples were placed at 42°C 

for a minimum of 1 hr before plating on YPD. Replica plates of transformants were made 

onto selective media after sufficient growth. 

 

Plasmid cloning 

Gibson cloning (Gibson et al., 2009) was used to subclone SpyCatcher002 

from Addgene 102827. Sticky-end PCR (Walker et al., 2008) was performed as 

previously described to insert MNase-GGSx5-SpyCatcher002 into an HO-pGAL plasmid 

derived from Addgene 51664. The SpyTag002 plasmid was made by site-directed 

mutagenesis of a SpyTag001 plasmid, which was constructed via Gibson cloning 

using gBlocks from IDT. A list of plasmids can be found in Appendix B. 

 

Yeast strain verification 

Selection plates were grown at 30°C and screened for colonies containing 

integrated DNA at the required locus via colony PCR. With a toothpick, a small sample 
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was taken from each candidate colony on the selective plate and stirred into 100 uL of 

lysis buffer, then heated at 65°C for 5 minutes. Next, 300 uL of EtOH were added and the 

samples were centrifuged for 5 minutes at 21130 RCF. After removing the supernatant, 

the pellets were washed with 300 uL 70% EtOH and allowed to dry at room temperature. 

Dried pellets were resuspended in 100 uL sterile water and centrifuged for 5 minutes at 

21130 RCF, after which 50 uL of supernatant containing gDNA was transferred to new 

tubes. Genomic DNA samples were analyzed by PCR with sample-specific primers 

designed to amplify target regions of the genome where the integration was expected to 

occur. PCR reactions were analyzed by agarose gel electrophoresis. Positive 

transformants were streaked onto selection media and verified on YPG before use in 

experiments. A list of yeast strains can be found in Appendix A. 

  

Growth, harvest, and preparation of yeast for SpLiT-ChEC 

Adapted from Zentner et al., 2015. From overnight starter cultures, yeast were 

diluted, then grown in yeast peptone media containing 2% raffinose (YPR) at 30°C 

before adding 20% galactose to 2% final concentration. Cultures were returned to 30°C 

for 2 hours to express MNase-SpyCatcher. Next, cultures were centrifuged at 1500 RCF 

for 1 minute at room temperature. Pellets were resuspended in 1 mL buffer A (15mM 

Tris, pH 7.5, 80 mM KCl, 0.1 mM EGTA, 0.5 mM spermidine, 1x Proteoloc protease 

inhibitors, 1x PMSF/leupeptin/benzamidine) and transferred to 1.5 mL tubes. Samples 

were pelleted at 1500 RCF for 30 seconds and the supernatant was removed. This was 

repeated twice more with 1 mL buffer A. Washed pellets were resuspended in 570 uL of 

buffer A, then combined with 30 uL of 2% digitonin. Samples were briefly mixed and 
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allowed to incubate at 30°C for 5 minutes to permeabilize cells. Permeabilized yeast were 

mixed again, then a 100 uL pre-digestion sample was removed to one of 6 tubes 

containing 10 uL 10% SDS and 90 uL of 2x ChEC stop buffer (400 mM NaCl, 20 mM 

EDTA, 4 mM EGTA). 

  

SpLiT-ChEC targeted DNA digestion 

Adapted from Zentner et al., 2015. To perform DNA digestion, 1 uL of 1 M 

CaCl2 (2 mM final) was added to the remaining permeabilized yeast, followed by briefly 

vortexing and placing the sample at 30°C, at which point a timer was started. Samples 

were collected at five time points post-Ca2+ addition by removing 100 uL of sample to 

pre-filled and labeled tubes with ChEC stop buffer and 10% SDS. All tubes were mixed 

immediately after adding a sample aliquot to ensure MNase digestion was deactivated. 

After collecting the final timepoint sample, 4 uL of 20 mg/mL proteinase K was added to 

each tube, followed by incubation at 55°C for a minimum of 30 minutes. At this point, 

samples were stored at -20°C or directly purified. 

 

DNA purification and size selection 

Adapted from Zentner et al., 2015. SpLiT-ChEC DNA fragments were isolated 

from proteinase K-treated samples by first adding 200 uL of phenol-chloroform-isoamyl 

alcohol (25:24:1) and vortexing thoroughly. Samples were centrifuged at 21130 RCF for 

5 minutes, after which ~180 uL of the aqueous (top) layer was removed to new 1.5 mL 

tubes. To precipitate DNA, 500 uL EtOH, 15 uL 3M NaOAc pH 5.3, and 1.5 uL (30 ug) 

of 10 mg/mL glycogen were added to each sample and placed at -80°C for at least 20 
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minutes. DNA pellets were resuspended in RNase solution (1 uL RNase A 20 mg/mL, 29 

uL 1x Cutsmart buffer [New England Biolabs] or low-TE buffer) and digested at 37°C 

for at least 30 minutes. 5 uL of each timepoint sample was analyzed by agarose gel 

electrophoresis to confirm time-dependent DNA streaking. Three samples from across 

the timepoint range were used in size-selection with a 3:1 ratio of SPRI beads 

(AmpureXP, Beckman Coulter). Supernatants from size selection were retained for each 

sample, primarily containing fragments <200 bp in size. The size-selected samples were 

PCI extracted and precipitated as above. The final DNA pellet was solubilized in 12 uL 

low-TE buffer and the concentration determined by Pico Green analysis (Thermo Fisher 

Scientific). 

  

SpLiT-ChEC NGS library preparation 

For library preparation (via Ovation Ultralow V2 kit, NuGen), at most 10 ng of 

DNA was used from each sample as input and all steps were performed per the 

manufacturer’s protocol, except for the noted exceptions here. Library SPRI purification 

steps were performed with 1.8x vol of beads to increase the small fragment content of the 

final libraries and 15 uL of low-TE buffer were used to elute final libraries, collecting 12 

uL as a final sample for sequencing. Amplification cycles were scaled as necessary 

depending on DNA available, with 13 cycles used for 10ng inputs. Libraries were 

sequenced in paired-end mode for 37 cycles on an Illumina HiSeq 5000 system in high 

output mode, yielding 10-20 million paired end reads per sample. 
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Data analysis 

Paired-end reads received in FASTQ format were run through FastQC (Andrews 

2010), then aligned to the Ensembl R64 (Howe et al., 2021) reference genome using 

bowtie2 (Langmead and Salzberg 2012) with the “--no-unal”, “--no-mixed” and “--no-

discordant” flags. Fragment filtering to analyze small (0-120 bp), large (140-180 bp) and 

full (0-200 bp) fragment sets was accomplished with bowtie2 flags ‘-I’ and ‘-X’.  Aligned 

reads were sorted, filtered (MAPQ > 30), and indexed with samtools (Li et al., 2009). 

Deeptools (Ramirez et al., 2016) ‘bamCoverage’ was used to determine sequencing 

coverage from filtered BAM files and output bigWig-formatted files were normalized to 

1x coverage (RPGC, genome size of 12.1 megabases). Coverage files were processed 

with deeptools ‘bigWigCompare’ to calculate the ratio of sample coverage over 

background. Peaks were identified from sample BAM files by MACS3 (https://macs3-

project.github.io/MACS/) ‘callpeak’ using the corresponding timepoint control BAM 

(“No tag”) as background with the flags ‘--keep-dup -all’ and ‘-f BAMPE’. Bedtools 

(Quinlan and Hall, 2010) ‘intersect’ and ‘merge’ were used to subset/combine BED file 

entries. A pipeline was created to locate groups of peak centers from across timepoints 

using custom tools in python and functions from bedtools. Deeptools ‘computeMatrix’, 

‘plotHeatmap’, and ‘plotProfile’ were used to generate matrices, heatmaps and average 

profiles according to input BED regions, respectively.  

Predicted binding sites in the Ensembl reference genome for S. cerevisiae were 

located using FIMO (Grant et al., 2011) with the standard cutoff score of 10-4. Published 

motifs were acquired from JASPAR 2022 database (Castro-Mondragon et al., 2022) 



 
 
 

133 

To perform motif analysis, BED files containing target regions were converted to 

FASTA using bedtools ‘getfasta’. Output FASTA files containing target sequences, now 

fragments of the yeast genome, were processed with MEME suite XSTREME (Grant and 

Bailey 2021) using standard input parameters and the JASPAR 2022 non-redundant 

database, except the motif range was expanded to 5-20bp. This also produces a list of 

motifs found in the submitted FASTA fragments, which can be viewed in Tables 1 and 2. 

The most enriched motifs that grouped with JASPAR entries for tagged DBPs were used 

with FIMO (standard cutoff) to locate sites in the yeast genome. 

All scripts and tools used to analyze SpLiT-ChEC data are available on GitHub 

(Bankso/SCAR and Bankso/SEAPE). Data will be made available on the Gene 

Expression Omnibus. 
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Chapter V Additional Figures 

Figure S1 Abf1 SpLiT-ChEC total fragment pattern is a composite of SFP and LFP 
signal Overlay of signal derived from all DNA fragments less than 200bp collected at 
three timepoints of Abf1-targeted SpLiT-ChEC 
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Figure S2 Abf1 SpLiT-ChEC signal is present at predicted sites and is found at 
similar sites across timepoints a) MNase-Seq signal from wild-type yeast cells at all 
predicted Abf1 consensus sequences in the yeast genome. b) Counts of the number of 
peaks found by MACS3 at each timepoint using small-fragment signal only. c) bar graph 
showing the number of peak regions reported after merging MACS3 peaks from all 
timepoints at increasing distances, noted on the x-axis. d) Abf1 SpLiT-ChEC SFP plotted 
at all center aligned 90bp targets for each Abf1 SpLiT-ChEC timepoint. e) equivalent to 
d, except for Abf1 SpLiT-ChEC LFP. 
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Figure S3 Clustering Abf1 SpLiT-ChEC signal without strand information 
identifies groups of similar signal a) Average Abf1 SpLiT-ChEC LFP signal found in 
each cluster (k=3) after applying k-means to only the 60s LFP signal. b) Identical to a), 
but zoomed in on the central 200bp region of clustered signal. c) Average per-basepair 
signal intensity of Abf1 SpLiT-ChEC SFP signal separated by LF cluster identified in a). 
d) Abf1 60s SpLiT-ChEC LFP signal average traces associated with k-means clusters 
(k=3) obtained from clustering SFP per-basepair signal associated with each 90bp target 
across all three timepoints. e) Plotting 20s and 60s per-basepair signal as cartesian 
coordinates for each of the 90bp regions associated with SpLiT-ChEC SFP signal peaks. 
Coloring by SFP signal k-means cluster shows separated groups of points. f) identical to 
c), except the signal is grouped by SFP signal k-means clusters.  
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Figure S4 Locating optimal k-means cluster counts for Abf1 SFP per-basepair 
signal in 90bp targets near TSSs Elbow plot of WSS calculated for each k-means 
cluster. The blue dot at k=6 indicates the selected cluster number. 
 
 
 

Figure S5 Locating optimal k-means cluster counts for Abf1 LFP signal in 90bp 
targets near TSSs Elbow plot of WSS calculated for each k-means cluster. The blue dot 
at k=8 indicates the selected cluster number. 
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Table 1 Simple Enrichment Analysis results for 1807 Abf1 90bp target sequences 
using motifs identified by XSTREME 
 

ID CONSENSUS TP% FP% 
ENR_ 
RATIO 

SCORE_ 
THR PVALUE EVALUE QVALUE 

MEME-2 ATCAYTWTNNACGR 52.74 3.07 16.8 8.3 
8.23E-

253 1.32E-251 
1.32E-

251 
STREME-
1 ATCAYTWTNNACGR 52.12 3.13 16.3 7.8 

3.66E-
247 5.86E-246 

2.93E-
246 

STREME-
2 RTTACCCGGMHD 15.55 1.29 11.5 11 6.12E-56 9.79E-55 3.26E-55 

MEME-3 NYRTTACCCGV 14.94 1.72 8.41 12 1.35E-47 2.16E-46 5.39E-47 

MEME-1 
AAAAAAAAA 
ARAAAAA 29.01 14.87 1.95 6.6 7.70E-23 1.23E-21 2.46E-22 

STREME-
5 

GAAAAAAAAA 
AAAAAAAAAA 18.5 7.19 2.56 7.5 1.12E-22 1.79E-21 2.98E-22 

STREME-
3 AAATTTTTCAB 6.95 0.98 6.71 10 4.08E-20 6.53E-19 9.32E-20 
STREME-
6 GAAGAAAAAA 29.87 18.32 1.63 6.4 7.12E-15 1.14E-13 1.42E-14 

MEME-7 AGCTCATCGCW 3.13 0.12 17.3 13 1.10E-13 1.76E-12 1.96E-13 

MEME-4 VAAAATTTTTCA 8.91 3.01 2.92 8.6 3.59E-13 5.75E-12 5.75E-13 
STREME-
4 CTCATCGC 2.64 0.06 22 15 1.96E-12 3.13E-11 2.84E-12 
STREME-
7 CARCAATAWK 3.32 0.8 3.93 12 1.72E-07 2.75E-06 2.29E-07 

MEME-5 TTTGCCACC 4.92 2.09 2.31 2.1 6.98E-06 1.12E-04 8.59E-06 

MEME-6 CCACTAAAATCACCTA 0.37 0 7 31 1.56E-02 2.49E-01 1.78E-02 

MEME-8 GTATTATTGTTGAAGRRTAG 0.12 0 3 37 2.50E-01 4.00E+00 2.67E-01 

MEME-9 GTWATATTGRCATAAGTGTA 0 0 1 37 1.00E+00 1.60E+01 1.00E+00 

 
 
Table 2 Motifs identified in 1807 Abf1 90bp target sequences by XSTREME 
 

ID ALT_ID CONSENSUS SITES SEA_ 
PVALUE 

EVALUE SIM_ 
MOTIF 

ATCAYTWTNNACGR MEME-2 ATCAYTWTNNACGR 981 8.22E-253 3.50e-587 MA0265.2  
(ABF1) 

1-ATCAYTWTNNACGR STREME-1 ATCAYTWTNNACGR 899 3.66E-247 9.29E-26 MA0265.2 
(ABF1) 

MA0265.2 ABF1 WHWTCGTRT 
AWAGTGAYAND 

754 1.21E-225 2.35E-223 MA0265.2 

2-RTTACCCGGMHD STREME-2 RTTACCCGGMHD 279 6.12E-56 5.92E-07 MA0363.2  
(REB1) 

MA0363.2 REB1 WNYRTTACCCGGMHD 313 1.33E-48 2.59E-46 MA0363.2 

NYRTTACCCGV MEME-3 NYRTTACCCGV 342 1.35E-47 3.60E-122 MA0363.2  
(REB1) 

AAAAAAAA 
AARAAAAA 

MEME-1 AAAAAAAA 
AARAAAAA 

526 7.70E-23 2.30E-268 MA0277.1 
(AZF1) 

5-GAAAAAAAAA 
AAAAAAAAAA 

STREME-5 GAAAAAAAA 
AAAAAAAAAAA 

216 1.12E-22 1.02E-01 MA0277.1  
(AZF1) 

3-AAATTTTTCAB STREME-3 AAATTTTTCAB 120 4.08E-20 6.83E-04 MA0390.1  
(STB3) 

MA0421.1 NSI1 TTTACCCGGM 119 2.94E-17 5.74E-15 MA0421.1 

6-GAAGAAAAAA STREME-6 GAAGAAAAAA 202 7.12E-15 6.34E-01 MA0377.1  
(SFL1)  
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ID ALT_ID CONSENSUS SITES SEA_ 
PVALUE 

EVALUE SIM_ 
MOTIF 

 
AGCTCATCGCW 

 
MEME-7 

 
AGCTCATCGCW 

 
51 

 
1.10E-13 

 
1.30E-08 

 
MA0350.1 
(TOD6) 

VAAAATTTTTCA MEME-4 VAAAATTTTTCA 129 3.59E-13 9.40E-43 MA0390.1 
(STB3) 

4-CTCATCGC STREME-4 CTCATCGC 125 1.96E-12 6.50E-02 MA0350.1 
(TOD6) 

MA0350.1 TOD6 NBBNDHASCT 
CATCGCSHYND 

185 3.69E-11 7.20E-09 MA0350.1 

MA0351.1 DOT6 DNBBDCWSC 
TCATCGCNYCYT 

169 3.81E-11 7.42E-09 MA0351.1 

MA0390.1 STB3 GTYHAAAWT 
TTTTCACTNHNN 

415 1.13E-09 2.21E-07 MA0390.1 

MA0365.1 RFX1 SGTTGCYA 406 4.70E-08 9.17E-06 MA0365.1 

7-CARCAATAWK STREME-7 CARCAATAWK 108 1.72E-07 1.18E+00 MA0371.1 
(ROX1) 

MA0412.2 UME6 WWTTAG 
CCGCCSANV 

114 1.88E-06 3.66E-04 MA0412.2 

TTTGCCACC MEME-5 TTTGCCACC 46 6.98E-06 3.50E-13 MA0373.1 
(RPN4) 

MA0356.1 PHO2 WTAWTW 394 1.04E-05 2.03E-03 MA0356.1 

MA0359.2 RAP1 DRTGTAT 
GGGTGTWW 

51 3.70E-05 7.21E-03 MA0359.2 

CCACTAAAATCACCTA MEME-6 CCACTAAA 
ATCACCTA 

12 1.56E-02 2.90E-11 CCACTAAA 
ATCACCTA 

GTATTATTGT 
TGAAGRRTAG 

MEME-8 GTATTATTGT 
TGAAGRRTAG 

11 2.50E-01 5.30E-07 MA0426.1 
(YHP1) 

GTWATATTGR 
CATAAGTGTA 

MEME-9 GTWATATTG 
RCATAAGTGTA 

9 1.00E+00 4.30E-06 MA0426.1 
(YHP1) 

 

Bridge from Chapter V to VI 

As mentioned in the Chapter IV to V bridge, we were interested in the potential 

for SpLiT-ChEC to capture genome-wide localization information for Isw2, but we were 

also interested in applying SpLiT-ChEC to other DNA binding proteins. Following our 

work demonstrating the effectiveness of SpLiT-ChEC with Abf1, we turned attention to 

SpLiT-ChEC data collected from SpyTagged versions of Isw2, but also Gal4, Med14, 

Ume6, and Reb1. The results from our work in Chapters V and VI suggest that SpLiT-

ChEC can be generally applied to DNA-binding proteins to capture high-resolution 

information on protein localization in the yeast genome.  
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As with the previous chapter, I engineered all the yeast strains described, 

performed all the experiments, prepared the NGS libraries, and processed and visualized 

the data with my established pipelines.  
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CHAPTER VI 

GENERAL APPLICATION OF SPLIT-CHEC TO DNA-BINDING PROTEINS 

AND PRELIMINARY ANALYSIS OF ISW2-TARGETED  

SPLIT-CHEC SIGNAL  

Introduction 

A significant motivation in developing SpLiT-ChEC was its potential to generate 

high-resolution localization maps of chromatin remodeling proteins, in particular Isw2, 

which we envisioned could help address some of the outstanding questions related to 

Isw2 localization and chromatin remodeling activity in the yeast genome. Isw2 is often 

considered a poor target for immunoprecipitation (Gelbart et al., 2005). It is possible to 

map Isw2 targets using catalytically inactive mutants (Gelbart et al., 2005), but this 

provides an incomplete picture, since the nucleosome remodeling activity of Isw2 is 

dependent on ATP hydrolysis. To this end, we collected SpLiT-ChEC samples from yeast 

where MNase-SpyCatcher was targeted using SpyTag fused to Isw2. All samples 

produced sufficient DNA fragments for sequencing, which we compared to the ratio of 

signal over background obtained from untargeted MNase digestion in the base SpLiT-

ChEC strain at each timepoint.  

Results 

Visualizing SFP and LFP signal at all TSSs (Figure 22a and 22b) in the yeast 

genome shows a propensity for Isw2 to localize near actively transcribed genes. The LFP 

signal shows a shoulder biased towards regions of Isw2 SFP signal, which we anticipate 

corresponds to cells in the population where Isw2 remodels nucleosomes. As with Abf1, 

MACS3 was able to identify peaks at each of the three timepoints we selected for 
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sequencing (5s, 20s, 60s) based on SFP signal. When the extend-and-merge process was 

applied to this set of peaks (Figure 23A), the optimal merge distance was around 70bp, 

reporting 1041 sites as the set of optimally merged Isw2 targets. Plotting Isw2 average 

SFP signal (Figure 23B) shows that signal is located in the central area of the 70bp target 

regions.  

Since some Isw2 targeted remodeling activity is associated with Ume6, we 

counted Isw2 70bp target regions that contain a Ume6 consensus sequence (JASPAR 

entry MA0412.2, ChIP-exo, via FIMO) and found that 61 of the sites matched this 

criterion (Figure 24A). This aligns with our previous observations that 58 Ume6 binding 

sites are Isw2 remodeling targets (Donovan et al., 2021). Visualizing SFP signal at these 

sites shows that Isw2 is effectively localized and that well-defined LFP signal can be 

found proximal to target centers (Figure 24B). 

Figure 22. Isw2 SpLiT-ChEC shows high-detail signal at TSSs across the yeast 
genome a) Overlayed average signal from the three sequenced Isw2 SpLiT-ChEC 
timepoints at all TSSs in the yeast genome. Fragment size ranges are designated in each 
plot. b) Heatmaps showing 20s Isw2 SpLiT-ChEC signal centered on TSSs for both SFP 
and LFP signal 
 

Isw2 SpLiT-ChEC shows detailed signal near transcription start sites across the yeast 
genome

All TSS 
(n=17976)

Isw2 SpLiT-ChEC

5s
20s
60s

Isw2 <200bp 

<120bp 

140-180bp Si
gn

al

Si
gn

al

<120bp 140-180bp

bp

bp

Isw2 SpLiT-ChEC (20s) at TSSs

D
ec

re
as

in
g 

m
ax

im
um

 s
ig

na
l

a)
b)



 
 
 

150 

 

Figure 23. Peaks identified in Isw2 SpLiT-ChEC SFP signal can be merged to locate 
target sites. a) Bar chart showing the number of sites remaining after each extend-and-
merge calculation applied to the total set of peaks identified from Isw2 SFP signal at each 
timepoit. b) Overlay of average SpLiT-ChEC SFP signal at each timepoint for the set of 
70bp target regions identified in a).  
 

While preliminary, we believe this data supports the notion that SpLiT-ChEC 

could be applied to studying TF and ChRP mutants where disrupted nucleosome 

positioning is expected or theorized. Mutations in ChRPs are common in human cancers; 

we expected that SpLiT-ChEC could be used to measure defects in chromatin remodeling 

imparted by these mutations by allowing ChRP localization and nucleosome-related 

signal to be measured simultaneously.  

Though not yet fully analyzed, we have collected and sequenced SpLiT-ChEC 

samples for several other DPBs, including Reb1 (three biological replicates), Med14 (two 

biological replicates), Gal4 (two biological replicates), and Ume6 (three biological 

replicates). For each protein, three timepoints were selected for sequencing. Preliminary 

analysis suggests that each sample contains fragments corresponding to SFP and LFP 
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signal and could be processed in a manner similar to Abf1 and Isw2 SpLiT-ChEC. This 

data will be made available on the Gene Expression Omnibus. 

Figure 24. A subset of Isw2 SpLiT-ChEC target sites contain Ume6 consensus 
sequences. a) Overlay of average signal from Isw2 SFP and LFP at each timepoint for 
70bp target regions that also contain a FIMO-predicted Ume6 consensus binding motif. 
b) Heatmap showing 60s SpLiT-ChEC SFP and LFP signal for the sites used to create 
average traces shown in a).  
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CHAPTER VII 

CONCLUSIONS AND FUTURE DIRECTIONS 

The work detailed in this dissertation contributes to our understanding of 

nucleosome positioning mechanisms, including the methods by which researchers can 

manipulate and capture information from chromatin organizational patterns. Our work 

with E-ChRPs, described in Chapter II, demonstrated the utility of targeted chromatin 

remodeling for inducing ectopic nucleosome positions. In particular, the Chd1-

SpyCatcher system provides versatility in target selection, which can be performed by 

simply appending a SpyTag to a protein of interest. Another important result from our 

work with Chd1-SpyCatcher is the observation that SpyTagged factors can be evicted 

from their binding sites by a nucleosome being pulled into an ectopic position. 

Theoretically, this could be used as a form of transcriptional control and underpins the 

importance of well-controlled nucleosome positioning. E-ChRPs, including degradable 

versions, could be useful in higher eukaryotes, where we may be able to observe 

nucleosome position dynamics in more complex environments. Based on our initial 

results, budding yeast may not be the best system for studying this phenomenon, as it has 

relatively low amounts of heterochromatin, which we anticipate underlies nucleosome 

position inheritance (Escobar et al., 2019), if it occurs. However, transcription start sites 

producing non-canonical transcripts can be associated with specific nucleosome positions 

in the yeast genome (Wei et al., 2019). These targets may serve as suitable loci for 

experiments measuring the transcript response with respect to inheritance of ectopic 

nucleosomes. Further, it would be interesting to study the implications of ectopic 

nucleosome position inheritance in the context of a system where cryptic transcripts are 



 
 
 

153 

deleterious, which may provide more insight on how nucleosome positions become reset, 

if possible, to avoid detrimental effects.  

With regards to Isw2 and the biochemical basis for its interaction with Ume6 

detailed in Chapter III, we found this activity is imparted by the adaptor protein Itc1, 

which interacts with Ume6 to target Isw2 to Ume6 consensus motifs. Importantly, the 

short helical element recognized by Itc1 is believed to be present in other TFs, indicating 

this could be a general mechanism of Isw2 recruitment to position +1 nucleosomes. 

Through simplifying and shortening the process for collecting nucleosomes by 

MNase digestion, as presented in Chapter IV, we are confident this technique will be 

more accessible to researchers interested in studying nucleosome positioning in their 

experimental systems. We were also able to demonstrate the applicability of the quick 

MNase technique to several different biological systems, indicating that it could be 

adapted to collect nucleosome positions for most organisms of interest. 

Based on the data in Chapters V and VI, we anticipate SpLiT-ChEC can be 

applied to studying chromatin organization, protein-DNA interactions, and protein-

protein interactions. By collecting DNA fragments arising from multiple forms of DNA 

protection, we showed capture of protein binding and chromatin organization elements in 

proximity to target sites in the yeast genome. Other systems provide this information, 

though we have not observed a system that achieves DNA digestion through covalent 

linkage of a nuclease to a target protein. While not always desirable, this is advantageous 

in the systems we often study, because it allows for DNA to be digested in situ without 

the need for crosslinking or antibody detection. We believe SpLiT-ChEC could be an 

effective tool to examine the differences in protein localization and nucleosome 
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positioning that arise from mutations in TFs or ChRPs. One simple way to test this is 

with ChRP mutants that are known to be deficient in ATPase activity (Gelbart et al., 

2005), which is required for nucleosome remodeling, and examine the difference in 

SpLiT-ChEC signal between mutant and WT samples. We also anticipate SpLiT-ChEC 

could be modified for use in higher eukaryotes, using CRISPR to introduce SpyTags, and 

expressing MNase-SpyCatcher from a plasmid or introducing purified recombinant 

versions of the fusion.  

One theoretical extension of SpLiT-ChEC is to pair the technique with nascent 

chromatin labeling (Vasseur et al., 2016). By incorporating a modifiable nucleotide 

substitute like ethylene deoxyuridine (EdU) into replicating DNA, nascent chromatin can 

be labeled with click reactions isolated from bulk DNA for analysis. This could provide 

insight into Isw2-bound target sites where remodeling was achieved by allowing the pre-

remodeled LFP signal to be observed. This would also be an interesting technique to pair 

with E-ChRP targeted chromatin remodeling, where ectopic nucleosome positions could 

be induced and SpLiT-ChEC could be used to monitor SFP and LFP signal at target sites, 

with or without nascent chromatin labeling. In this type of system, SpLiT-ChEC applied 

to TFs that may be influenced by ectopic nucleosome positions may also provide insight 

on how mispositioned nucleosomes can influence chromatin structure and protein 

binding. 

Analyzing data from SpLiT-ChEC has suggested that Abf1 targeting and 

nucleosome positioning near targets are coupled, but no obvious preference for Abf1 

targets with or without a minimal motif was present when considering LFP signal 

patterns. While co-targeting of Abf1 at Reb1 targets is well-described, this is not 
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sufficient to explain LFP patterning at all Abf1 targets without a consensus motif. As 

such, it is not clear how DNA sequence plays a direct role in our LFP signal patterns. 

Based on this observation, we theorize that there are subsets of DNA sequences 

associated with similar LFP signal patterns independent of transcription factor binding 

sites. Previous work has determined a clear relationship between DNA sequence and 

nucleosome positions (Kaplan et al., 2009), but the short repeating sequences that are 

suitable for nucleosome formation are not easily located by standard motif analysis.  

To better investigate the links between target sequences and LFP signal patterns, 

we propose that DNA sequences recovered from SpLiT-ChEC be analyzed using 

classical machine (Alvarez-Gonzalez and Erill, 2021) or deep learning techniques (Koo 

and Ploenzke, 2020). One simple way to test the feasibility of this approach would be to 

determine if Abf1 target sites can be accurately classified into sites with or without a 

motif, based on LFP signal patterns or signal intensity measurements from SpLiT-ChEC 

data. Further, the presence of different TF motifs could be used as a feature in this 

analysis, to better understand if co-targeting of proteins helps define nucleosome 

positions in the yeast genome.  

A more complex route would be to convert target sequences or groups of target 

sequences to frequency chaos game representations (FCGRs), which have been useful for 

researchers that perform alignment-free comparison of DNA sequences (Löchel and 

Heider, 2021). The base chaos game transformation allows a sequence of basepairs in 

DNA to be converted to a 2-dimensional plot, which represents the combinations of 

nucleotides that appear in the original sequence and their order. CGRs can also be used to 

reconstruct the original sequence of nucleotides by performing the calculation in reverse. 
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After dividing the plot into 2-dimensional bins and coloring the bins by the relative 

number of points in each region, we could generate pictures of DNA sequences that are 

based on the frequency of each group of nucleotides used to build the CGR map. We 

imagine this framework could be applied to SpLiT-ChEC target sequences or groups of 

target sequences linked to form a mini-genome, which would be classified based on LFP 

signal patterns or other biological information.  

FCGR maps of DNA sequences could then be used with a convolutional neural 

network (Vaz and Balaji, 2021), which is able to process pictures and learn about the 

visual patterns associated with inputs to make predictions on which group a picture 

belongs to. Through this analysis, we may be able to learn about the sequence features 

associated with specific nucleosome positioning patterns at TF-bound sites throughout 

the genome, independent of the need to classify sites using consensus motifs. Further, 

FCGR could simplify the comparison of DNA sequences between groups, by allowing 

for difference calculations to be made between FCGRs that describe the similarity 

between target sequences obtained from SpLiT-ChEC. It may be possible to find 

differences in the set of sequences recovered from binding sites of WT and mutant 

proteins, which could provide a relatively simple method for comparing groups of DNA 

sequences recovered from experiments measuring DBP localization. 

In summary, this dissertation includes several studies that further our 

understanding of the mechanisms that define and maintain nucleosome positions in 

eukaryotic genomes. The synthetic protein systems and computational processes designed 

for these studies may serve as source material for other researchers. In time, expanding 

the knowledge of nucleosome positioning mechanisms and refining the tools available for 
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controlling these mechanisms could advance treatments for human disease. By 

combining rich biological datasets with artificial intelligence, it is highly feasible that 

connections between chromatin organization, DNA sequence, and protein binding will be 

better understood. Artificial intelligence has already proven useful by supporting 

predictive tools for human disease treatment and may be furthered by well-defined 

models of protein binding in the context of nucleosome patterning.  
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APPENDIX A: YEAST STRAINS GENERATED 

Strain ID Relevant genotype 

YS356 
Ume6-SpyFLAG (NATMX); GPD-Chd1[D513N]-Spycatcher 
(P196 [+URA]) 

YS357 
Ume6-SpyFLAG (NATMX); GPD-Chd1[D513N]-Spycatcher 
(P196 [+URA]) 

YS358 
Hsf1-SpyFLAG (NATMX); GPD-Chd1[D513N]-Spycatcher 
(P196 [+URA]) 

YS359 
Hsf1-SpyFLAG (NATMX); GPD-Chd1[D513N]-Spycatcher 
(P196 [+URA]) 

YS360 
Abf1-SpyFLAG (NATMX); GPD-Chd1[D513N]-Spycatcher 
(P196 [+URA]) 

YS361 
Abf1-SpyFLAG (NATMX); GPD-Chd1[D513N]-Spycatcher 
(P196 [+URA]) 

YS362 
Reb1-SpyFLAG (NATMX); GPD-Chd1[D513N]-Spycatcher 
(P196 [+URA]) 

YS363 
Reb1-SpyFLAG (NATMX); GPD-Chd1[D513N]-Spycatcher 
(P196 [+URA]) 

YS364 
HO-pGAL Chd1-GGSx11-SpyCatcher (KANMX); Abf1-
SpyFLAG (NATMX) 

YS365 
HO-pGAL Chd1-GGSx11-SpyCatcher (KANMX); Hsf1-
SpyFLAG (NATMX) 

YS366 
HO-pGAL Chd1-GGSx11-SpyCatcher (KANMX); Reb1-
SpyFLAG (NATMX) 

YS402 HO-pGAL Chd1-GGSx11-Engrailed (KANMX) 
YS403 HO-pGAL Chd1-GGSx11-Engrailed (KANMX) 
YS404 HO-pGAL Chd1-GGSx11-GR (KANMX) 
YS405 HO-pGAL Chd1-GGSx11-GR (KANMX) 
YS406 HO-pGAL Chd1-GGSx11-Res1 (KANMX) 
YS407 HO-pGAL Chd1-GGSx11-Res1 (KANMX) 

YS409 
HO-pGAL Chd1-GGSx11-Ume6 (KANMX); Ume6-SpyFLAG 
(NATMX); Reb1-SpyFLAG (HPHMX)  

YS410 
HO-pGAL Chd1-GGSx11-Ume6 (KANMX); Ume6-SpyFLAG 
(NATMX); Reb1-SpyFLAG (HPHMX)  

YS411 
HO-pGAL Chd1-GGSx11-SpyCatcher (KANMX); Ume6-
SpyFLAG (NATMX); Reb1-SpyFLAG (HPHMX)  
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Strain ID Relevant genotype 

YS412 
HO-pGAL Chd1-GGSx11-SpyCatcher (KANMX); Ume6-
SpyFLAG (NATMX); Reb1-SpyFLAG (HPHMX)  

YS424 HO-pGAL-Chd1[D513N]-GGSx9-URA3 (KANMX) 
YS425 HO-pGAL-Chd1[D513N]-GGSx9-URA3 (KANMX) 

YS436 
HO-pGAL-Chd1-GGSx9-URA3-SpyFLAG (KANMX) 
(NATMX) 

YS437 
HO-pGAL-Chd1-GGSx9-URA3-SpyFLAG (KANMX) 
(NATMX) 

YS533 PV1 (URA3) (KANMX); HO-pGAL-Chd1-Ume6 (HPHMX) 
YS534 PV1 (URA3) (KANMX); HO-pGAL-Chd1-Ume6 (HPHMX) 

YS535 
Dharmacon yTHC Base Cat YSC1210 (KANMX); HO-pGAL-
Chd1-Ume6 (HPHMX) 

YS536 
Dharmacon yTHC Base Cat YSC1210 (KANMX); HO-pGAL-
Chd1-Ume6 (HPHMX) 

YS576 ARS306::HPHMX 
YS577 ARS306::HPHMX 

YS655 
Dharmacon yTHC Base Cat YSC1210 (KANMX); HO-TetO-
3xFLAG-pCyc1-Chd1-Ume6 (HPHMX) (NATMX) 

YS656 
Dharmacon yTHC Base Cat YSC1210 (KANMX); HO-TetO-
3xFLAG-pCyc1-Chd1-Ume6 (HPHMX) (NATMX) 

YS657 
PV1 (URA3) (KANMX); HO-TetO-3xFLAG-pCyc1-Chd1-
Ume6 (HPHMX) (NATMX) 

YS658 
PV1 (URA3) (KANMX); HO-TetO-3xFLAG-pCyc1-Chd1-
Ume6 (HPHMX) (NATMX) 

YS659 ARS305::HPHMX 
YS660 ARS305::HPHMX 
YS661 ARS603.5::HPHMX 
YS662 ARS603.5::HPHMX 
YS663 ARS1021::HPHMX 
YS664 ARS1021::HPHMX 

YS741 
HO-pGAL-Chd1-GGSx9-Ume6-SpyFLAG (KANMX) 
(NATMX) 

YS742 
HO-pGAL-Chd1-GGSx9-Ume6-SpyFLAG (KANMX) 
(NATMX) 

YS743 
HO-pGAL-Chd1-GGSx9-Engrailed-SpyFLAG (KANMX) 
(NATMX) 
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Strain ID Relevant genotype 

YS744 
HO-pGAL-Chd1-GGSx9-Engrailed-SpyFLAG (KANMX) 
(NATMX) 

YS833 PV1 (URA3) (KANMX); ARS306::TRP1 
YS834 PV1 (URA3) (KANMX); ARS305::TRP1 
YS960 H2A.Z-SNAC-FLAG-Spytag002 (HPHMX) 
YS961 H2A.Z-SNAC-FLAG-Spytag002 (HPHMX) 
YS962 Ume6-SNAC-FLAG-Spytag002 (HPHMX) 
YS963 Ume6-SNAC-FLAG-Spytag002 (HPHMX) 
YS964 H2A-SNAC-FLAG-Spytag002 (HPHMX) 
YS965 H2A-SNAC-FLAG-Spytag002 (HPHMX) 
YS966 ARS305::Trp1 
YS967 ARS306::Trp1 

YS968 
HO-pGAL-Chd1-GGSx9-Ume6-SpyFLAG (KANMX) 
(NATMX) 

YS969 ARS305n (Trp1 counterselection) 
YS970 ARS305n (Trp1 counterselection) 

YS981 
HO-pGAL-Chd1-GGSx9-Ume6 (KANMX); trp1::GPD-OsTIR1-
Trp1 (linearized P235) 

YS982 
PV1 (KANMX) (URA3+); trp1::GPD-OsTIR1-Trp1 (linearized 
P235) 

YS1019 
PV1 (KANMX) (URA3+); trp1::GPD-OsTIR1-Trp1 (linearized 
P235); HO-pGAL-Chd1-Ume6-HO (HPHMX) 

YS1020 
PV1 (KANMX) (URA3+); trp1::GPD-OsTIR1-Trp1 (linearized 
P235); HO-pGAL-Chd1-Ume6-HO (HPHMX) 

YS1049 
MATa W303 Abf1-3C-FLAG-SpyTag002_hphMX+ P310 
[ADH_MNase_GGSx5_SpyCatcher002; URA3+] 

YS1050 
MATa W303 Abf1-3C-FLAG-SpyTag002_hphMX+ P310 
[ADH_MNase_GGSx5_SpyCatcher002; URA3+] 

YS1051 
MATa W303 Abf1-3C-FLAG-SpyTag002_hphMX+ P310 
[ADH_MNase_GGSx5_SpyCatcher002; URA3+] 

YS1052 
MATa W303 Abf1-3C-FLAG-SpyTag002_hphMX+ P310 
[ADH_MNase_GGSx5_SpyCatcher002; URA3+] 

YS1053 
MATa W303 Abf1-3C-FLAG-SpyTag002_hphMX+ P310 
[ADH_MNase_GGSx5_SpyCatcher002; URA3+] 

YS1054 
MATa W303 Abf1-3C-FLAG-SpyTag002_hphMX+ P310 
[ADH_MNase_GGSx5_SpyCatcher002; URA3+] 

YS1055 
MATa W303 Abf1-3C-FLAG-SpyTag002_hphMX+ P310 
[ADH_MNase_GGSx5_SpyCatcher002; URA3+] 
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Strain ID Relevant genotype 

YS1056 
MATa W303 Abf1-3C-FLAG-SpyTag002_hphMX+ P310 
[ADH_MNase_GGSx5_SpyCatcher002; URA3+] 

YS1063 
PV1 (KANMX) (URA3+); trp1::GPD-OsTIR1-Trp1 (linearized 
P235); HO-pGAL-Chd1-Ume6-IAA7-3XFLAG-HO (NATMX) 

YS1064 W303 MATa Ume6::URA3 at N-term; FLAG-KAN at C-term 
YS1065 W303 MATa Ume6::URA3 at N-term; FLAG-KAN at C-term 
YS1066 W303 MATa Ume6::URA3 at N-term; FLAG-KAN at C-term 

YS1067 
W303 MATa Itc1-URA (URA *replaces* nt76-210); FLAG-
KAN at C-term 

YS1068 
W303 MATa Itc1-URA (URA *replaces* nt76-210); FLAG-
KAN at C-term 

YS1069 
W303 MATa Itc1-URA (URA *replaces* nt76-210); FLAG-
KAN at C-term 

YS1079 HO_pGAL_MNase_SpyCatcher002_HPHMX_HO 
YS1080 HO_pGAL_MNase_SpyCatcher002_HPHMX_HO 

YS1081 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Med14-3C-
GGS-SpyTag002-NATMX 

YS1082 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Med14-3C-
GGS-SpyTag002-NATMX 

YS1083 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Med14-3C-
GGS-SpyTag002-NATMX 

YS1084 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Med14-3C-
GGS-SpyTag002-NATMX 

YS1085 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Gal4-3C-
GGS-SpyTag002-NATMX 

YS1086 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Gal4-3C-
GGS-SpyTag002-NATMX 

YS1087 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Gal4-3C-
GGS-SpyTag002-NATMX 

YS1088 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Abf1-3C-
GGS-SpyTag002-NATMX 

YS1089 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Abf1-3C-
GGS-SpyTag002-NATMX 

YS1090 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Isw2-3C-
GGS-SpyTag002-NATMX 

YS1091 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Isw2-3C-
GGS-SpyTag002-NATMX 

YS1092 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Isw2-3C-
GGS-SpyTag002-NATMX 
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Strain ID Relevant genotype 

YS1093 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Isw2-3C-
GGS-SpyTag002-NATMX 

YS1094 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Reb1-3C-
GGS-SpyTag002-NATMX 

YS1095 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Reb1-3C-
GGS-SpyTag002-NATMX 

YS1096 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Reb1-3C-
GGS-SpyTag002-NATMX 

YS1097 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Reb1-3C-
GGS-SpyTag002-NATMX 

YS1098 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Ume6-3C-
GGS-SpyTag002-NATMX 

YS1099 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Ume6-3C-
GGS-SpyTag002-NATMX 

YS1100 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Ume6-3C-
GGS-SpyTag002-NATMX 

YS1101 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Abf1-3C-
GGS-SpyTag002-NATMX 

YS1102 
HO_pGAL_MNase_SpyCatcher002_HPHMX_HO; Abf1-3C-
GGS-SpyTag002-NATMX 
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APPENDIX B: PLASMIDS GENERATED FOR SPLIT-CHEC 

Plasmid ID Plasmid contents  
P314 HO_pGAL_MNase_SpyCatcher002_hphmx_HO  
P315 pFA6a_3C_GGS_SpyTag002_NATMX  
P316 pFA6a_3C_GGS_SpyTag002_HIS3MX  

 


