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Abstract 

Eukaryotes organize their genomes by wrapping DNA around positively charged 

proteins called histones to form a structure known as chromatin. This structure is ideal for 

keeping the genome safe from damage, but also becomes an obstacle for the 

transcriptional machinery to access information stored in the DNA. To facilitate a 

balance between storage and accessibility, eukaryotes utilize a family of enzymes known 

as ATP-dependent chromatin remodelers to directly manipulate chromatin structure. The 

diverse activities of these chromatin remodeling enzymes range from simply sliding 

nucleosomes to reveal transcription start sites, to editing the composition of a nucleosome 

by exchanging canonical histones for histone variants. Chromatin remodeling enzymes 

recognize features of the nucleosome that activate their ATPase domains and enable 

proper remodeling function. One nuclear epitope that has been extensively studied is the 

nucleosomal acidic patch. This negatively charged region on the face of the nucleosome 

has been shown to be essential for remodeling enzymes like Chd1, ISWI, and INO80C. 

The chromatin remodeler SWR1C edits nucleosomes by removing the canonical histone 

H2A from nucleosomes and exchanges it for the histone variant H2A.Z, but the role of 

the acidic patch in this process has not been investigated. In this work, I showed that 

SWR1C has normal binding affinity to acidic patch mutant nucleosomes and retains 

ATPase stimulation but can no longer exchange dimers on this substrate. This work also 

identified a novel arginine anchor on the essential SWR1C subunit, Swc5, that binds 

specifically to the nucleosomal acidic patch. The data in this work suggest a mechanism 
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where SWR1C engages nucleosomes and uses the Swc5 subunit to recognize the 

nucleosomal acidic patch to couple ATPase activity to histone dimer exchange. 
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CHAPTER 1 

INTRODUCTION 
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Chromatin structure and functionality  
 

 The DNA sequence of every organism contains all the information required to 

generate protein and cellular structures essential for viability, but the accumulation of this 

genetic knowledge leads to a storage and maintenance issue. Eukaryotes found a solution 

to this dilemma by utilizing a nucleoprotein structure called chromatin. By wrapping 

DNA around positively charged proteins called histones, cells simultaneously had a 

means for keeping their individual genomes compact and provided a mechanism to 

regulate accessibility to large stretches of the DNA sequence.  

Chromatin takes on a variety of higher order structures throughout the cell cycle 

that stem from the organization of its basic subunit, the nucleosome. Nucleosomes 

consists of 147 base pairs (bp) of DNA wrapped 1.7 times around a histone octamer 

comprised of two copies of histones H2A, H2B, H3, and H4, and this structure is nearly 

identical whether looking at a human or yeast nucleosome (Richmond et al. 1984; Luger 

et al. 1997; Tsunaka et al. 2005). The core histone proteins of the nucleosome are highly 

conserved across eukaryotic species with each individual histone ranging from 100-140 

amino acids in length. These small proteins are enriched with positive charged lysine (K) 

and arginine (R) residues that electrostatically interact with DNA, and their stretches of 

hydrophobic residues drive the formation of H2A/H2B heterodimers and H3/H4 

tetramers. The key structural features of histones consist of a central alpha-helix flanked 

by loops connecting two smaller alpha-helices (Luger et al. 1997; Arents et al. 1991). The 

central helix drives H2A/H2B and H3/H4 dimerization via an anti-parallel handshake 

interaction while flanking helices allow two H3/H4 dimers to form a tetramer by a four-
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helix bundle interaction (Luger et al. 1997; Arents et al. 1991). The simple structure of 

histones makes them quite resilient, enabling them to undergo complete denaturing to a 

primary structure and refold into a stable octamer in the presence of 2M NaCl (Tatchell 

and Van Holde 1977). This octamer is stabilized by the high salt, which drive the 

interaction between the hydrophobic clefts of the histones, requires DNA to stabilize the 

structure under physiological salt concentrations (Hansen, Holde, and Lohr 1991). 

Nucleosomes overcome the charge constraint DNA presents to compaction by efficiently 

wrapping DNA on the octamer surface via positively charged arginine side chains that 

insert into the minor grooves of the nucleosomal DNA (Luger et al. 1997). The 

nucleosome is a symmetric structure where locations are specified based on their location 

from the DNA dyad. Every ten base pairs of DNA completes one helical turn of DNA, 

and counting these superhelical locations (SHL) from the nucleosome dyad provides a 

means for systematically identifying a specific region on the nucleosome (Luger et al. 

1997). The nucleosome dyad is referred to as SHL 0 (Figure 1.1 A.).  
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Figure 1. 1 Nucleosome Structure 
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Figure 1.1 : Structure and of the nucleosome 
 
A. The crystal structure of a yeast nucleosome at 3.1 Å (PDB # 1ID3) with each super 

helical location (SHL) labeled (White, Suto, and Luger 2001). B. An electrostatic view of 

the same nucleosome where red indicates negative charge density and blue indicates 

positive charge density. The dense red region shown outlined by a box indicates the 

location of the nucleosomal acidic and has the histones residues listed that make up the 

region. Both images were generated using pymol. 
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While the nucleosome serves the purpose of safeguarding and compacting the 

genome, DNA wrapped around a nucleosome is inaccessible to transcriptional and DNA 

repair machinery. To address this conundrum, nucleosome dynamics are regulated 

through a combination of histone posttranslational modifications (PTMs), ATP-

dependent chromatin remodeling, and incorporation of histone variants. Residues along 

the unstructured histone tails are prime targets for PTMs that directly influence the 

interactions between neighboring nucleosomes and through recruitment of trans-acting 

proteins. While there is a plethora of PTM combinations a nucleosome can acquire, the 

information conveyed by these marks provide a means of identifying regions of DNA as 

active (euchromatin) or repressed (heterochromatin) (Rao et al. 2014; Lieberman-Aiden 

et al. 2009). There are individual residues known to promote gene activation such as H4 

lysine 16 acetylation (H4K16ac), which reduces nucleosome compaction by disrupting 

H4 tail association with the nucleosomal acidic patch while also interfering with the 

activity of ISWI chromatin remodelers (Shogren-Knaak et al. 2006; Fierz et al. 2011; Q. 

Chen et al. 2017). Another mark H3 lysine 56 acetylation (H3K56ac) has a dramatic 

effect on enhancing nucleosome turnover in vivo despite not being recapitulated in vitro 

(Kaplan et al. 2008; Neumann et al. 2009; Feldman and Peterson 2019). These 

discrepancies in observations between in vivo and in vitro highlight how synergistic 

effects of histone variants, PTMs, and chromatin remodelers influence nucleosome 

behavior at various locations throughout the genome. 

Nucleosome dynamics can be altered by the incorporation of histone variants. The 

H2A histone variant H2A.Z is conserved from yeast to human and is essential for 
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metazoan viability (Iouzalen, Moreau, and Méchali 1996; Clarkson et al. 1999; van Daal 

and Elgin 1992; Faast et al. 2001a). H2A.Z is enriched at promoter proximal 

nucleosomes where it is associated with both gene activation and repression, along with 

being deposited at sites of DNA damage (Dion et al. 2007; P. Chen, Wang, and Li 2014; 

Creyghton et al. 2008; Nishibuchi et al. 2014). H2A.Z also works with the RNA exosome 

to maintain a balance between transcription and RNA degradation by controlling the 

levels of the transcript that encodes the deacetylase Hst3 (Bryll and Peterson 2021). 

 

Chromatin Remodeling 
 

 Histone tails and the nucleosomal acidic patch can influence compaction between 

neighboring nucleosomes, but these charged based interactions are not enough to regulate 

accessibility of the information stored in the genome. A class of ATP-dependent 

chromatin remodeling complexes engage nucleosomes and mobilize them in a variety of 

ways to regulate access to information stored in the DNA. Chromatin remodeling 

enzymes are phylogenetically grouped based on their conserved Swi2/Snf2 ATPase 

domain(J. Ye et al. 2004; Singleton, Dillingham, and Wigley 2007). There are four 

conserved subfamilies of chromatin remodeling enzymes that are named after their 

catalytic subunit. These families are CHD (chromodomain, helicase, DNA binding), 

ISWI (imitation SWI), SWI/SNF (switching defective/sucrose non-fermenting) and 

INO80 (inositol requiring 80). Chromatin remodelers vary in sizes ranging from the 

single subunit Chd1 to 1MDa multi-subunit complexes like SWI/SNF and INO80C. The 

size and complexity of each remodeler factor into the type of remodeling they perform on 
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the nucleosome. Chromatin remodeling activity varies from the basic actions of 

nucleosome sliding, to more complex actions like histone dimer/octamer eviction and 

nucleosome editing.  

Despite the differences in composition and remodeling activity across the four 

subfamilies, each remodeling complex relies on the activity of the ATPase lobes to carry 

out any form of remodeling. The split RecA-like ATPase lobes hydrolyze ATP to 

translocate DNA on the octamer to initiate remodeling activity (J. Ye et al. 2004). The 

bilobal ATPase of other SF1 and SF2 DNA translocases appear to use an inch-worm like 

mechanism to move across DNA where one lobe remains in contact with the DNA 

backbone allowing the other lobe to release and bind upstream DNA(Singleton, 

Dillingham, and Wigley 2007). This action is dependent on the binding and hydrolyzing 

of ATP followed by the subsequent release of ADP to translocate a single base pair of 

DNA. Snf2 ATPases require ATP to mobilize the DNA, but the mechanism used relies 

on the conformational changes to the ATPase lobes during ATP hydrolysis to 

accommodate different DNA states. A study using the yeast Chd1 remodeler showed that 

when bound to a nucleosome in the absence of ATP, the enzyme was able to shift the 

tracking strand of DNA 1 base in from the entry site of the nucleosome up to SHL2 

where the ATPase lobes are bound resulting in the DNA being overwound (Winger et al. 

2018). When bound to an ATP analog mimicking a mid-ATP hydrolysis state, the 

ATPase lobes returned to stabilizing the canonical double helix DNA state. This 

mechanism of DNA translocation uses ATP hydrolysis to alternate the affinity of the 

ATPase lobes between stabilizing a 1 base single strand bulge at SHL2 and then 
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propagating that extra bp of DNA toward the nucleosome dyad as the ATPase lobes’ 

affinity shifts towards double-stranded DNA(Winger et al. 2018). This model suggests a 

common mechanism that the ATPase domain of chromatin remodelers use to carry out 

any remodeling activity. 

 

CHD 
 

 Yeast Chd1 is a single subunit chromatin remodeler associated with nucleosome 

sliding, spacing, and assembly (Lusser, Urwin, and Kadonaga 2005; Stockdale et al. 

2006). In addition to the ATPase lobes, the key features of the CHD family of remodeling 

enzymes are their N-terminal tandem chromodomains, a NegC/C-terminal bridge domain 

adjacent to the second ATPase lobe, and a C-terminal DNA binding domain (DBD) 

(Figure 1.2) (Delmas, Stokes, and Perry 1993). These domains interact with histone tails 

and the nucleosomal acidic patch to promote nucleosome sliding by the complex. In the 

absence of the nucleosome, Chd1 is autoinhibited by its chromodomains, which packs 

against the DNA-binding surface of the ATPase domain preventing ATP hydrolysis 

(Hauk et al. 2010). This autoinhibition is relieved when bound to nucleosomes as 

opposed to naked DNA because the chromodomain inhibition is relieved by the N-

terminal H4 tails of the nucleosome (Hauk et al. 2010; Ferreira, Flaus, and Owen-Hughes 

2007).  Deleting the chromodomains of Chd1 does partially relieve the autoinhibition, but  
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Figure 1. 2 Chromatin Remodeler Subfamilies 
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Figure 1.2 : Chromatin remodeler subfamilies 

A schematic showing the defining features in the catalytic domains of each subfamily of 

chromatin remodeling enzymes in yeast. This figure is adapted from (Clapier et al. 2017)  
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 does not eliminate the need for the positive regulatory effect of the H4 tails (Hauk 

et al. 2010). 

Chd1’s ability to space nucleosomes comes from the DBD recognizing linker 

DNA and moving the nucleosome towards the center of a DNA template (Stockdale et al. 

2006). Fully active Chd1 requires an intact nucleosomal acidic patch to efficiently center 

position nucleosomes, evident by the rate of sliding decreasing when one acidic patch is 

mutated and further loss of activity is observed in the absence of both acidic patches 

(Levendosky and Bowman 2019). The NegC region adjacent to the ATPase lobes is a 

known autoinhibitory motif that functions in tandem with the DBD (Clapier and Cairns 

2012). As the DBD recognizes linker DNA at the entry site of nucleosomes, this releases 

the inhibition of the ATPase lobes by NegC allowing the ATPase motor to translocate 

DNA into the nucleosome (Nodelman et al. 2021, 1).  

 

ISWI 
 

  Yeast ISWI complexes display similar spacing behavior to Chd1 and contain a 

NegC domain, but differ in key regions of the catalytic domain along with having 

additional regulatory subunits associated with it. ISWI enzymes lack the N-terminal 

chromodomains found in CHD enzymes, and instead have a different autoinhibitory 

region called AutoN and a C-terminal HSS (HAND, SANT, SLIDE) domain (Figure 1.2). 

The SANT portion of the HSS domain promote interactions with unmodified H3 histone 

tails and the SLIDE portion acts in a similar manner to the Chd1 DBD domain by 
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interacting with linker DNA. Like Chd1, ISWI relies on histone tails and the nucleosomal 

acidic patch to facilitate sliding (Gamarra et al. 2018; Shogren-Knaak et al. 2006). 

 The catalytic subunit of ISWI enzymes relies more on the acidic patch to promote 

sliding and centering positioning of nucleosomes compared to Chd1 (Levendosky and 

Bowman 2019). SNF2h, the catalytic subunit of human ISWI complexes prefers to center 

position nucleosomes but loses this behavior when given an asymmetric nucleosome 

where one side lacks the acidic patch(Levendosky and Bowman 2019). SNF2h can only 

slide nucleosomes in a direction containing an intact acidic patch, and will even slide the 

octamer off the DNA template(Levendosky and Bowman 2019). This change in 

remodeling activity is attributed to the AutoN and NegC region binding to the acidic 

patch to release the inhibition on the ATPase motor(Gamarra et al. 2018). Remodeling on 

acidic patch mutant (APM) nucleosomes by SNF2h has a 200-fold reduction in rate 

compared to a 10-fold reduction by Chd1 on the same substrate(Gamarra et al. 2018; 

Levendosky and Bowman 2019). SNF2h, when paired with the Acf1 subunit to form the 

ACF complex, is capable of remodeling and centering APM nucleosomes similar to 

Chd1(Gamarra et al. 2018; Levendosky and Bowman 2019).  

H4 tails are required for activation of ISWI by interacting with the ATPase 

domain to relieve autoinhibition (Clapier, Nightingale, and Becker 2002, 4). Where the 

N-terminal H4 tail protrudes from the nucleosome is located close to SHL2 on the 

nucleosome (Luger et al. 1997), and when this portion of the H4 is grafted elsewhere on 

the nucleosome (at H3 or H2A) the stimulation is lost(Clapier, Nightingale, and Becker 

2002). The ATPase motor can be stimulated when ISWI is given an isolated H4 tail 
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peptide when DNA is also present(Clapier, Nightingale, and Becker 2002). The key 

residues in the H4 tail, R17H18R19, appear to antagonize the inhibition by AutoN by 

allosterically activating the ATPase, along with the nucleosomal acidic patch providing a 

docking site for the basic residues of AutoN and NegC (Clapier, Nightingale, and Becker 

2002; Gamarra et al. 2018; Dao et al. 2020). H4K16ac disrupts the interaction between 

the H4 tail and the ISWI ATPase lobes leading to inefficient nucleosome 

sliding(Shogren-Knaak et al. 2006; Clapier, Nightingale, and Becker 2002). While ISWI 

can be associated with gene activation by sliding nucleosomes to expose promoter 

regions of DNA, both ISWI and CHD tend to play more of a repressive role in the 

genome (Whitehouse et al. 2007; Morillon et al. 2003; Alén et al. 2002). While the role 

these complexes play in regulating chromatin structure may appear redundant in yeast, 

more complex eukaryotes have multiple CHD-subfamilies that are compositionally 

diverse. Pairing a CHD catalytic subunit with a deacetylase as seen in the Mi-2/NURD 

provides tighter control of gene repression by having a complex that simultaneously 

remove acetyl groups from nucleosomes and evenly space them (Denslow and Wade 

2007). 

 

SWI/SNF 
  

 SWI/SNF chromatin remodelers are multi-subunit complexes over 1MDa in size 

capable of nucleosome sliding, H2A/H2B dimer eviction, and histone octamer eviction 

(Smith et al. 2003; Yang et al. 2007; Clapier et al. 2016). The sliding activity of 

SWI/SNF complexes acts counter to CHD and ISWI, where nucleosome sliding results in 
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the octamer being slid away from the center of the DNA template (Saha, Wittmeyer, and 

Cairns 2002). These complexes tend to occupy promoter regions of chromatin and play a 

large role in gene activation by sliding nucleosomes to expose transcription start sites or 

exposing the DNA sequence by ejecting the whole octamer (Lorch et al. 2011). The most 

prominent complexes of this subfamily in yeast are the SWI/SNF and RSC (remodeling 

the structure of chromatin) complexes. These two complexes are distinguished by their 

catalytic subunit, where SWI/SNF contains the Snf2p/Swi2p ATPase subunit while RSC 

has the Sth1 (Snf2 homolog 1) ATPase subunit. Aside from the ATPase domain, this 

subfamily’s catalytic subunit contains an N-terminal HSA domain/post-HSA domain, a 

SnAC (Snf2 ATP Coupling) domain, AT-hooks, and a bromo domain (Figure 1.2).  

 Snf2 and Sth1 are robust ATPases stimulated by single- or double-stranded DNA 

and nucleosomes. When isolated, the Sth1 subunit of RSC can slide nucleosomes and 

translocate along small circular double stranded DNA constructs (Saha, Wittmeyer, and 

Cairns 2002). While regions within the catalytic subunit of these complexes play a role in 

regulating remodeling activity, SWI/SNF and RSC lack the levels of autoinhibition 

observed in CHD and ISWI complexes. Instead of NegC and AutoN flanking the ATPase 

to prevent activity, Snf2 and Sth1 have a SnAC domain adjacent to lobe 2 that is essential 

for ATPase activity(Sen et al. 2011). Mutating the SnAC domain of Snf2 eliminates 

ATPase and remodeling activity of SWI/SNF complexes but does not alter substrate 

binding or complex formation(Sen et al. 2011).  

 In contrast to Chd1 and ISWI, Snf2 and Sth1 start to hydrolyze ATP as soon their 

ATPase lobes bind any form of DNA. This robust activity keeps these complexes in a 
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state that by default will slide nucleosomes when bound. The post-HSA region on Snf2 

and Sth1 limits ATPase activity to slow the rate of nucleosome sliding, and prevents 

nucleosomes ejection (Clapier et al. 2016). Mutations in this region can relieve this 

inhibition and allow Sth1 to eject octamers on its own(Clapier et al. 2016). The auxiliary 

subunits of RSC and SWI/SNF work with the catalytic subunit to regulate activity to slow 

down or speed up nucleosome sliding, along with coupling the ATPase activity to 

promote other forms of remodeling like dimer and octamer eviction (Yang et al. 2007; 

Clapier et al. 2016). The HSA (helicase-SANT-associated) domain on Snf2 and Sth1 

provides a scaffold for their shared subunits Arp7, Arp9, and Rtt102. The partial complex 

of Sth1, Arp7/9 and Rtt102 is capable of octamer eviction and faster nucleosome sliding 

(Clapier et al. 2016). Arp7/9 binding to Sth1 antagonizes the inhibitory post-HSA 

interaction with the ATPase domain (Clapier et al. 2016). This interaction decreases 

ATPase activity but increases the coupling between ATP hydrolysis and DNA 

translocation. This coupling is further increased by adding Rtt102 to the Sth1 and Arp7/9 

subcomplex (Clapier et al. 2016). 

 Other auxiliary subunits regulate activity by interacting with features of the 

nucleosome. For instance, partial complexes made of Snf2 with the Arp7/9 robustly slide 

and evict nucleosome, but lack H2A/H2B dimer removal activity (Yang et al. 2007). 

Dimer removal requires the SWI/SNF subunit Swi3, which has an acidic N-terminus that 

interacts with the nucleosomal H2A/H2B dimers during remodeling and facilitates their 

eviction from the nucleosome (Yang et al. 2007). Snf5 and Sfh1 (Snf5 homolog 1) 

interact with the acidic patch in various structures of SWI/SNF and RSC, respectively 



 17 

(Mashtalir et al. 2020; Y. Ye et al. 2019; Wagner et al. 2020). Remodeling activity by 

mammalian Snf2 ortholog BRG1 on acidic patch mutant nucleosomes has reduced 

remodeling activity, which appears to be a common theme with all chromatin remodelers 

(Dann et al. 2017). Snf2/Sth1 ATPases do not require a nucleosomal acidic patch for 

activation; however, SWI/SNF and RSC structures bound to a nucleosome show their 

binding to the acidic patch through the SnAC domain along with key subunits like Snf5 

and Sfh1 (Y. Ye et al. 2019; Wagner et al. 2020). Structural evidence of acidic patch 

interacting with both SWI/SNF and RSC along with in vitro data showing reduced 

remodeling behaviors on APM nucleosomes suggests a mechanism of the nucleosomal 

acidic patch coupling ATPase activity of these complexes to chromatin remodeling.  

 

INO80 
  

 The INO80 subfamily of chromatin remodelers consist of the two complexes 

identified in yeast called INO80C and SWR1C. The catalytic subunits, Ino80 and Swr1, 

contain an HSA domain like the SWI/SNF subfamily, however the defining feature of 

this subfamily is the large insertion region between their two RecA-like lobes (Figure 

1.2) (Shen et al. 2000; Kobor et al. 2004). Both INO80C and SWR1C are architecturally 

similar and even share some identical subunits, the most prominent being the 

heterohexameric Rvb1/2 ring (Willhoft et al. 2018; Eustermann et al. 2018b). Rvb1 and 

Rvb2 are helicase-related AAA+ ATPases that assemble around the insertion domain in 

Swr1 and Ino80 taking the shape of a compact “head” (Watanabe et al. 2015). The N-

terminal HSA domain acts as a scaffold for Actin and Arp4 in both complexes, but 
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INO80C also contains Arp8 while SWR1C appears to have an additional copy of Actin 

(Watanabe et al. 2015; Lin et al. 2017a). Both complexes have a YEATS domain subunit, 

Taf14 in INO80C and Yaf9 in SWR1C, that act as reader for acetylated and crotonylated 

histone tail lysine residues (Li et al. 2016; A. Y. Wang et al. 2009). INO80C and SWR1C 

also possess a YL-1 family subunit, Ies6 and Swc2, respectively, that is essential for their 

remodeling activity (W.-H. Wu et al. 2005; Eustermann et al. 2018b, 5; Yao et al. 2016; 

Watanabe et al. 2015).  

This subfamily of remodelers is known for its nucleosome editing activity, where 

SWR1C replaces the canonical H2A/H2B histone dimer on the nucleosome with an 

H2A.Z/H2B dimer while INO80C does the reverse reaction (Kobor et al. 2004; 

Papamichos-Chronakis et al. 2011; Brahma et al. 2017, 80). Unlike SWR1C, INO80C 

also has nucleosome sliding activity. INO80C remodeling behavior differs from other 

subfamilies in the way it engages the nucleosome. Instead of binding the nucleosome at 

SHL2 with its ATPase lobes, like all other remodelers including SWR1C, INO80C 

engages the nucleosome at SHL6 (Figure 1.3) (Eustermann et al. 2018b). The Arp5/Ies6 

module of INO80C interacts with the nucleosome at SHL2 and SHL3, and this 

interaction is essential for sliding and dimer exchange activity (Figure 1.3) (Watanabe et 

al. 2015). Sliding activity by INO80C is affected by nucleosomal features like the acidic 

patch and histone variants (Gamarra et al. 2018; Eustermann et al. 2018b). While H2A.Z-

containing nucleosomes are a substrate for dimer exchange, INO80C also slides H2A.Z-

nucleosomes faster than canonical H2A-nucleosomes (Eustermann et al. 2018b). INO80C 

requires a nucleosomal acidic patch for efficient sliding (Gamarra et al. 2018). There is 
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roughly a 200-fold decrease in the rate of sliding by INO80C on APM nucleosomes 

compared to wild-type (WT) nucleosomes (Eustermann et al. 2018b; Gamarra et al. 

2018). The acidic patch interaction with INO80C appears to be mediated through Arp5 

and Ies2, where Arp5 binds the proximal acidic patch while Ies2 makes contact on the 

distal acidic patch of the nucleosome (Eustermann et al. 2018b). INO80C sliding activity 

resembles CHD and ISWI because it slides nucleosomes to the center of a DNA template 

and requires the acidic patch but is mechanistically distinct from those two subfamilies. 

Single-molecule FRET assays that probed ISWI nucleosome sliding showed an initial 

7bp step of translocation followed by subsequent 3bp DNA steps(Deindl et al. 2013). 

When INO80C nucleosome sliding was examined in a similar setup, it had longer pause 

interval than ISWI that was followed by robustly sliding 20bps before pausing to reassess 

the linker length of the nucleosomal substrate (Deindl et al. 2013; Coral Y. Zhou et al. 

2018). Yeast INO80C nucleosome sliding activity varies with the length of the DNA 

linker where activity increased nearly 100-fold when the DNA linker is increased from 

40 to 60bps(Coral Y. Zhou et al. 2018). Linker length detection by INO80C is done by 

the subunit Nhp10, which appears to inhibit sliding activity until the complex senses 

sufficient DNA linker length(Coral Y. Zhou et al. 2018). Loss of Nhp10 (by truncating 

the first 200 residues of Ino80 or deleting the subunit) resulted in INO80C losing the 

switch-like behavior and   
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Figure 1. 3 Structure of INO80C bound to a nucleosome 

1. 
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Figure 1.3: Cyro-EM structure of INO80C bound to a nucleosome 

A. 4.3 Å cryo-EM structure of INO80C bound to a nucleosome  (PDB # 6FML) 

(Eustermann et al. 2018a). Ino80 (orange) ATPase lobes are bound to the nucleosomes at 

SHL -6 and the Arp 5 (forest green), Ies6 (yellow) module is engaging the DNA at SHL -

2. B. Table of INO80C subunits, green indicate subunits that were resolved in the 

structure, and red indicates subunits that are present in the complex but were not resolved 

in the structure.  
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allowing the mutant complex to slide nucleosomes with 40bp linkers 100-fold faster than 

the WT complex(Coral Y. Zhou et al. 2018).  

SWR1C and INO80C are both part the DNA damage response and become 

enriched at double-strand breaks (DSBs) (Downs et al. 2004a; Morrison et al. 2004). In 

yeast, in response to DSBs, nucleosomes around the site of damage get phosphorylated at 

H2A serine 129 (H2A P-Ser129), which in turn recruits INO80C, SWR1C, and the NuA4 

acetyltransferase complex(Redon et al. 2003; Downs et al. 2004a; Morrison et al. 2004). 

Arp4, a subunit present in each of these three complexes, and Nhp10 are key to targeting 

these complexes to sites of damage by interacting with H2A P-Ser129 (Downs et al. 

2004b; Morrison et al. 2004). A key part of the DSB response in yeast is resecting DNA 

by Sgs1-Dna2 and Exo1 enzymes to leave behind a 3’ ssDNA template for replication 

protein A (RPA) to bind (Krogh and Symington 2004; Zhu et al. 2008; Gravel et al. 2008; 

Mimitou and Symington 2008, 1). Both H2A.Z and INO80C influence the level of 

resection and subsequent recruitment of Rad51 (Lademann et al. 2017; Adkins et al. 

2013; Kalocsay, Hiller, and Jentsch 2009). Canonical nucleosomes prevent resection 

machinery form generating ssDNA, but Exo1 is able to resect DNA around H2A.Z 

nucleosomes but if H2A.Z is not removed, it impedes Rad51 from binding to ssDNA 

(Adkins et al. 2013; Lademann et al. 2017). INO80C sliding and dimer exchange activity 

promotes homologous recombination (HR) in response to DSB by sliding nucleosomes to 

allow for more resection and subsequently removing H2A.Z to promote Rad51 loading 

(Lademann et al. 2017). Deleting SWR1 or HTZ1 in yeast helps restore HR function in 

response to DSB in arp8∆ strains because cells no longer need INO80C to remove 
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H2A.Z, but these cells still have smaller RPA bound ssDNA filaments that make HR less 

efficient (Kalocsay, Hiller, and Jentsch 2009). INO80C plays a larger role in genome 

stability in addition to responding to DSBs, as it also stops DSBs by preventing 

promiscuous transcription from interacting with replication origins (Topal et al. 2020).  

SWR1C and H2A.Z are not essential for yeast, but incorporation of H2A.Z in 

metazoans is essential for viability (Faast et al. 2001b; van Daal and Elgin 1992). 

SWR1C has two mammalian homologs, SRCAP and Tip60/p400. Tip60/p400 is single 

complex that is the equivalent of the yeast NuA4 acetyltransferase complex and SWR1C 

combined (Auger et al. 2008), while SRCAP is homologous just to a single SWR1C 

complex (Johnston et al. 1999). SWR1C has low basal ATPase activity, is stimulated by 

the H2A-nucleosome, and gets an additional increase in activity when H2A.Z/H2B 

dimers are present (Luk et al. 2010). SWR1C does not have increased ATPase activity 

when bound to DNA or an H2A.Z-nucleosome, while INO80C shows equal ATPase 

stimulation for all three of those substrates (Luk et al. 2010). Despite the structural 

similarities between SWR1C and INO80C, SWR1C has no detectable sliding activity 

making its sole purpose incorporating H2A.Z. The SWR1C Swc6/Arp6 module is 

equivalent to the Arp5/Ies6 module of INO80C, but the nucleosome interaction is flipped 

where SWR1C ATPase motor binds at SHL2 and the Arp6/Swc6 module binds to SHL6 

(Figure 1.4) (Willhoft et al. 2018; Eustermann et al. 2018b). SWR1C cannot catalyze 

dimer exchange when 2bp gaps are introduced to the DNA template + or - 17-22 bps 

from nucleosome dyad (Ranjan et al. 2015). SWR1C and INO80C are functionally quite 

distinct, but like INO80C, SWR1C activity is strongly influenced by the length of linker 
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DNA flanking the nucleosome (Ranjan et al. 2013a). SWR1C preferentially binds mono 

and di-nucleosomes with long linker DNA (60-120bps) and carries out dimer exchange 

more efficiently on nucleosomes with increased DNA linker length (Ranjan et al. 2013a). 

 The Swc2 subunit of SWR1C is key for recognizing the linker DNA and 

promoting nucleosome binding in vitro and in vivo (Ranjan et al. 2013a). SWR1C 

enrichment at promoters is driven by Swc2 recognizing the nucleosome free region 

(NFR) and orients SWR1C to carry out dimer exchange on the +1 nucleosome 

downstream of the transcription start site (Ranjan et al. 2013a). SWR1C carries out dimer 

exchange in a stepwise manner, and exchanges the dimer distal to the linker DNA first 

(Luk et al. 2010; Singh et al. 2019; Rhee et al. 2014; Ranjan et al. 2013a). When dimer 

exchange is done in vitro SWR1C will exchange both H2A/H2B dimers with the 

H2A.Z/H2B variant, but in vivo the +1 nucleosome appears to be asymmetric with the 

dimer distal to the NFR more likely to contain H2A.Z, potentially acting as guide for the 

direction of the RNA polymerase II to fire (Luk et al. 2010; Rhee et al. 2014; Singh et al. 

2019). Swc2 is also involved in H2A.Z dimer binding and appears to make contact with 

the acidic patch of the nucleosome (Willhoft et al. 2018; W.-H. Wu et al. 2005; Dai et al. 

2021, 2). The way Swc2 interacts with SWR1C and the nucleosome resembles Ies2 in 

that its elongated structure makes key contacts with the Rvb1/2 ring and Arp6/Swc6 

module (Arp5/Ies6 in INO80C) and then crosses the DNA gyres to make contact with the 

distal nucleosome face (Willhoft et al. 2018; Eustermann et al. 2018b).  
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Figure 1. 4 Structure of SWR1C bound to a nucleosome 
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Figure 1.4: SWR1C bound to a nucleosome 

A. A 3.6 Å cryo-EM structure of SWR1C bound to a nucleosome (PDB # 6GEJ) 

(Willhoft et al. 2018). The Swr1 ATPase lobes (Orange) are bound to the nucleosome at 

SHL2, and the Arp6/Swc6 (Purple) module interacts with the nucleosome at SHL 6. B. 

Table of SWR1C present in the structure (green) and the subunits that are part of the 

complex but not resolved in the structure (red). 
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The HSA domain of Swr1 provides a scaffold for the Actin, Arp4, Swc4, Yaf9 

module (W.-H. Wu et al. 2005, 2; Cao et al. 2016), and is also part of the NuA4 complex 

where the HSA domain of Eaf1 anchors it the rest of the module (Auger et al. 2008, 4; 

Allard et al. 1999). This module does not affect SWR1C nucleosome binding, but is 

essential for dimer exchange (Lin et al. 2017a, 1). The overlap of subunits between NuA4 

and SWR1C makes purifying partial complexes of SWR1C from mutant yeast strains 

difficult because subunits like Arp4 are essential and swc4∆ strains have slow growth 

(Harata, Karwan, and Wintersberger 1994; B. O. Zhou et al. 2010). This limitation in 

studying SWR1C has been overcome by recombinantly expressing the subunits in insect 

cells to characterize activity (Lin et al. 2017a). Arp4 and Swc4 are both essential for 

dimer exchange but do not affect nucleosome binding or ATPase stimulation(Lin et al. 

2017a). Yaf9 mutants showed impaired dimer exchange activity while maintaining 

normal ATPase stimulation (Lin et al. 2017a). The Yaf9 mutant data is consistent with in 

vivo studies looking at the yaf9∆ strains levels of H2A.Z and H4 acetylation. H2A.Z and 

H4 acetylation were lower, and had the most noticeable effect at regions adjacent to 

telomeres, where H2A.Z and H4 acetylation are needed to prevent the spread of 

heterochromatin (Zhang et al. 2004, 9). The HSA module in SWR1C is reminiscent of 

the HSA module in RSC and SWI/SNF where it promotes coupling of ATPase activity to 

chromatin remodeling (Lin et al. 2017a; Clapier et al. 2016).  

SWR1C binds H2A-nucleosome with a slightly higher affinity than H2A.Z-

nucleosomes; however, even saturating SWR1C with H2A.Z-nucleosomes does not lead 

to increased ATPase activity or dimer exchange (Ranjan et al. 2015; Luk et al. 2010). 
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SWR1C makes the distinction between product (H2A.Z/H2A.Z-nucleosome) and 

substrate (H2A/H2A-nucleosome) after it binds the nucleosome, and the region on H2A 

that determines this is M4 (Ranjan et al. 2015). Swapping the M4 region of H2A.Z into a 

H2A-nucleosome nearly eliminates dimer exchange (Ranjan et al. 2015). Of the 5 

residues in M4 that differ between H2A and H2A.Z, glycine 47 is the only surface 

accessible residue and makes the nucleosome more unstable than H2A.Z nucleosome 

(Dai et al. 2021).  

The Swc5 subunit of SWR1C is essential for dimer exchange and unique in the 

sense that it incorporates into SWR1C independently of other subunits (W.-H. Wu et al. 

2005; Sun and Luk 2017). SWR1C swc5∆ complexes bind nucleosome and H2A.Z/H2B 

dimers with comparable affinity to WT complexes, but show no increased ATPase 

activity when bound to these substrates (W.-H. Wu et al. 2005, 2; Sun and Luk 2017). 

Swc5 is part of the conserved family of proteins called Bucentaur (BCNT), whose 

function is not well understood in mammals. The Drosophila BCNT homolog, Yeti, is 

recruited to chromatin through the Domino/Tip60 complex where it assists in depositing 

the histone variant H2A.V, the Drosophila homolog of H2A.Z (Messina et al. 2014).  

Recombinant Swc5 lacking the BCNT core (Swc5 1-232) can be integrated 

stoichiometrically back to the SWR1C complex purified from swc5∆ strains, but show no 

ATPase stimulation or dimer exchange activity (Sun and Luk 2017). Within the BCNT 

domain of Swc5, the residues TTLEKS (236-241) and LDW (243-245) were shown to be 

the essential residues for dimer exchange (Sun and Luk 2017). By making alanine 

substitutions for these residues, a previous study showed the mutant strains had the same 
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formamide sensitivity as strains that lacked the whole SWC5 gene (Sun and Luk 2017). 

The acidic N-terminus of Swc5 is negatively charged, and though it is not essential for 

dimer exchange function or incorporation into SWR1C, it shows preferential binding to 

H2A/H2B dimers over H2A.Z/H2B dimers (Sun and Luk 2017; Huang et al. 2020). Swc5 

is not anchored to the complex through any auxiliary subunits, but it does require both the 

N and C terminus of Swr1 to be intact for its incorporation into the complex (Lin et al. 

2017a; W.-H. Wu et al. 2005). Crosslinking assays done on SWR1C show Swc5 

contacting the HSA domain, Yaf9, Actin, and the C-terminus of Swr1 (Nguyen et al. 

2013).  

 

In This Work 
  

The nucleosomal acidic patch is a key docking interface for chromatin remodeling 

enzymes that enables proper function; however, the role it plays in SWR1C dimer 

exchange has not been investigated. Here, I generated nucleosomes where the acidic 

residues were replaced with alanines to probe their effect on SWR1C nucleosome 

binding, ATPase stimulation, and dimer exchange. SWR1C binds to WT and APM 

nucleosome with equal affinity but is unable to exchange H2A.Z into APM nucleosomes. 

APM nucleosome can stimulate the ATPase activity of SWR1C, albeit less than the level 

of stimulation seen by WT nucleosomes, establishing a role for the nucleosomal acidic 

patch in coupling ATPase activity to dimer exchange. Further investigation into the role 

of the acidic patch led to identifying a conserved patch of basic residues on the Swc5 

subunit upstream of the BCNT domain that enable binding between Swc5 and 
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nucleosome. This newly identified “arginine anchor” binds to the nucleosome 

specifically at the acidic patch independent of the Swc5 acidic N-terminus and BCNT 

domain. When the Swc5 arginine anchor residues are replaced with alanines and added 

back to SWR1C, ATPase stimulation is impaired and dimer exchange is reduced by 90%. 

These results show an essential role for the nucleosomal acidic patch in coupling ATPase 

activity to dimer exchange by SWR1C, and that the Swc5 subunit facilitates this coupling 

through a newly identified arginine anchor. 
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Chapter 2 

SWR1C catalyzes H2A.Z deposition by coupling ATPase activity to the nucleosome 

acidic patch 

 

  



 32 

Abstract 
 
The SWR1C chromatin remodeling enzyme catalyzes the ATP-dependent exchange of 

nucleosomal histone H2A for the histone variant H2A.Z, a key variant involved in a 

multitude of nuclear functions. How the 14-subunit SWR1C engages the nucleosomal 

substrate remains largely unknown. Numerous studies on the ISWI, CHD1, and 

SWI/SNF families of chromatin remodeling enzymes have demonstrated an essential role 

for the nucleosomal acidic patch for remodeling activity, however a role for this 

nucleosomal epitope in nucleosome editing by SWR1C has not been tested. Here, we 

employ a variety of biochemical assays to demonstrate an essential role for the 

nucleosomal acidic patch in the H2A.Z exchange reaction. Nucleosomes lacking acidic 

patch residues retain the ability to stimulate the ATPase activity of SWR1C, implicating a 

role in coupling the energy of ATP hydrolysis to H2A/H2B dimer eviction. A conserved 

arginine-rich region within the Swc5 subunit is identified that interacts with the acidic 

patch and is found to be essential for dimer exchange activity. Together these findings 

provide new insights into how SWR1C engages its nucleosomal substrate to promote 

efficient H2A.Z deposition.  

  

Introduction  
  

Eukaryotic genomes regulate access to information stored in their genetic code through 

the dynamic nucleoprotein structure known as chromatin. The basic unit of chromatin, 

the nucleosome, sequesters ~147 base pairs (bp) of DNA around a histone octamer 

consisting of a H3-H4 tetramer flanked by two H2A-H2B hetero-dimers (Luger et al. 
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1997). Rather than a static structure, chromatin is highly dynamic, due to the coordinated 

impact of histone post translational modifications, ATP-dependent chromatin remodeling 

enzymes, and the incorporation of histone variants (Clapier et al. 2017). Disruption of 

these processes can have deleterious consequences for all nuclear events, including 

transcription, DNA replication, and genome stability pathways.  

  

H2A.Z, a variant of the core histone H2A, is enriched within nucleosomes adjacent to 

genes transcribed by RNA polymerase II, replication origins, centromeres, and at sites of 

DNA double strand break repair (Albert et al. 2007; Barski et al. 2007; Hartley and 

Madhani 2009; Boyarchuk, Montes de Oca, and Almouzni 2011; Xu et al. 2012). In 

yeast, H2A.Z enrichment correlates with higher rates of nucleosome turnover that 

facilitates transcription, as well as antagonizing the spread of heterochromatic regions 

from telomeres and the silent mating type loci (Meneghini, Wu, and Madhani 2003; 

Guillemette et al. 2005; Dion et al. 2007). While yeast H2A.Z is not essential for 

viability, H2A.Z is essential in metazoans where it is associated with both transcriptional 

activation and repression (Raisner et al. 2005). For instance, in embryonic stem cells, 

deposition and function of H2A.Z is interdependent with the polycomb repressive 

complex 2 (PRC2), and loss of either H2A.Z or PRC2 leads to transcriptional de-

repression of a host genes and a subsequent failure in lineage commitment (Creyghton et 

al. 2008).  
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 The site-specific deposition of H2A.Z is catalyzed by ATP-dependent chromatin 

remodeling enzymes related to the 14-subunit, yeast SWR1C complex (Kobor et al. 2004; 

Mizuguchi et al. 2004). Mammals contain two enzymes related to SWR1C, the SRCAP 

and p400/Tip60 complexes, and subunits of the mammalian enzymes are highly 

conserved with those of SWR1C (Johnston et al. 1999; Fuchs et al. 2001). Each of these 

enzymes are members of the larger INO80 subfamily of chromatin remodeling enzymes, 

distinguished by a large insertion domain between the two ATPase lobes of the catalytic 

ATPases (Swr1 in SWR1C) (Ruhl et al. 2006; Luk et al. 2010; Clapier et al. 2017, 201). 

This insertion domain serves as a docking site for several key subunits of SWR1C-like 

complexes, including the Rvb1/Rvb2 heterohexameric ring (RUVB1/RUVB2 in humans) 

which acts as a further scaffold for organizing additional subunits involved in 

nucleosome recognition (W.-H. Wu et al. 2005, 2; Willhoft et al. 2018). In addition to 

Rvb1/Rvb2, previous studies have demonstrated that the deposition of H2A.Z by SWR1C 

requires many subunits, including Swc2, Swc4, Yaf9, and Swc5 (W.-H. Wu et al. 2005; 

Watanabe et al. 2015). Swc2 and its mammalian ortholog, Yl-1, promotes nucleosome 

binding and assists SWR1C in the recognition of nucleosome free regions adjacent to 

gene promoter regions (W.-H. Wu et al. 2005, 2; Ranjan et al. 2013b; Liang et al. 2016). 

Swc4, DMAP1 in mammals, is also part of the yeast NuA4 histone acetyltransferase 

complex, and it also appears to promote DNA and histone binding (Lu, Lévesque, and 

Kobor 2009, 4; Gómez-Zambrano et al. 2018). Swc5, Cfdp1 in mammals, is essential for 

the ATPase activity of SWR1C, though it does not impact binding of the enzyme to 

nucleosomes or to the free H2A.Z/H2B co-substrate (W.-H. Wu et al. 2005, 2; Messina et 
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al. 2017). The key role for Swc5 requires a conserved C-terminal domain, termed BCNT, 

but how Swc5 promotes SWR1C activity is largely unknown (Sun and Luk 2017).  

  

The subunit complexity of chromatin remodelers varies from the single subunit, yeast 

CHD1, to multi-subunit ~1MDa enzymes such as RSC, SWI/SNF, INO80C, and 

SWR1C. Despite differences in function and complexity, recent studies have shown that 

the activity of many remodelers require that they engage a solvent exposed, acidic surface 

on the nucleosome (Dann et al. 2017; Gamarra et al. 2018; Dao et al. 2020). This “acidic 

patch” is composed of eight residues from histones H2B and H2A that are known to 

provide a docking interface for many proteins. For instance, PRC1, RCC1, and Orc1 bind 

to the nucleosome acidic patch through a common binding motif consisting of a loop 

region with an arginine residue that inserts directly into the acidic pocket (Makde et al. 

2010, 1; McGinty, Henrici, and Tan 2014, 1; De Ioannes et al. 2019, 1). Though these 

regions are primarily unstructured and basic, this docking requires the specific side chain 

structure of an arginine, which cannot be substituted by lysine, resulting in these regions 

being referred to as “arginine anchors” (McGinty and Tan 2015). In the context of 

remodelers, ISWI uses an arginine anchor within its catalytic ATPase subunit to relieve 

an autoinhibitory mechanism following nucleosome binding (Gamarra et al. 2018). 

Members of the SWI/SNF family of enzymes also use an arginine anchor motif within 

their conserved Snf5-like subunits to anchor the complex to the octamer during 

remodeling activity (Han et al. 2020). Recent cryoEM structures of INO80 family 

members have predicted key interactions with the nucleosomal acidic patch (Eustermann 
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et al. 2018b), and this domain has been found to be key for remodeling activity (Gamarra 

et al. 2018).  

  

Here we investigate the role of the nucleosome acidic patch in SWR1C dimer exchange. 

Employing a quantitative FRET-based assay and a nucleosomal substrate harboring 

substitutions within acidic patch residues, we find that the acidic patch plays an essential 

role in SWR1C dimer exchange. Loss of the acidic patch does not impact the ability of 

SWR1C to bind to nucleosomes, and nucleosomes that lack the acidic patch retain the 

ability to stimulate SWR1C ATPase activity. We identify a putative arginine anchor 

domain within the Swc5 subunit of SWR1C, and we show that this domain is essential 

for dimer exchange in vitro and the function of SWR1C in vivo. The results indicate that 

SWR1C activity relies on communication between the Swc5 arginine anchor and the 

nucleosome acidic patch to functionally couple ATPase activity to enable nucleosome 

editing.  

 

Material and Methods 
 

Yeast strains and culture conditions 

The yeast strain SWR1– 3xFLAG htz1Δ (yEL190) was a gift from Ed Luk (SUNY Stony 

Brook). Deletion of SWC5 was constructed by standard gene replacement with a 

Hygromycin B cassette (pAG32) (Goldstein and McCusker 1999), and used to make 

Swr1-3xFlag, swc5∆, htz1∆ (CY2535) . The swc5∆ strain (Y03048) used for spot assays 

was purchased from Euroscarf.  
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Spot assays were performed with the swc5∆ strain (Y03048) transformed with an empty 

CEN ARS URA3 vector PRS416, or ones containing WT and mutant SWC5. Cultures 

were diluted to an OD600 of 1 and then serially diluted 1:10. A dilution (7ul) was spotted 

onto synthetic complete media lacking uracil with and without 3% formamide. Plates 

were incubated for 3 days before imaging. 

 

Plasmid Construction 

The vector (pQE80L) was used for recombinant Swc5 expression. The SWC5 gene and 

SWC579-303 were inserted in frame with the N-terminal 6x histidine tag through Gibson 

assembly (Gibson et al. 2009) after digesting the vector with BamHI and SphI. Once WT 

and truncated Swc5 were in frame, the alanine mutants [swc5 (RRKR-4A) and swc5 

(LDW-3A)] were generated using QuickChange site directed mutagenesis. The pRS416 

CEN ARS URA3 vector was digested with XbaI and SacI to allow for insertion of the 

SWC5 gene with 500bp upstream of the start site and 500bp downstream of the stop. This 

region was initially PCR amplified from a W303 strain where the primers had homology 

to the XbaI and SacI cut sites of the vector. Gibson assembly was used to ligate the vector 

and insert (CP1566) (Gibson et al. 2009). Once the WT SWC5 gene was inserted, site 

directed mutagenesis was used on CP1566 to make swc5 RRKR-4A (CP1579) and swc5 

LDW-3A (CP1580). swc5 79-303 construct was generated using CP1566 to PCR amplify 

the 500bp upstream stretch of DNA and start site of SWC5 and PCR amplifying another 

DNA fragment starting from Swc5 K79 to 500bp downstream of the stop. Primers were 
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designed so each PCR fragment had homology to each other and the pRS416 vector at 

XbaI and SphI so that the two fragments and the pRS416 vector could be ligated together 

by Gibson assembly. Site directed mutagenesis was used to generate cysteine mutants 

used for Oregon Green labeling, as well as for single amino acid substitution used for 

assembly of acidic patch mutants (APM) octamers – H2A-E63A, H2A-E65A, H2A-

D74A, H2A-D92A, H2A-D93A, H2A-E94A, H2B-E109A, H2B-E117A. 

 

Nucleosome reconstitution 

Histones and nucleosomes were generated as described previously (Luger, Rechsteiner, 

and Richmond 1999; Singh et al. 2019). Hybrid octamers were generated using 

Saccharomyces cerevisiae H2A and H2B with Xenopus larvus or human histone H3 and 

H4. WT and acidic patch mutant nucleosomes used for quenching and gel shifts 

contained yH2B-S115C or xH4-Q27C labeled with Oregon GreenTM 488 Malemide 

(ThermoFisher). Histones labelled with Cy3 or Oregon Green were generated as 

described previously (C. Y. Zhou and Narlikar 2016). The Widom 601 nucleosome 

positioning sequence was used to generate either 77N0 or 0N0 DNA templates (Lowary 

and Widom 1998). 77N0 templates were used in dimer exchange and ATPase assays 

while the 0N0 template was used for nucleosome binding and quenching assays. 

 

SWR1C purification 

Swr1-3xFlag yeast strains were grown in 6x2L of YEPD, supplemented with adenine at 

30˚C until reaching an OD600 of 3-6. Cultures were centrifuged and pellets were noodled 
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into liquid nitrogen and stored at -80˚C. SWR1C was purified as previously described 

(Luk et al. 2010; Singh et al. 2019) with minor modifications. A PM 100 cryomill was 

used to lyse the harvested yeast noodles with 6 × 1 min cycles at 400 rpm then stored at -

80˚C. Lysed cell powder (~200mL)  were resuspended in 200mL 1x HC lysis buffer ([25 

mM HEPES–KOH (pH 7.6), 10% glycerol, 1 mM EDTA, 300 mM KCl, 0.01% NP40, 10 

mM β-glycerophosphate, 1 mM Na-butyrate, 0.5 mM NaF, 1mM DTT plus 1× protease 

inhibitors [PI 1mM PMSF, 1mM benzamidine, 0.1 mg/ml pepstatin A, 0.1 mg/ml 

leupeptin, 0.1 mg/ml chymostatin)] in a 1L beaker with a stir bar at 4˚C. Thawed cells 

were centrifuged for 2 hours at 35000rpm in a Ti45 rotor at 4˚C then whole cell extract 

was transferred to a 250ml falcon tube along with anti-Flag M2 agarose resin (1mL bed 

volume) and nutated at 4˚C for 3 hours. Whole cell extract and resin were centrifuged at 

750 rcf and supernatant was aspirated off. Resin was transferred to 25ml gravity column 

and washed with 4x 25 B-0.5 buffer (25 mM HEPES, pH = 7.6, 1 mM EDTA, 2 mM 

MgCl2, 10 mM β-glycerophosphate, 1 mM Na-butyrate, 0.5 mM NaF, 500 mM KCl, 10% 

glycerol, 0.01% NP40 and 1x PI) then washed with 3x 5ml B-0.1 buffer (25 mM HEPES, 

pH = 7.6, 1 mM EDTA, 2 mM MgCl2, 10 mM β-glycerophosphate, 1 mM Na-butyrate, 

0.5 mM NaF, 100 mM KCl, 10% glycerol, 0.01% NP40 and 1x PI). For purification of 

SWR1Cswc5∆ where recombinant Swc5 is added back, rSwc5 would be diluted to 5uM in 

2mL of B-0.1 and added to resin for 15min at 4˚C followed by 2x5mL B-0.5 washes then 

2x5mL B-0.1 washes.  SWR1C was eluted by nutating resin in 1mL B-0.1 with 0.5mg/ml 

3xFlag peptide for 1 hour. Elution is done twice and both are combined and concentrated 

using a 100 kDa cutoff Amicon Ultra-0.5 mL centrifugal filter (Millipore). After 
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concentrating down to 100ul, 3x Flag peptide is removed by bringing volume back to 

500ul with B-0.1 three more times in the amicon. After the Flag peptide is removed, 

concentrated SWR1C was aliquoted, flash frozen, and stored at −80°C. SWR1C 

concentration was determined by SDS-PAGE using a BSA (NEB) standard titration 

followed by SYPRO Ruby (Thermo Fisher Scientific) staining and quantification using 

ImageQuant 1D gel analysis. 

 

Recombinant Swc5 Purification 

Swc5 and variants were first cloned into a pQE80L expression vector in frame with a six 

histidine N-Terminal tag through Gibson assembly. Plasmids were transformed into 

Rosetta 2 DE3 competent cells (Novagen). 1L cultures of 2x YT (Yeast extract, tryptone) 

were grown at 37˚C to OD600 of 0.5-0.7 before adding 0.4mM IPTG. After adding IPTG, 

cells continued to shake at room temperature for 3 hours. Cells were harvested by 

centrifugation at 4˚C and 1L of Swc5 bacterial pellet was resuspended in 20mL lysis 

buffer (10mM Imidazole, 50mM Tris pH 8.0, 300mM NaCl, 1mM PMSF, 1mM DTT) 

before being flash frozen in liquid nitrogen and stored at -80˚C. Pellets were thawed in a 

37˚C water bath then fresh 0.5mM PMSF and 1mM Benzamidine were added. Cells were 

sonicated 5x 30 seconds at 15% power, incubating on ice for 1 min between sonication 

intervals. Lysate was then centrifuged at 14000 rpm in a JA-17 rotor at 4˚C for 25min. 

Whole cell extract was incubated with 800ul of HisPur Ni-NTA resin slurry, that had 

been prewashed with lysis buffer, for 2 hours at 4˚C on nutator. The resin and whole cell 

extract mixture was centrifuged at 750 rcf for 5 minutes. The supernatant was aspirated 
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and the resin was placed in a 25ml gravity column and washed with 5x 10ml wash buffer 

(500mM NaCl, 10mM Imidazole, 50mM Tris pH8.0). Swc5 was eluted by capping the 

gravity column and adding 400ul elution buffer (500mM NaCl, 300mM Imidazole, 

50mM Tris pH 8.0) to resin and incubating at 4˚C for 10min then collecting the flow 

through. The Swc5 eluate was dialyzed against 2x 250mL of storage buffer (50mM NaCl, 

50mM Tris pH 7.4, 10% glycerol) then flash frozen and stored at -80˚C. Concentration 

was determined by BSA standard on a SDS PAGE gel. 

 

Nucleosome dimer exchange assays 

FRET based dimer exchanges assays were performed as previously described (Singh et 

al. 2019) using an ISS PC1 spectrofluorometer or a Tecan Infinite M1000 PRO 

microplate reader. The nucleosome remodeling reactions (50-100ul) were performed in 

remodeling buffer (25 mM HEPES, pH = 7.6, 0.2 mM EDTA, 5 mM MgCl2, 70 mM 

KCl, 1 mM DTT) at room temperature with 30nM SWR1C, 10nM 77N0 Cy3 H2A-Cy5 

Nucleosome, 70nM H2A.Z/H2B dimers, and 1mM ATP (to start reaction). Dimer 

exchange was observed by exciting the Cy3 fluorophore at 530nm and monitoring the 

Cy5 emission 670. 

 

Gel based dimer exchanged assays used a modified protocol from a previous study 

(Mizuguchi et al. 2004; Ranjan et al. 2013b). A 150ul dimer exchange reaction contained 

30nM SWR1C, 10nM 77N0 nucleosomes (WT or APM), and 70nM H2A.Zflag/H2B in 

remodeling buffer with 0.1mg/ml BSA. The reaction was performed at room temperature 
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and 20ul of the reaction was taken at each time point (time 0 is before 1mM ATP is 

added) and quenched with 1ug of plasmid DNA to separate SWR1C and dimers from the 

nucleosome. Each time point was stored on ice until last sample was quenched. Each time 

point was loaded onto a 6% 0.5x TBE Native PAGE gel and electrophoresed for 90min at 

120V. Gels were stained with SYBR gold and imaged on a GE Typhoon.  

 

Swc5 binding assays 

Gel shifts with recombinant WT or Swc5 derivatives were performed in 15ul reactions. 

Reactions contained varying amounts of Swc5 in a total volume of 5ul of storage buffer 

(10% glycerol, 50mM Tris 7.4, 50mM NaCl), 0.25ul 300nM 0N0 nucleosomes, 6.15 

water, 0.6ul 50% glycerol, and 3ul 5x binding buffer (125mM HEPES 7.3, 250mM NaCl, 

25mM MgCl2, 0.05% Tween 20, 0.5mg/ml BSA, 5mM DTT). Reaction incubated in the 

dark at room temp for 30 min. Samples were loaded onto 6% Native PAGE gels and 

electrophoresed at 230V for 1 hour. Gels were imaged on a GE typhoon imager and 

binding was calculated by measuring the disappearance of the free nucleosome band. 

GraphPad Prism 8 was used to generate binding curves. 

 

Swc5 fluorescent quenching assays were assembled similar to the gel shift assays but in 

40ul reactions with 10nM 0N0 Oregon Green nucleosomes (8ul 5x binding buffer, 1.3ul 

300nM Nucleosomes, 11.7ul water, 19ul Swc5/storage buffer). Master mixes of each 

reaction incubated for 30min at room temp in the dark before being loaded into 384 well 

flat black plate (PerkinElmer) and scanning each well 20 times on a Tecan Spark plate 
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reader at 488nm excitation and 530nm emission. Quenching was calculated by taking the 

average relative fluorescence units (RFU) of each Swc5 containing well and dividing 

RFU average of the nucleosome only wells. The normalized fluorescence was plotted 

using Prism 8. 

 

ATPase assay 

ATPase activity was measured using either a phosphate binding protein reporter assay or 

NADH coupled assay. Each assay showed identical fold stimulation by nucleosomes 

when ATPase stimulation was normalized to basal activity of WT SWR1C or 

SWR1Cswc5∆ complexes reconstituted with recombinant Swc5. For the phosphate sensor 

assay (Brune et al. 1994; Luk et al. 2010), 20ul reactions were prepared with 1nM 

SWR1C mixed with 0.5uM phosphate sensor (fluorophore-conjugated phosphate binding 

protein, ThermoFisher) in reaction buffer [25 mM HEPES–KOH (pH 7.6), 0.5 mM 

EGTA, 0.1 mM EDTA, 4.3 mM MgCl2, 0.14 ug/ul BSA, 64 mM NaCl, 10% glycerol, 

and 0.02% NP-40]. Reaction containing nucleosome and H2A.Z/H2B dimers had 

concentrations of 15nM and 30nM respectively. Reactions were initiated by adding 

100uM ATP and monitored by the measuring the fluorescence of the MDCC fluorophore 

on a Tecan M1000 infinite by exciting at 405nm and setting the emission filter to 460nm. 

ATP was pre-treated with a “Pi Mop” to remove free phosphate as previously described 

(Brune et al. 1994; Luk et al. 2010). Time points were collected every 4 seconds over a 

ten minute time course. Rates were obtained by taking the slope of the linear region (100-

500 seconds) of three replicates assays for each condition. 
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The NADH coupled ATPase was performed using a modified version of a published 

protocol (Lin et al. 2017a). This assay measures ATP hydrolysis by monitoring loss of 

NADH fluorescence, which is reduced as ADP formation converts NADH to NAD+ 

(Nørby 1988). 20nM SWR1C, 75nM nucleosomes, and 150 nM H2A.Z/H2B dimers were 

mixed in 50ul reactions with a buffer containing 20U/mL pyruvate kinase (Sigma), 

(Sigma) 20U/mL lactate dehydrogenase, 0.67mM phosphoenolpyruvate (PEP), 0.1mM 

NADH, 50mM Tris 7.4, 0.5mM TCEP, 5mM MgCl2, 100mM KCl. Reactions were 

loaded into a 384 well flat black plate (PerkinElmer) and started by adding 500uM ATP. 

Fluorescence was measured on a CLARIOstar microplate reader using an excitation of 

339nm and emission of 466. Wells were measured every 4 seconds over a 10 minute time 

course, and ATPase rates were determined by taking the slope of the linear region of the 

trace (200-500seconds) and taking the average of two replicates. Significance was 

determined using a one-way ANOVA in GraphPad Prism 8. 

 

Results  
 
SWR1C dimer exchange requires the nucleosomal acidic patch  

  

To investigate the role of the nucleosomal acidic patch on SWR1C dimer exchange 

activity, a fluorescence-based assay was initially employed. Recombinant nucleosomes 

were assembled with either wildtype (WT) histone octamers or with octamers that 

contained 8 alanine substitutions within the nucleosomal acidic patch (APM). The DNA 
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template for nucleosome reconstitutions was a 224-bp fragment containing a ‘‘601’’ 

nucleosome positioning sequence (Lowary and Widom 1998) and an asymmetric, 77 bp 

linker DNA to mimic the structure of a promoter-proximal nucleosome located next to a 

nucleosome depleted region (referred to as a 77N0 nucleosome; Figure 2.1 A). These 

substrates contain a Cy3 fluorophore conjugated to the linker-distal end of the 

nucleosomal DNA, and a Cy5 fluorophore attached to an engineered cysteine residue 

within the histone H2A C-terminal domain. The Cy3 and Cy5 fluorophores are within an 

appropriate distance to function as a FRET pair, such that excitation of the Cy3 donor 

leads to efficient energy transfer to the Cy5 acceptor, as evidenced by the fluorescence 

emission peak at 670nm. The dimer exchange activity of SWR1C is monitored   
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Figure 2. 1 The nucleosomal acidic is required for SWR1C catalyzed dimer exchange 
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Figure 2.1 

The nucleosomal acidic is required for SWR1C catalyzed dimer exchange. (A) 77N0 

FRET nucleosomes were remodeled by SWR1C with unlabeled H2A.Z/H2B dimers 

under single turnover conditions (30nM SWR1C, 10nM 77N0 nucleosomes, 70nM 

dimers, 1mM ATP). Dimer eviction is monitored by measuring the Cy5 emission at 

670nm. SWR1C was able to catalyze the dimer exchange reaction on a WT 77N0 

nucleosome (Red line), but SWR1Cswc5∆ on WT 77N0 (Black line) and SWR1C with 

APM 77N0 nucleosomes had no detectable dimer exchange activity. (B) SWR1C (30nM) 

dimer deposition was performed by measuring the incorporation of H2A.Z3xFlag/H2B 

(70nM) into (10nM) WT 77N0 nucleosomes or APM 77N0 nucleosomes. 

H2A.Z3xFlag/H2B incorporation was quantified and plotted below (WT red, APM black). 

(C) ATPase stimulation was measured using a phosphate sensor (1nM SWR1C, 15nM 

77N0 nucleosome, 30nM H2A.Z/H2B dimers) or NADH coupled assay (20nM SWR1C, 

75nM 77N0 nucleosome, 150nM H2A.Z/H2B dimers). ATPase stimulation was 

calculated by normalizing the basal rate of ATP hydrolysis by SWR1C to a value of 1 

and measuring stimulation of ATPase activity in the presence of nucleosomes and 

dimers. (D) Increasing amounts of SWR1C was titrated to (5nM) WT or APM 77N0 

nucleosomes to measure binding affinity. The % Bound was calculated by quantifying 

the disappearance of the nucleosome band and plotting in the graph show below.  
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by following the decrease in the 670nm FRET signal due to eviction of the Cy5-labelled 

H2A/H2B dimer (see Figure 2.1 A).  

  

SWR1C dimer exchange reactions were performed under single turnover conditions 

(excess enzyme to nucleosomal substrate) and contained free H2A.Z/H2B dimers which 

act as an essential co-substrate. Addition of SWR1C to WT nucleosomes led to a rapid 

drop in FRET, showing the biphasic kinetics consistent with the sequential exchange of 

each of the two nucleosomal H2A/H2B dimers (Figure 2.1A, red curve) (Singh et al. 

2019).  As expected, reactions with SWR1C complex that lacked the essential Swc5 

subunit, showed almost no change in the FRET signal (Figure 2.1A).  Strikingly, 

incubation of SWR1C with the APM nucleosome also yielded little decrease in the FRET 

signal, indicating that an intact nucleosomal acidic patch is essential for SWR1C to 

catalyze H2A/H2B eviction (Figure 2.1A).     

  

Since the FRET assay is limited to monitoring the eviction of nucleosomal H2A/H2B 

dimers, we also employed a gel-based assay that monitors deposition of H2A.Z. In this 

assay, an unlabeled, 77N0 nucleosome was incubated with SWR1C, ATP, and free 

H2A.Z/H2B dimers in which the H2A.Z contains a 3xFLAG tag at its C-terminus. 

Reaction products are separated on native PAGE, and formation of the heterotypic (AZ) 

and homotopic (ZZ) nucleosomal  products are detected by their reduced gel migration 

due to the 3xFLAG tag on H2A.Z.  Similar to the FRET-based assay, the SWR1C-

catalyzed deposition of H2A.Z was largely complete by 30-60 minutes for the 
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WT nucleosomal substrate, but addition of SWR1C to the APM nucleosome led 

to negligible H2A.Z deposition after 60 minutes (Figure 2.1 B). Together, these assays 

indicate that SWR1C requires an intact nucleosomal acidic patch for H2A.Z deposition.    

  

The ATPase activity of SWR1C is stimulated by both its nucleosomal substrate and free 

H2A.Z/H2B dimers (Luk et al. 2010).  Notably, the ATPase activity of SWR1C is not 

stimulated by an H2A.Z nucleosome, implying that SWR1C can distinguish product from 

substrate nucleosomes (Luk et al. 2010).  To investigate whether the nucleosomal acidic 

patch plays a role in substrate recognition, SWR1C ATPase activity was examined in the 

presence of either WT or APM nucleosomes (Figure 2.1C). Consistent with previous 

work (Luk et al. 2010), SWR1C ATPase activity was stimulated nearly 2x by an H2A-

containing nucleosome, and addition of free H2A.Z/H2B dimers led to an additional 

hyperactivation (Figure 2.1C). SWR1C ATPase activity was also activated by the APM 

nucleosome, but the stimulation with reduced, and addition of the free H2A.Z/H2B 

dimers did not lead to a significant increase in stimulation (Figure 2.1C). Importantly, the 

decreased stimulation of ATPase activity was not due to a reduced nucleosomal binding 

affinity, as SWR1C binds with equal apparent affinity to both WT and APM nucleosomes 

in a gel-based binding assay (Figure 2.1D). Together these data suggest that 

the nucleosomal acidic patch plays a role in both stimulating ATPase activity, as well as 

coupling ATPase hydrolysis with histone dimer exchange activity.   
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Conserved arginine patch on Swc5 is essential for dimer exchange activity  

 

Recently, a potential arginine anchor domain was identified within the N-

terminal, acidic domain of the SWR1C subunit, Swc2. However, removal of this domain 

(Swc2-ZN) had only a modest impact on the dimer exchange activity of SWR1C, 

suggesting that additional subunits must contribute to recognition of the nucleosomal 

acidic patch (Dai et al. 2021, 2).  The Swc5 subunit is one candidate, as loss of Swc5 

eliminates H2A.Z deposition (W.-H. Wu et al. 2005).  Previous studies of Swc5 

identified an acidic N-terminal domain that interacts preferentially with H2A/H2B dimers 

and a conserved C-terminal domain, termed BCNT, that is essential for SWR1C dimer 

exchange activity (Sun and Luk 2017; Huang et al. 2020).  An alignment of Swc5 

homologs revealed a region adjacent to the BCNT domain, containing a conserved basic 

region that has the hallmarks of an arginine anchor (Figure 2.2 A).   

  

To investigate the role of this Swc5 arginine-rich domain, alanine substitutions were 

created in four basic residues (RRKR), and this derivative was recombinantly expressed 

and reconstituted into a SWR1C complex purified from a swc5 deletion strain 

(SWR1Cswc5∆).  In addition, SWR1C was reconstituted with wildtype Swc5, a Swc5 

derivative lacking the acidic N-terminal domain (Swc579-303), and a derivative harboring 

alanine substitutions in the essential BCNT domain (Swc5LDW-3A).  In all cases, 

derivatives were incorporated into SWR1C complexes with equal efficiencies (Figure 
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2.6). Consistent with previous studies, reconstitution with wildtype Swc5 fully restored 

dimer exchange activity to SWR1Cswc5∆ (Figure 2.2 B). In   
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Figure 2. 2 Swc5 contains a conserved arginine anchor that is essential for dimer exchange and proper ATPase 
stimulation 
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Figure 2.2 

Swc5 contains a conserved arginine anchor that is essential for dimer exchange and 

proper ATPase stimulation. (A) An alignment of Swc5 homologs revealed a conserved 

basic batch of residues upstream of the BCNT domain (asterisk denote residues that are 

mutated in biochemical assays). A schematic of the S.cerevisiae  Swc5 protein highlights 

key regions. (B) Swc5 and Swc5 derivatives were reconstituted into SWR1Cswc5∆ 

complexes to measure their effect on dimer exchange using a FRET exchange assay 

(30nM SWR1C, 10nM 77N0, 70nM dimers). (C) ATPase stimulation was measured 

identically using either the phosphate sensor assay or NADH coupled assay. Basal 

ATPase activity of each SWR1Cswc5∆ complex was normalized to 1 and stimulation upon 

addition of nucleosomes and dimers was determined relative to basal activity. 
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contrast, SWR1C harboring Swc5LDW-3A  had no detectable exchange activity, and the 

complex that lacks the N-terminal, acidic domain of Swc5 (Swc579-303) exhibited a 

modest defect, as expected from previous studies (Figure 2.2 B) (Sun and Luk 2017).  

Strikingly, SWR1C that contained the Swc5RRKR-4A derivative showed minimal activity in 

the FRET-based exchange assay (Figure 2.2 B), and this complex exhibited only ~10% 

the activity of wildtype SWR1C in the gel-based H2A.Z deposition assay (Figure 2.7).  

Dimer exchange activity for each SWR1C complex was also mirrored by their ATPase 

activity (Figure 2.2 C). For instance, the ATPase activity of the Swc5LDW-3A complex was 

not stimulated by either nucleosomes or free H2A.Z/H2B dimers, and the complex 

harboring Swc579-303 had wildtype levels of ATPase activity (Figure 2.2 C).  Disruption of 

the Swc5 arginine-rich domain nearly eliminated the nucleosome-stimulated ATPase 

activity of SWR1C (Figure 2.2 C; Swc5RRKR-4A).  Together these data indicate that the 

arginine-rich domain of Swc5 is key for both ATPase activity and H2A.Z deposition.    

  

Swc5 interacts with the nucleosomal acidic patch 

  

To further investigate whether the arginine-rich domain within Swc5 binds to the 

nucleosomal acidic patch, in vitro binding assays were performed with nucleosome core 

particles (0N0) and recombinant Swc5 (Figure 2.3). Increasing amounts of Swc5 were 

incubated with nucleosomes, and binding was visualized by native PAGE. Addition of 

wildtype Swc5 to nucleosomes led to formation of discrete complexes with an apparent  
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Figure 2. 3 Swc5 binding in vitro to nucleosomes requires the nucleosomal acidic patch and Swc5 arginine anchor 
residues 
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Figure 2.3  

Swc5 binding in vitro to nucleosomes requires the nucleosomal acidic patch and 

Swc5 arginine anchor residues. Gel mobility shift were performed with (A) WT Swc5 

with 5nM 0N0 WT nucleosomes, (B) WT Swc5 with 5nM APM nucleosome, (C) 

Swc5LDW-3A with 5nM WT nucleosomes, and (D) Swc5RRKR-4A with WT nucleosomes. 

(E) The Kd for each condition was calculated by measuring the disappearance of the 

nucleosome band.  
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Kd of 178nM (Figure 2.3 A). Likewise, binding of Swc5LDW-3A, which has a disrupted 

BCNT domain, bound to nucleosomes with nearly identical affinity, compared to 

wildtype Swc5 (Figure 2.3 B).  Importantly, high affinity binding of Swc5 to 

nucleosomes required an intact acidic patch, with binding reduced to ~800nM when an 

APM nucleosome was used as the substrate (Figure 2.3 C).  Furthermore, the Swc5RRKR-

4A derivative had little nucleosome binding activity, with an apparent Kd ~1900nM 

(Figure 2.3 D). Together these data demonstrate that Swc5 has nucleosome binding 

activity, and the data are consistent with direct interactions between the Swc5 arginine-

rich domain and the nucleosomal acidic patch.   

  

While the gel shift assays establish that Swc5 can bind to nucleosomes, data from these 

assays can only indirectly link the nucleosomal acidic patch to the Swc5 arginine-rich 

domain. In order to probe for more direct interactions, a fluorescence quenching assay 

was employed (Figure 2.4 A). These assays exploit nucleosomes harboring a site-

specific, Oregon Green fluorophore whose emission is sensitive to the chemical 

environment whereby fluorescence is quenched by protein binding (Winkler, Luger, and 

Hieb 2012; Girish, McGinty, and Tan 2016, 8). Nucleosome core particles were 

reconstituted that contained an Oregon Green fluorophore covalently attached to either 

the histone H4 N-terminal domain (H4-tail) or to a residue directly adjacent to the 

nucleosomal acidic patch (Figure 2.4 A). Titration of wildtype Swc5 led to the 

concentration-dependent quenching of the Oregon Green fluorophore positioned at the 

acidic patch, but no quenching was observed for the fluorophore located on the H4-tail 
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(Figure 2.4 B). Importantly, Swc5 did not quench the acidic patch probe when this 

substrate also harbored alanine substitutions within the acidic patch (Figure 2.4 B; APM 

nucleosome).  The Swc5LDW-3A derivative also showed specific quenching of the acidic  
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Figure 2. 4 Swc5 binding to nucleosomes is mediated by interaction between its arginine anchor and the nucleosomal 
acidic patch 
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Figure 2.4:  

Swc5 binding to nucleosomes is mediated by interaction between its arginine anchor 

and the nucleosomal acidic patch. (A) A schematic of fluorescent quenching using the 

Oregon Green fluorophore. Oregon Green fluorescence is sensitive to changes to its 

chemical environment resulting in a decrease in its fluorescence intensity. Oregon Green 

was covalently attached to the acidic patch (H2B S115C) or on the H4 histone tail 

(Q27C). (B) WT Swc5 was added to 10nM of WT 0N0 acidic patch probe nucleosomes 

(Blue), WT 0N0 H4 tail probe nucleosomes (Orange), or APM 0N0 acidic patch probe 

nucleosomes (Black). (C) Swc5LDW-3A showed the same binding pattern as its WT 

counterpart where it quenched WT acidic patch probe nucleosomes (Blue) and had no 

detectable quenching on H4 tail probe nucleosomes (Orange). (D) Swc5RRKR-4A was 

unable to quench the WT acidic patch probe nucleosome (Blue) and the H4 tail probe 

nucleosome. 

  



 61 

 
patch probe, but the Swc5RRKR-4A derivative was clearly defective for specific binding in 

this quenching assay (Figure 2.4 C,D). Together these results are consistent with a direct 

interaction between the arginine-rich domain of Swc5 and the nucleosomal acidic patch, 

an interaction that is essential for SWR1C dimer exchange activity. 

  

The Swc5 arginine-rich domain is required for SWR1C function in vivo  

 Previous studies have shown that yeast lacking functional SWR1C are inviable on media 

containing 3% formamide (Kobor et al. 2004; Sun and Luk 2017). To investigate the 

functional role of the Swc5 arginine-rich domain in vivo, growth assays were performed 

with isogenic swc5∆ strains that harbor low copy vectors that express different Swc5 

derivatives (Figure 2.5). As expected, the swc5∆ strain grew well on rich media, but was 

inviable on formamide media (vector), while cells expressing wildtype Swc5 grew well 

on both media (Swc5).  Consistent with a previous study, the derivative with a disrupted 

BCNT domain was inviable on formamide media (Swc5LDW-3A), and the Swc579-303 

derivative that lacks the acidic N-terminal domain showed a moderate growth defect (Sun 

and Luk 2017). Importantly, the Swc5RRKR-4A derivative had a severe growth defect on 

formamide media, consistent with an essential role of the arginine rich region in SWR1C 

function. Notably, survival on formamide media appears to be an excellent measurement 

of the in vitro dimer exchange activity of SWR1C, where the growth defects of each 

derivative is directly proportional to their in vitro activity.   
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Figure 2. 5 Swc5 arginine anchor residues are important for SWR1C function in vivo. 
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Figure 2.5 

Swc5 arginine anchor residues are important for SWR1C function in vivo. (A) 

Genetic complementation using a swc5∆ haploid strain transformed with an empty 

pRS416 CEN ARS URA3 vector or this vector containing various alleles of SWC5. Cells 

were spotted onto plates with synthetic complete media lacking uracil with or without 3% 

formamide.  
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DISCUSSION 
  

The nucleosomal acidic patch has emerged as a key binding pocket for nearly all ATP-

dependent chromatin remodeling complexes.  For some enzymes, like ISWI, interactions 

between the ATPase subunit and the acidic patch are required for optimal ATPase and 

nucleosome sliding activities, but they also help to relieve an inhibitory mechanism that 

also involves the histone H4 N-terminal domain (Gamarra et al. 2018; Levendosky and 

Bowman 2019; Dao et al. 2020). The nucleosomal acidic patch is also essential for 

remodeling by SWI/SNF family members, and in this case the two acidic patches on the 

nucleosome are contacted by two different subunits –Snf5 (human SMARCAD1) and the 

Snf2 (human BRG1) ATPase (Han et al. 2020; Mashtalir et al. 2020). Since a Snf2-like 

ATPase is sufficient for many of the remodeling activities of SWI/SNF family members 

(Saha, Wittmeyer, and Cairns 2002; Yang et al. 2007), it seems likely that the anchoring 

of Snf2 to the acidic patch is key for remodeling activity, while the Snf5-acidic patch 

interaction plays a less well-characterized, accessory role. Here, we have found that the 

ATP-dependent deposition of H2A.Z by the SWR1C enzyme also requires an intact 

acidic patch. In this case, the acidic patch does not appear to regulate the binding of 

SWR1C to nucleosomes, and nucleosomes that lack an intact acidic patch retain much of 

the ability to stimulate the SWR1C ATPase activity. Thus, the role of the acidic patch for 

SWR1C activity appears similar to that of SWI/SNF, where anchoring to the acidic patch  
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Figure 2. 6 SWR1C complexes used in this study 
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Figure 2.6  
SWR1C complexes used in this study (A) SDS PAGE gels of SWR1C and SWR1Cswc5∆ 
complexes show stoichiometric amounts Swc5. The Swc5 band is denoted by an asterisk. 
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facilitates the coupling of ATP hydrolysis to the remodeling mechanism, such as DNA 

translocation in the case of SWI/SNF, or H2A/H2B dimer eviction for SWR1C. 

 
 A recent cryoEM structure of a SWR1C-nucleosome complex suggests that the 

enzyme has two major nucleosomal contacts – the Swr1 ATPase lobes interact with 

nucleosomal DNA ~2 helical turns from the nucleosomal dyad (SHL2.0), and the 

Swc6/Arp6 module interacts with DNA at the nucleosomal edge (Willhoft et al. 2018). 

These contacts encompass the DNA gyre that wraps the H2A/H2B dimer that is destined 

to be exchanged in the first round of catalysis (the linker distal dimer (Singh et al. 2019)). 

Each of the two nucleosomal acidic patches also appear to make contacts with SWR1C 

subunits. An arginine residue from Arp6 appears to contact the acidic patch on the 

targeted, linker distal dimer, while Swc2 extends across the two DNA gyres to interact 

with the acidic patch on the distal, acidic patch (Willhoft et al. 2018). While functional 

analyses of the Arp6 interaction have not yet been reported, a recent study found that 

disruption of the putative Swc2 arginine anchor led to only a minor defect in SWR1C 

exchange activity (Dai et al. 2021). Here, we identified an arginine-rich domain within 

the Swc5 subunit that appears to directly interact with the nucleosomal acidic patch and is 

essential for SWR1C activity. Unfortunately, the Swc5 subunit was not visualized in the 

cryoEM structure (Willhoft et al. 2018). Disruption of this putative arginine anchor 

disrupts the nucleosome binding activity of Swc5, cripples the ATPase activity of 

SWR1C, and nearly eliminates the ability of SWR1C to evict nucleosomal H2A/H2B and 

to deposit H2A.Z. These data suggest a compelling model in which this arginine-rich 

domain of Swc5 makes a key anchoring contact with the H2A/H2B dimer that is targeted   



 68 

 
Figure 2. 7 SWR1Cswc5∆ +Swc5RRKR-4A is defective for H2A.Z deposition 
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Figure 2.7 

SWR1Cswc5∆ +Swc5RRKR-4A is defective for H2A.Z deposition. (A) Single turnover 

dimer deposition assay with (30nM) SWR1Cswc5∆ + Swc5RRKR-4A, (10nM) 77N0 

nucleosome, and (70nM) H2A.Z/H2B3xflag. Reaction was initiated with 1mM ATP. (B) 

Incorporation of  H2A.Z3xFlag/H2B by SWR1Cswc5∆ + Swc5RRKR-4A (Black line) was 

plotted and compared to the WT SWR1C using the same substrates (Red line). 
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for eviction, helping to activate the Swr1 ATPase and couple ATPase activity to dimer 

eviction. 

 
Previous functional studies of Swc5 identified two distinct functional domains. 

The conserved, C-terminal BCNT domain is essential for Swc5 function, as amino acid 

substitutions within this domain eliminate SWR1C ATPase and H2A.Z deposition 

activity (Sun and Luk 2017). Notably, an intact BCNT domain is not required for 

assembly of Swc5 into SWR1C. How BCNT functions is currently unknown, but it 

seems likely that it interacts directly with the Swr1 ATPase, activating the enzyme when 

it has engaged the H2A nucleosomal substrate. Indeed, a previous crosslinking study 

found that the BCNT region contacts Swr1, adjacent to the second ATPase lobe (Nguyen 

et al. 2013). Secondly, an N-terminal acidic region (1-79) of Swc5 contains a histone 

chaperone domain that binds to free H2A/H2B dimers, and this domain has been 

proposed to facilitate removal of the nucleosomal H2A/H2B dimer (Huang et al. 2020). 

Consistent with this model, we and others find that deletion of this N-terminal domain 

leads to a modest defect in H2A.Z deposition, but this domain is not important for 

ATPase activity. Notably, we find that neither the acidic N-terminus or the BCNT 

domain impact the nucleosome binding activity of Swc5, nor are they required for 

interaction with the nucleosomal acidic patch, as assayed by fluorescence quenching. 

Thus, the arginine-rich region identified in this work functions as a novel, essential 

domain within the Swc5 subunit. 
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Figure 2. 8 Swc579-303 requires the nucleosomal acidic patch and arginine anchor to bind nucleosomes 
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Figure 2.8 

Swc579-303 requires the nucleosomal acidic patch and arginine anchor to bind 

nucleosomes. (A) Gel shift of 5nM WT nucleosomes with Swc579-303  (B) Gel shift 

binding assay with Swc579-303 and 5nM 0N0 nucleosomes  (WT or APM) (C) Swc579-303 

and Swc579-303,RRKR-4A were added to 5nM WT 0N0 nucleosomes.  
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A previous study did not detect nucleosome binding by recombinant Swc5 (Sun 

and Luk 2017). We did find that different preparations of recombinant Swc5 showed 

large differences in their apparent affinities for nucleosomes, with some preps showing 

low micromolar affinities. Variabilities among Swc5 preparations appear to be due to the 

highly acidic N-terminal domain, as the Swc579-303 derivative shows reproducible, high 

affinity binding activity (Figure 2.8 A). Nucleosomal binding of Swc579-303, like full-

length Swc5, requires an intact nucleosomal acidic patch and the arginine-rich domain 

(Figure 2.8 B,C). Furthermore, the Swc579-303 derivative was active in the fluorescence 

quenching assay for nucleosomal acidic patch interaction (Figure 2.9). 

 

The mammalian homolog of Swc5 is Craniofacial development protein 1 (Cfdp1), which 

is known to play a role in chromatin organization, though developmental roles are 

unclear.  Interestingly, a survey of Cfdp1 mutations identified in the TCGA transCancer 

atlas reveals a large number of missense substitutions within the BCNT domain, as well 

as a cluster of substitutions directly adjacent to the arginine-rich domain. The majority of 

these Cfdp1 alterations are associated with uterine endometrial carcinomas, suggesting 

that Cfdp1, and likely the SRCAP remodeler, are key for suppressing cancer initiation or 

progression in this cell type. 
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Figure 2. 9 Swc579-303 specifically binds to nucleosome at the acidic patch 
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Figure 2.9 

Swc579-303 specifically binds to nucleosome at the acidic patch. Fluorescent quenching 

was performed using a the Oregon Green fluorophore located on the acidic patch (H2B 

S115C) of 0N0 WT or APM nucleosome. 10nM nucleosomes incubated with increasing 

amounts of either Swc579-303 or Swc579-303, RRKR-4A. Swc579-303 quenched the Oregon 

Green probe on the acidic patch of WT 0N0 nucleosomes (Blue), but not the probe on the 

APM nucleosome (Black). Swc579-303,RRKR-4A was unable to quench the probe on the WT 

0N0 nucleosome (Orange). 
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Conclusion and Summary 
 

 The structure of chromatin is highly conserved from yeast to human, which 

explains why the enzymes that directly manipulate chromatin are also conserved. 

Chromatin remodeling enzymes are integral maintaining genomic homeostasis by 

facilitating gene activation and silencing. The variety of remodeling functions stem from 

an underlying mechanism of DNA translocation utilized by their Snf2 ATPase domain. 

These ATPase domains take advantage of the dynamics of DNA where a single-base 

bulge on the tracking strand of DNA is stabilized then propagated in one direction as 

ATP is hydrolyzed (Winger et al. 2018). This basic mechanism is the foundation for 

nucleosome sliding, octamer/dimer eviction, and dimer exchange. In addition to utilizing 

the same DNA translocation mechanism, chromatin remodeling enzymes rely on features 

of the nucleosome to stimulate their activity and couple ATP hydrolysis to chromatin 

remodeling. The nucleosomal acidic patch is a key feature of the nucleosome that is used 

by all remodelers to facilitate chromatin remodeling. 

 In this work, I investigated the role of the nucleosomal acidic patch in dimer 

exchange by SWR1C. When the nucleosomal acidic patch was eliminated by substituting 

the negatively charged amino acids for alanines, SWR1C still showed an equal binding 

affinity for both acidic patch mutant (APM) and WT nucleosomes while retaining a 

partial level of ATPase stimulation. Despite this maintenance of nucleosome-stimulated 

ATPase activity, dimer exchange is blocked on an APM nucleosome, which implies that 

the acidic patch couples ATPase activity to dimer exchange. 
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 The Swc2 subunit of SWR1C has been recently identified as containing an 

arginine anchor domain that interacts with the nucleosomal acidic patch (Dai et al. 2021).  

When these arginine residues were mutated to alanines (Swc2 3R/A), the rate of H2A.Z 

incorporation by SWR1C only dropped by 2-fold and was still able to complete the 

exchange of both dimers (Dai et al. 2021). The discrepancy between the rate of dimer 

exchange of Swc2 3R/A mutant SWR1C compared to the elimination of dimer exchange 

of WT SWR1C on APM nucleosomes suggest that only one of the two acidic patches is 

essential during the dimer exchange reaction (Dai et al. 2021). Swc2 is only partially 

resolved in the SWR1C nucleosome structure and resembles the Ies2 subunit of INO80C 

where both proteins snake their way through the Rvb1/2 ring of their respective complex 

before crossing the DNA gyres to contact the nucleosomal acidic patch opposite to the 

face that Ino80 and Swr1 are bound (Eustermann et al. 2018b; Willhoft et al. 2018).  

Putting the in vitro dimer exchange data of Swc2 3R/A in the context of the SWR1C-

nucleosome structure suggests that Swc2 makes contact with the acidic patch of the 

dimer not being evicted, and that the dimer that is being evicted requires an acidic patch 

for the exchange to happen. 

Swc5, an essential subunit of SWR1C, then becomes a promising candidate for 

interacting with the crucial linker distal nucleosomal acidic patch. Previous studies 

characterized the acidic N-terminus of Swc5 as a domain that specifically binds 

H2A/H2B dimers and showed that the BCNT domain is required for dimer exchange. In 

this work, I identified a conserved region of Swc5 that acts independently of the acidic N-

terminus and BCNT domain. Swc5 contains an arginine-rich region upstream of the 
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essential BCNT domain that has the hallmarks of an arginine anchor. Through gel shift 

assays and fluorescent quenching, I established that Swc5 can bind nucleosomes and this 

interaction is mediated through the arginine anchor directly binding the acidic patch.  

I further characterized the function of these three domains to investigate the role 

of Swc5 at various stages of dimer exchange. Alanine substitutions at the arginine anchor 

impaired ATPase stimulation and nearly eliminated dimer exchange, mirroring how APM 

nucleosomes affected SWR1C activity. Truncating the acidic N-terminus of Swc5 did not 

affect ATPase stimulation of SWR1C when bound to both substrates. There was modest 

defect in the rate of dimer exchange by SWR1Cswc5∆ + Swc579-303, which taken in context 

of the this region specifically binding H2A/H2B dimers over H2A.Z/H2B dimers, 

suggests that the function of this region is to act as a chaperone for the evicted AB dimer 

during the exchange reaction (Huang et al. 2020). SWR1Cswc5∆ + Swc5LDW-3A showed no 

ATPase stimulation when bound to its substrates and had no detectable dimer exchange 

activity like a SWR1Cswc5∆ complex.  Deleting Swc5 from SWR1C or just making alanine 

substitutions in the BCNT domain cripples function of the whole complex (W.-H. Wu et 

al. 2005; Luk et al. 2010; Sun and Luk 2017). With a better understanding of how these 

regions influence ATPase activity and rates of dimer exchange, the next step is to 

understand how Swc5 works with other subunits in SWR1C. Swc5 is not part of the N or 

C-terminal modules within SWR1C, but does need both N and C-terminal regions of the 

Swr1 subunit to incorporate into the complex (Lin et al. 2017b; W.-H. Wu et al. 2005; 

Nguyen et al. 2013). 
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Communication between subunits 
  

A potential model for the role of Swc5 in SWR1C is to act as a bridge between 

the two halves of the complex. The C-terminal module of SWR1C contains Arp6, Swc6 

and Swc2 and this drives nucleosome and dimer binding (W.-H. Wu et al. 2005; Nguyen 

et al. 2013; Ranjan et al. 2013b). The N-terminal module consisting of Actin, Arp4, 

Swc4, and Yaf9 does not affect nucleosome binding, but is required to couple ATPase 

activity to remodeling (Lin et al. 2017b; W.-H. Wu et al. 2005). Crosslink mass 

spectrometry of SWR1C revealed contacts between Swc5 and the C-terminal region 

Swr1, Yaf9, and Actin. The region on Swc5 that crosslinked with these other subunits are 

at a location three amino acids upstream of the newly identified arginine anchor (Nguyen 

et al. 2013). This suggest that Swc5 coordinates activity of the complex by bringing these 

key regions together around the acidic patch. SWR1C may be activated in a similar way 

as seen in SWI/SNF complexes where the HSA modules interacts with the regulatory 

protrusion 1 region of the ATPase lobes to couple remodeling and ATPase activity 

(Clapier et al. 2016). Arp7/9 are key for this coupling in SWI/SNF complexes, and 

Rtt102 assist in keeping the two Arp proteins in a more compact conformation that 

promotes faster sliding and nucleosome ejection (Clapier et al. 2016). SWR1C has two 

copies of Actin, where one is part of the HSA module and the other appears to be bound 

to the last 15 residues of Swr1 (Lin et al. 2017b; W.-H. Wu et al. 2005; Nguyen et al. 

2013). Truncating the last 15 residue of Swr1 results in the loss of one copy of actin and 

Swc5, leading to a loss of dimer exchange activity (Lin et al. 2017b). Truncating the C-

terminus of Swr1 even further (residues 1410-1460) still had no dimer exchange activity, 



 82 

however the ATPase activity of complex’s basal and nucleosome-bound state were both 

3- to 4-fold higher than the nucleosome-bound state of a full length complex, suggesting 

that this region contains an autoinhibitory region that prevents ATP hydrolysis(Lin et al. 

2017b). Swc5 may be relieving the autoinhibition of Swr1 when bound a nucleosome by 

providing an anchor to the acidic patch while bridging the C-terminus of Swr1 to the 

HSA module. However, this does not explain how SWR1C differentiate between H2A- 

and H2A.Z-nucleosome, because they have both have an acidic patch that Swc5 binds to 

with equal affinity.  

 

SWR1C substrate specificity  
  

 SWR1C has a slight preference to binding H2A- over H2A.Z-nucleosomes, but 

even under saturating conditions SWR1C activity is only stimulated by H2A-

nucleosomes (W.-H. Wu et al. 2005; Luk et al. 2010; Ranjan et al. 2015). SWR1C 

binding to nucleosomes is largely driven by the Swc2 subunit recognizing linker DNA, 

and the ATPase lobes engaging the SHL2 (Ranjan et al. 2015; 2013b). Two key regions 

on H2A that distinguish it from H2A.Z are the M4 and M6 regions. The H2A.Z M6 

region contains an extended ⍺-helix along with addition acidic residues in the acidic 

patch that are essential for Drosophila development (Clarkson et al. 1999; van Daal and 

Elgin 1992), and for yeast to carry out dimer exchange (W.-H. Wu et al. 2005). The M6 

region appears to provide specificity for SWR1C H2A.Z/H2B dimer recognition. 

H2A.Z/H2B dimers are bound by the histone chaperone Chz1 and a structure of Chz1-

bound dimer shows that the M6 region is solvent-exposed (Y. Wang et al. 2019). When 
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nucleosomes are generated with H2A-H2A.Z M6 swaps, SWR1C dimer exchange 

activity is not affected (Ranjan et al. 2015). The M4 region of H2A determines how 

active SWR1C will be on a H2A-nucleosome. The five M4 residues that are different 

between H2A and H2A.Z are G47K, P49A, V50I, A60T, and I63V. Of these residues, 

G47K is the only solvent-exposed residue and has the most prominent effect on dimer 

exchange, where this single substation led to a decrease of H2A.Z at select promoters by 

37% (Ranjan et al. 2015). While M4, especially G47K, significantly reduce the rate of 

dimer exchange, additionally swapping M2 and M3 further inhibited the reaction (Ranjan 

et al. 2015).  

 M4 has been established as a key region for SWR1C to discriminate between 

H2A- and H2A.Z-nucleosomes, but how the complex uses this is still up for debate. A 

recent study using magnetic tweezers showed that H2A-nucleosomes are less stable than 

H2A.Z-nucleosomes due the G47. H2A.Z-nucleosomes have a lysine at the 

corresponding location that contacts the DNA at SHL4. This lysine-DNA interaction 

makes the nucleosome more stable, evident by the increased force required to unwrap the 

nucleosome (Dai et al. 2021). 

 Based on the molecular tweezer data, a simple model would suggest that SWR1C 

actively tries to remodel both H2A- and H2A.Z-nucleosomes but is only able to unwrap 

the DNA on a H2A nucleosome. SWR1C does not slide nucleosomes, but there is an 

ATP-dependent round of DNA unwrapping that precedes dimer exchange (Poyton et al. 

2021; Singh et al. 2019). SWR1C ATPase activity increases in the presence H2A-

nucleosomes and is further stimulated when given H2A.Z/H2B dimer, however this is not 
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seen with H2A.Z-nucleosomes in the presence of the dimer (Luk et al. 2010). It is unclear 

if DNA unwrapping from the nucleosome leads to the increase ATPase activity or if an 

increase in activity leads to unwrapping. There are other caveats with this model, because 

even though H2A.Z is more stable under molecular tweezer assays, ISWI and INO80C 

are able to slide H2A.Z nucleosome more efficiently than H2A-nucleosomes (Watanabe 

et al. 2015; Eustermann et al. 2018b; Goldman, Garlick, and Kingston 2010).  

 SWR1C substrate specificity could come from one of its subunits recognizing 

M4, and leading to a conformational change in the complex that increases the ATPase 

activity. In this work, I showed that SWR1Cswc5∆ and SWR1Cswc5∆+ Swc5LDW-3A did not 

show any increase in ATPase activity, consistent with previous studies (Sun and Luk 

2017) and similar to the lack of ATPase stimulation of WT SWR1C by H2A.Z-

nucleosomes (Luk et al. 2010). The BCNT domain is essential for ATPase activity and 

remodeling, but it is still unknown how it mechanistically interacts with other subunits of 

SWR1C or the nucleosome.  

 

Future directions 
 

 In this work, I showed that mutating the nucleosomal acidic patch eliminates 

dimer exchange by SWR1C, but this does not fully answer how relevant each acidic 

patch is to the reaction. Previous studies have generated asymmetric nucleosomes where 

only one face has the mutated acidic patch, and these were used to measure sliding by 

Chd1 and SNF2h (Levendosky and Bowman 2019). Making proximal- and distal-specific 

acidic patch mutants can shed light on the role of Swc5 and Swc2 during the dimer 
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exchange process. Other asymmetric nucleosomes substrates with H2A and H2A.Z on 

either proximal or distal faces can provide mechanistic insight into how SWR1C can 

distinguish product from substrate. The real benefit of making these substrates would be 

to probe the conformational changes in SWR1C when bound to different nucleosome 

substrates. 

The current structure of SWR1C bound to a nucleosome, while impressive, is 

missing key subunits like Swc5 and the whole HSA module (Willhoft et al. 2018). 

SWR1C is massive and many subunits contain long stretches of disordered domains that 

are difficult to resolve by cryo-EM. Two techniques that can supplement the structure and 

provide insight into novel interactions of the complex are crosslink mass spectrometry 

(XL-MS) and carboxyl group footprinting with mass spectrometry (GEE-MS). The 

current XL-MS data for SWR1C provided insight for how Swc5 interacted with other 

subunits in the complex, but this was not done in the presence of nucleosomes (Nguyen et 

al. 2013). Advancements with this technique can provide a deeper coverage of subunit 

interactions within SWR1C and potentially reveal novel interactions among subunits and 

the nucleosome. To directly address the models proposed in the previous section, XL-MS 

can used on SWR1C with different combinations of nucleosomal substrates to provide 

insight into how the M4 region influences conformation changes in SWR1C. GEE-MS 

uses glycine ethyl ester (GEE) to label carboxyl groups on solvent-exposed amino acids 

in protein complexes in combination with mass spectrometry to monitor the rate of 

incorporation of this GEE label (Wecksler, Kalo, and Deperalta 2015). This assay 

provides a way to probe changes in solvent-accessible regions of both enzyme and 
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substrate. These two MS techniques complement each other by providing a way to detect 

conformational changes within and on the surface of SWR1C that are not visualized in 

the current cryo-EM structure (Willhoft et al. 2018).  

The main question that these assays can help answer is how coupling ATPase 

activity to remodeling works in SWR1C, and whether SWR1C undergoes a 

conformational change when bound to different nucleosomal substrates. If SWR1C looks 

the same when bound to either a H2A- or H2A.Z-nucleosome under these crosslinking 

assays, this would suggest that SWR1C remodeling takes advantage of the instability in a 

H2A-nucleosome due to G47 in the M4 region. The other possibility is that SWR1C 

ATPase activity comes from a subunit recognizing the M4 region resulting in a 

conformation change that activates the complex. If this is like SWI/SNF coupling, key 

regions to look for loss or gain of crosslinks would be between the Arp4/Act1 subunits in 

the HSA module and the ATPase lobes.  

These crosslinking assays done with APM nucleosome along with SWR1Cswc5∆ 

can be used to investigate how the acidic patch couples ATPase activity to remodeling. I 

showed that APM nucleosomes can stimulate activity of SWR1C but do not allow for 

dimer exchange. Swc5 has been shown to crosslink to Yaf9, actin, and the C-terminus of 

Swr1, and this region of the Swc5 that makes contacts is close to the arginine anchor 

(Nguyen et al. 2013). One hypothesis is that Swc5 stabilizes an interaction between HSA 

subunits like Yaf9, Swc4 and Arp4 and the C-terminus of Swr1 by interacting with the 

nucleosomal acidic patch via the Swc5 arginine anchor. To test this hypothesis, 

crosslinking data sets between SWR1C bound to an APM and WT nucleosome can be 
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compared to see how the network of crosslinks changes between these subunits but also 

with the Arp6/Swc6 module. The cryo-EM structure of SWR1C bound to a nucleosome 

places Arp6/Swc6 at SHL6 close by the H2A/H2B dimer about to be evicted, making it a 

likely place to gain or lose crosslinks with subunits predicted to interact with the 

nucleosomal acidic patch (Willhoft et al. 2018).  

In addition to further understanding the role of Swc5 in SWR1C, applying what is 

known about yeast Swc5 to the mammalian homolog Cfdp1 will be beneficial. Little is 

known about mammalian Cfdp1 and it is unclear if it plays a role in dimer exchange by 

mammalian SWR1C homolog SRCAP. Purifying native SRCAP is far more challenging 

than purifying SWR1C from yeast, but a recent study has shown potential to overcome 

this challenge. A group was able to use the mammalian expression cell line Expi293F 

transfected with plasmids containing all of the subunits of the SWI/SNF remodeling 

complex Canonical BAF (CBAF) to generate WT and mutant complexes (Mulvihill et al. 

2021). This expression bypassed the difficulty in purifying native CBAF and 

demonstrated a way to robustly make and study mammalian complexes with mutated or 

truncated subunits. Applying this expression system to SRCAP can be used study the 

complex biochemically and see how mechanisms identified in yeast can are conserved in 

the mammalian system. 

In summary, this study shows that SWR1C dimer exchange is dependent on an 

intact nucleosomal acidic patch. This study also identified a novel arginine anchor on the 

essential Swc5 subunit that appears to interact on the dimer distal to the linker DNA. 
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Taken together, these two finding deepen our understanding of how SWR1C interacts 

with nucleosomal substrates to regulate complex remodeling functions.  
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APPENDIX A: The role in Swc5 in nucleosome binding and unwrapping by 
SWR1C 

Significant Background and Results 
 

ATPase Kinetics SWR1C vs SWR1Cswc5∆ 

 

 The Swc5 subunit of SWR1C is essential for dimer exchange and ATPase 

stimulation but there has not been a study to see if loss of this subunit affects the kinetics 

of ATP hydrolysis. I repeated work done in a previous study to measure the Km and kcat 

of SWR1C to validate the assay before applying it to a SWR1Cswc5∆ complex. The WT 

SWR1C data showed the same trends and similar values previously reported (Figure 4.1 

A) (Luk et al. 2010). SWR1C has low basal ATPase activity, but upon binding H2A 

nucleosomes the Km decreases and the kcat doubles (Figure 4.1 A). This trend continues 

when SWR1C is given both nucleosomes and H2A.Z/H2B dimers, where there is a 

further decrease in Km and the kcat triples from the basal state (Figure 4.1 A). When this 

assay was repeated with SWR1Cswc5∆ the kcat for all substrate conditions was lower than 

the basal kcat of SWR1C (Figure 4.1 A,B). Despite having lower ATPase activity than its 

WT counterpart, the Km for SWR1Cswc5∆ did decrease upon binding each substrate 

(Figure 4.1 A). This suggest that even though swc5∆ complexes are dead for activity, 

there is still a conformation change by other subunits in response to substrate binding that 

affects the ATPase domain of Swr1. 
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Figure 4. 1 SWR1C ATPase kinetics 
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Figure 4.1: SWR1C ATPase kinetics  

(A. and B.)  Kinetics of SWR1C and SWR1Cswc5∆ (1nM)  with and without H2A 

nucleosomes (15nM) and H2A.Z/H2B dimers (30nM). ATP concentration for each point 

are 0uM, 1uM, 2uM, 4uM, 8uM, 16uM, 32uM, 64uM, and 128uM. The rate for each 

point was determined by the slope for the linear region of each trace starting from 60 

seconds after ATP was added to 300 seconds. The kcat (Vmax) and Km of each condition 

was made by nonlinear fitting of the Michaelis-Menten curve to the plotted values. Each 

point is average of three traces at each concentration of ATP. 
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SWR1Cswc5∆ hydroxyl radical footprinting on nucleosomal DNA 

  

 The ATPase lobes of the Swr1 subunit in SWR1C engage the nucleosome at 

SHL2 based on prior hydroxyl radical footprinting data and was confirmed by cryo-EM 

(Ranjan et al. 2015; Willhoft et al. 2018). One hypothesis to explain why SWR1Cswc5∆ 

complexes lack ATPase and dimer exchange activity could be that the Swc5 subunit 

orients the Swr1 ATPase lobes to SHL2 and when Swc5 is deleted, the lobes no longer 

properly engage SHL2. To test this hypothesis, I did hydroxyl radical footprinting on a 

77N0 nucleosome labelled with Cy3 on the 0bp linker end and FAM on the 77bp end in 

the presence and absence of SWR1Cswc5∆ (Figure 4.2 B). When the band intensity of the 

bound and free nucleosomal DNA was normalized and plotted, there is a clear footprint 

on the SWR1Cswc5∆ bound DNA at SHL 1 and SHL2 (Figure 4.2 C). This is consistent 

with the WT SWR1C footprinting data and shows that SWR1C does not require Swc5 to 

properly engage the nucleosome at SHL2 (Ranjan et al. 2015). 
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Figure 4. 2 SWR1Cswc5∆ nucleosome footprint 
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Figure 4.2: SWR1Cswc5∆ nucleosome footprint 

A. An EMSA (1.3% agarose) was used to separate SWR1C and SWR1Cswc5∆ bound 

nucleosomes from free nucleosomes. The black box shows the bands that were cut out 

from gel to isolate the nicked DNA. B. SWR1C bound DNA fragments were resolved on 

an 8% sequencing gel and imaged using a GE typhoon to scan the gel using a Cy3 filter. 

The GA ladder was used to identify the superhelical locations each set of bands 

corresponds to. C. Cy3 DNA strand intensity plot of the SWR1Cswc5∆ bound DNA and 

free nucleosome DNA (lanes 3 and 4 left of the GA ladder). The band intensity of each 

lane was normalized the band intensity of the DNA fragments corresponding to SHL3. 
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Nucleosome unwrapping by SWR1Cswc5∆ complexes 

 Dimer exchange by SWR1C can be measured using a FRET based approach 

where the DNA is labelled with a Cy3 FRET donor and the H2A on the nucleosome is 

labeled with a Cy5 FRET acceptor (Singh et al. 2019). This labelling scheme was 

modified in that same study to measure the rate of DNA unwrapping. By changing the 

location of the Cy5 fluore to the H3 histone the FRET pair would not be lost during the 

dimer exchange reaction (Figure 4.3 A). This labelling setup revealed a drop in FRET 

signal that was happening on a faster time scale than dimer exchange (Singh et al. 2019). 

When SWR1C was bound to these nucleosomes, a DNA unwrapping event was observed 

when ATP and H2A.Z dimers were present, and lost when dimers were removed or when 

ATP was replaced with the non-hydrolysable analog AMP-PNP  (Singh et al. 2019). I 

repeated this assay with SWR1Cswc5∆ complexes to see if the DNA unwrapping event 

required Swc5. SWR1Cswc5∆ and SWR1Cswc5∆ +Swc5LDW-3A had no observed unwrapping 

(Figure 4.3 B, D). SWR1Cswc5∆ + Swc579-303 was able to unwrap DNA, but at a slower 

rate where the t1/2 for SWR1Cswc5∆ + Swc579-303 was 275 secs compared to 125 seconds 

for SWR1C (Figure 4.3 C). This shows that Swc5 and the BCNT domain are required for 

nucleosomes unwrapping and that the acidic N-terminus of Swc5 has a modest effect on 

the rate of unwrapping.  
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Figure 4. 3 Nucleosome unwrapping by SWR1Cswc5∆ complexes 
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Figure 4.3: Nucleosome unwrapping by SWR1Cswc5∆ complexes 

A. Cartoon illustrating nucleosome unwrapping where DNA is moved away from the 

labelled H3 histone prior to H2A eviction. B. C. D Normalized Cy5 FRET traces of 

SWR1C and SWR1Cswc5∆ complexes (30nM) with 10nM 77N0 (DNA Cy3 H3 Cy5) 

nucleosomes and 70nM H2A.Z dimers. Each reaction initiated by adding either 0.5uM 

ATP or 0.5uM AMP-PNP. 
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Swc5 binding to H2A.Z nucleosomes 

 I previously showed that Swc5 binds to H2A nucleosomes and that the binding is 

dependent on the Swc5 arginine anchor and the nucleosomal acidic patch (Figure 2.3 and 

2.4). Both Swc5 and Swc5LDW-3A have a similar affinity to H2A nucleosomes based on 

EMSA and quenching assays and should have a similar binding affinity to H2A.Z 

nucleosomes. When EMSAs and nucleosome quenching assays were done on H2A.Z 

nucleosomes with Swc5 and Swc5LDW-3A, results were identical to H2A nucleosomes. 

Swc5 gel shifts H2A.Z nucleosomes with Kd of 131nM compared to 178nM for H2A 

nucleosomes (Figure 4.4 A). Swc5LDW-3A quenched H2A.Z acidic patch labelled 

nucleosomes (ZZ H2B S116C) identically to acidic patch labelled H2A nucleosomes 

(Figure 4.4 B). This data suggests that when SWR1C binds H2A.Z nucleosomes the 

Swc5 arginine anchor is interacting with the nucleosomal acidic in same way it would 

with a H2A nucleosomes but is unable to activate the ATPase activity of the complex.  
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Figure 4. 4 Swc5 EMSA and quenching on H2A.Z nucleosome 
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Figure 4.4 Swc5 EMSA and quenching on H2A.Z nucleosomes  

A. Increasing amounts of Swc5 was titrated to 5nM H2A.Z nucleosomes and the bound 

fraction was plotted on the graph to the right revealing a Kd of 131nM. B. Swc5LDW-3A 

was added to 10nM H2A.Z acidic patch labelled nucleosomes (purple), 10nM H2A acidic 

patch labelled nucleosomes (red), and 10nM H4 tail labelled nucleosomes (green).  
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Material and Methods 

ATPase Kinetics 

The ATPase assays were done using the same phosphate sensor method described in 

chapter 2. 20ul reactions were done in triplicate using 1nM SWR1C or SWR1Cswc5∆ in 

reaction buffer [25 mM HEPES–KOH (pH 7.6), 0.5 mM EGTA, 0.1 mM EDTA, 4.3 mM 

MgCl2, 0.14 ug/ul BSA, 64 mM NaCl, 10% glycerol, and 0.02% NP-40] with and 

without 15nM H2A nucleosome, 30nM H2A.Z/H2B dimers, and 0.5uM Phosphate 

binding protein. Reactions were started by adding 2ul of ATP diluted in reaction buffer to 

give a final concentration of 1uM, 2uM, 4uM, 8uM, 16uM, 32uM, 64uM, and 128uM. 

The slope of the linear range from 60 seconds to 300 seconds was used to determine the 

rate of ATP hydrolysis at each concentration of ATP. The rate of ATP hydrolysis was 

determined by making a phosphate standard curve to convert RFU values into phosphate 

S-1. GraphPad Prism was used to fit the plotted values to a Michaelis-Menten curve to 

determine the Km and kcat of the reaction. Kcat was equal to Vmax because 1nM of 

enzyme was used for each reaction. 

Hydroxyl Radical Footprinting 

12L of SWR1C complexes used for each footprint were prepared as described in chapter 

2 but was washed 3x 5mL with mEX buffer (5 mM HEPES–KOH pH 7.6, 0.3 mM 

EDTA, 0.3 mM EGTA, 0.01% NP40, 56 mM KCl, 5.6 mM MgCl2) then eluted from the 

Flag resin using .5mg/ml 3xFlag in mEX buffer. This was done to remove glycerol from 

the SWR1C, which would inhibit the reaction. Once eluted, the SWR1C complexes were 
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concentrated down in 50 KDa centricons that were blocked with BSA and washed with 

mEX buffer. This would yield 20-25pmol of SWR1C in 40-50ul, which was then split 

into equal volumes and would be add to 20ul of 7.4pmol of FAM-77N0-Cy3 

nucleosomes. The reactions were brought up to 50ul using mEX buffer then the 

footprinting reaction was performed exactly as described in this previous study (Ranjan et 

al. 2015). After the reaction was quenched, 8ul of 50% sucrose in TE/50 was added to 

each footprinting sample and loaded on to a 1.3% agarose gel and electrophoresed at 

100V for 60min. The lower portion of the shifted nucleosome band was cut out from the 

gel and DNA was isolated using a zymo gel recovery kit. Once dissolved, they were 

loaded to the same zymo spin column and washed and eluded in 6ul of elution buffer 

(10mM Tris 7.4). Samples can be stored at -20˚C. To prepare samples to run on a 1x TBE 

8M Urea 8% Acrylamide (19:1 acryl:bis) sequencing gel, first speed-vac the sample to 

remove most of the Tris and r/s in 5ul of 90-95% formamide and Bromophenol blue. 

Heat samples at 90˚C for 3 min before loading. Pre run the sequencing gel at 60W until it 

reaches close to 65˚C before loading sample. Electrophorese at 60W until the 

Bromophenol blue runs off the gel. Let the gel cool in the dark until it gets close to room 

temperature before removing the glass slide. It can be imaged through both glass slides 

when using the GE typhoon, but there is a bit more background signal. It is advised to 

scan once (Cy3 was used in this image) before removing the glass incase the gel rips. FIJI 

image analysis was used to quantify the band intensity of each DNA fragment, and then 

the values were normalized to the bands at SHL3.  
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DNA Unwrapping 

These assays were performed using the assay and substrates described here (Singh et al. 

2019). 77N0-Cy3 DNA was used to make nucleosomes with yeast H2A/H2B dimers and 

human H3.2 (G33C Cy5) and H4 tetramers. 30nM of SWR1C, SWR1Cswc5∆, 

SWR1Cswc5∆ + Swc579-303, and SWR1Cswc5∆ + Swc5LDW-3A were given 10nM of the H3 

Cy5 labelled nucleosome with Cy3 on the 0 DNA linker end and 70nM H2A.Z/H2B 

dimers all in 100ul of remodeling buffer (25 mM HEPES, pH = 7.6, 0.2 mM EDTA, 

5 mM MgCl2, 70 mM KCl, 1 mM DTT). The reaction was started by adding 0.5uM ATP 

or 0.5uM AMP-PNP and the was monitored using an ISS PC1 spectrofluorometer by 

exciting at 530nm and measuring the emission at 670nm. Data was plotted using Origin 

labs software. 

H2A.Z binding 

The EMSA and quenching assays were done identically to the ones described here 

chapter 2 (Swc5 binding assays), just with H2A.Z nucleosomes instead of H2A. 
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