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Mechanistic analyses of the heterochromatin proteins macroH2A and 

HP1 

by Evelyn Y. Chang 

The cellular genome is packaged as nucleosomes in the nucleus to form chromatin. 

Different forms of chromatin can be identified by specific modifications of the histones 

that make up the nucleosome, or by replacing canonical histones in the nucleosome with 

a histone variant. A specific type of chromatin, heterochromatin, is responsible for 

permanently silencing large swaths of the genome in a sequence-independent manner, 

and a wide variety of proteins have been implicated in regulating heterochromatin 

establishment, spread, and maintenance. This dissertation describes work that elucidates 

the molecular mechanisms of two such heterochromatin regulators: macroH2A, a histone 

variant, and HP1/Swi6, a non-histone protein which recognizes covalent methylation of 

Lysine 9 the histone H3 tail (H3K9). The variant macroH2A is enriched on the silenced 

X chromosome in mammals and is thought to play a role in maintaining X silencing. My 

work shows that macroH2A selectively prevents binding by SWI/SNF family complexes, 

a class of ATP-dependent chromatin remodeling complexes that is associated with gene 

activation. In contrast, HP1 is involved in the establishment and spread of H3K9-

associated heterochromatin and is enriched in centromeric heterochromatin on all 

chromosomes. Work in the Narlikar laboratory has shown that the S. pombe homologue 

of HP1, Swi6, forms tetramers on individual nucleosomes in vitro, suggesting that the 

Swi6 complex is able to bind to nearby nucleosomes. However, it remains unknown how 

such Swi6 bridging occurs across multiple nucleosomes, or how such bridging affects 

heterochromatin structure. My work with Swi6 suggests that Swi6 spread across 
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chromatin does not occur linearly, but may rather bind across alternate nucleosomes, 

supporting the “two-start” model of chromatin folding. 
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Introduction 
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 It has long been known that large swaths of a cell’s genome can be constitutively 

and permanently silenced across multiple generations of replication and division. The 

resulting silenced regions, or heterochromatin, are capable of silencing genes in a 

sequence-independent manner. For example, in Drosophila, a normally active gene can 

be silenced when chromosomal rearrangements place that gene next to a heterochromatic 

region, an effect known as position effect variegation (PEV) (Eissenberg et al., 1992). In 

female mammals, one of the two copies of the X chromosome is almost completely 

silenced early in development, and all subsequent descendent cells maintain silencing of 

the same chromosome (reviewed in Morey and Avner, 2010). Heterochromatic regions 

are visually distinct from actively transcribed euchromatic regions, as the DNA in these 

regions is more condensed when viewed by light microscopy (Demakova et al., 2007). 

Heterochromatin plays a significant role in controlling cellular development and 

maintaining proper chromosomal structures, and mis-regulation of heterochromatin has 

been implicated in a variety of cancers (reviewed in Beisel and Paro, 2011). 

 For both heterochromatin and euchromatin, the basic unit of DNA packaging is 

the nucleosome, which consists of 147 base pairs of DNA wrapped around a histone 

octamer composed of two each of the histones H2A, H2B, H3, and H4 (Luger et al., 

1997). Each of the histones consists of a histone fold region, which binds to the 

nucleosome DNA, and a shorter histone “tail” that protrudes from the nucleosome. 

Chromatin-binding factors can bind to these histone tails, and such binding is further 

regulated by a wide variety of post-translational modifications, known as the histone 

code. Lastly, the canonical histones can be replaced by variant histone proteins, such as 

macroH2A or H2A.Z for histone H2A. These variant histones serve different functions 
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and can further affect chromatin binding. However, while the individual functions of 

many chromatin-associated complexes have been identified, it has often been difficult to 

get high-resolution structures of these proteins bound to the nucleosome. As a result, little 

is known about how nucleosomes interact with each other and with chromatin-binding 

factors to form the higher order structures observed in vivo. In heterochromatin, regular 

spacing of DNA between nucleosomes is thought to contribute to chromatin folding and 

compaction, but this has not yet been shown in vivo (Sun et al., 2001). It is also unknown 

what role heterochromatic structure actually plays in restricting transcription. It is 

possible that the condensed heterochromatin structure itself prevents binding by 

transcriptional activators. The heterochromatic structure may also serve to recruit 

additional silencing factors to maintain its silenced state. 

 Heterochromatin regulation is controlled by a variety of DNA-binding and other 

chromatin-associated factors. These factors can function in a variety of different ways, 

such as by acting as directly repressive proteins that prevent binding of transcription or 

other activating factors, by serving as a scaffold to allow binding by repressor proteins, or 

by altering the overall structure of the bound chromatin into a more compact or otherwise 

less accessible state. However, on a molecular level heterochromatin can be characterized 

by certain covalent modifications of the histone tails, and as such, heterochromatin can be 

broadly separated into two classes: Heterochromatin protein (HP) 1-associated 

heterochromatin and Polycomb (Pc)-associated heterochromatin. HP1-associated 

heterochromatin is characterized by di- and tri-methylation on the Lysine 9 residue of the 

histone H3 tail, whereas Pc-associated heterochromatin is characterized by methylation 

of Lysine 27 on histone H3. HP1 and the Pc protein are the proteins that recognize and 
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bind to these methylation marks, respectively. These molecular distinctions also reflect 

functional differences. HP1 heterochromatin, also called constitutive heterochromatin, is 

associated with genomic regions containing repetitive DNA sequences that are typically 

never expressed in any cell, while Polycomb or facultative heterochromatin regulates 

genes that may be silenced in some cell types but not others. 

In my graduate work, I have studied the mechanisms of two heterochromatin 

proteins, the human histone variant macroH2A, which functions in Polycomb 

heterochromatin, and the chromatin-binding protein Swi6, a fission yeast homologue of 

human HP1. While both of these proteins are primarily thought to function in 

heterochromatin, macroH2A has also been associated with transcriptional activation, and 

some forms of HP1 are found in transcriptionally active euchromatin as well (Gamble et 

al., 2010; Smothers and Henikoff, 2001). These findings suggest that elucidating the 

mechanistic details of how these two proteins function may also help shed greater light 

on their more recently acknowledged roles in euchromatin.  

MacroH2A is enriched on the silenced X chromosome and is thought to play a 

role in maintaining X chromosome silencing, a Polycomb-associated form of 

heterochromatin (Hernández-Muñoz et al., 2005). Prior to my graduate work, macroH2A 

was thought to inhibit nucleosome repositioning by a wide range of ATP-dependent 

chromatin remodelers (Angelov et al., 2003; Doyen et al., 2006). However, more detailed 

biochemical studies showed that nucleosomes containing macroH2A were equally good 

substrates for chromatin remodeling complexes as nucleosomes containing canonical 

H2A. Instead, the presence of macroH2A selectively inhibited binding by SWI/SNF 
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family complexes, which are involved in transcriptional activation, without affecting 

binding by ISWI family complexes, which are implicated in silencing.	  

In contrast, Swi6/HP1 is found in the centromeric region of every chromosome 

and is necessary for both establishment and spread of heterochromatin (reviewed in 

Grewal and Jia, 2007). Swi6 contains two domains, the chromoshadow domain (CSD) 

and the chromodomain (CD), linked by a flexible hinge region. The CD contains a highly 

specific binding pocket that recognizes methylated H3K9 (H3K9me). Previously, Swi6 

had been known to form stable dimers via its CSD, but how this head-to-head 

dimerization allowed for spread across multiple nucleosomes remained unknown 

(Cowieson et al., 2000). Other work in the Narlikar laboratory showed that Swi6 dimers 

further oligomerize through a weak interaction between two CDs to form tetramers on a 

single nucleosome (Canzio et al., 2011). This binding configuration leaves two Swi6 

molecules with unoccupied binding pockets on the CD that are available to bind 

methylation marks on the H3 tails of nearby nucleosomes. We theorized that these 

unoccupied CD domains serve to allow Swi6 bridging across multiple nucleosomes, and 

helps explain HP1-dependent heterochromatin spread. If this model is correct, binding by 

a single Swi6 dimer to multiple nucleosomes may also help compact the nucleosomes 

into the proper heterochromatin structure. Additionally, it remains unclear how the Swi6 

dimers bind in the context of multiple nucleosomes. My work suggests that Swi6 does 

not spread linearly across adjacent nucleosomes, but may instead bring nonadjacent 

nucleosomes into a close spatial proximity.	  
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Further background information on macroH2A and Swi6 are found in Chapters 2 

and 3, respectively. Chapter 4 covers the progress made in developing a fluorescent assay 

for Swi6 binding to nucleosome substrates.	  
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 MacroH2A is a variant of the canonical histone H2A. It is enriched on the 

inactive X chromosome in female mammals, and incorporation of macroH2A into 

nucleosomes on the inactive X is thought to play an important role in maintaining 

silencing through subsequent cell divisions (Constanzi and Pehrson, 1998; Hernandez-

Munoz et al., 2005). However, macroH2A is also enriched in senescence-associated 

heterochromatic foci, domains of repressed transcription associated with cellular aging 

(Zhang et al., 2005). Since macroH2A is expressed at equal levels in males and females 

(Rasmussen et al., 1999), it seems reasonable to expect that future studies will discover 

an increasing role for macroH2A in regulating autosomal genes. MacroH2A has already 

been implicated in constitutive silencing of specific autosomal genes, such as IL-8 in B 

cells, and with temporal regulation of HOXA cluster genes during neuron development in 

zebrafish (Agelopoulos and Thanos, 2006; Buschbeck et al., 2009). One study has found 

that knocking out macroH2A actually inhibits transcription of some genes, suggesting 

that macroH2A-dependent transcription regulation may not be limited to silencing 

(Gamble et al., 2009). 

In humans, macroH2A is encoded by two genes mapping to separate 

chromosomes: macroH2A1 and macroH2A2 (Chadwick and Willard, 2001). MacroH2A1 

is further divided into two splice variants, macroH2A1.1 and macroH2A1.2, of which 

macroH2A1.2 is the most abundant (Rasmussen et al., 1999). All three isotopes of 

macroH2A contain an N-terminal histone domain that is approximately 65% identical to 

the canonical histone H2A, a 38-residue linker region, and a large, C-terminal macro 

domain that is approximately twice the size of the histone region (Pehrson and Fried, 

1992). Much of the interest and subsequent research has focused on the unusually large 
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macro domain, which is found in a wide variety of proteins from across the phylogenetic 

spectrum (Pehrson and Fuji, 1998). Recent research has identified that the macro domains 

of both macroH2A1.1 and macroH2A1.2 can recognize and bind to poly [ADP ribose] 

polymerase 1 (PARP1), an enzyme involved in single-stranded DNA repair and in 

regulating gene expression (Timinszky et al., 2009; Nusinow et al., 2007).   

Despite these recent advances in understanding macroH2A function, the basic 

mechanism by which macroH2A contributes to gene silencing remained unknown. Prior 

biochemical experiments suggested that nucleosomes containing the macro domain 

completely fail to be remodeled by both yeast SWI/SNF and Drosophila ACF, members 

of the SWI/SNF and ISWI families of ATP-dependent chromatin remodeling, 

respectively (Angelov et al., 2003; Doyen et al., 2006). Further, these studies implied that 

nucleosomes containing just the histone domain of macroH2A cannot be remodeled by 

yeast SWI/SNF (Angelov et al., 2003). These results were surprising on two fronts. First, 

while SWI/SNF complexes are generally involved in transcriptional activation, ACF 

complexes are almost exclusively involved in transcriptional silencing. Thus, it was 

unexpected that macroH2A nucleosomes would be poor substrates for ACF. Second, 

subsequent crystal structures of nucleosomes containing the histone domain of 

macroH2A show it to be structurally very similar to H2A nucleosomes (Chakravarthy et 

al., 2005). Thus, it was not clear how the histone domain alone could interfere with 

nucleosome remodeling. 

These unexpected results may partly be explained by the recent observation that 

macroH2A is more likely than H2A to form noncanonical nucleosome structures when 

assembled in vitro. In these studies, nucleosomes assembled from histone octamers were 
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found to be composed of two species, one of which is refractory to heat shifting and 

hypothesized to contain a noncanonical histone composition (Chakravarthy et al., 2006). I 

addressed this possibility using macroH2A nucleosomes assembled with controls against 

noncanonical nucleosome structures, and found that, contrary to previous results, our 

macroH2A nucleosomes are good substrates for activity with both SWI/SNF and ACF 

complexes. Further, I showed that, under direct competition conditions, the SWI/SNF 

complex preferentially binds H2A nucleosomes over macroH2A nucleosomes, while 

ACF shows no preference. We found that another laboratory had independently come to 

similar findings, and published these results jointly (Chang et al., 2008).  

 

Results and discussion 

 A key step in salt dialysis-mediated assembly of nucleosomes is the dissociation 

of the H2A/H2B dimer from the H3/H4 tetramer before association with DNA. However, 

a recent study has shown that preassembled octamers containing macroH2A remains 

stable from 2 to 0.5 M NaCl. Because deposition of the tetramer onto DNA during in 

vitro nucleosome assembly occurs at ~1 M NaCl, the unusual stability of macroH2A 

octamers is thought to inhibit this key step and result in nucleosomes with noncanonical 

structures (Chakravarthy et al., 2006). I therefore independently investigated the activity 

of SWI/SNF and ACF complexes on macroH2A nucleosomes assembled from 

individually purified macroH2A/H2B dimers and H3/H4 tetramers to ensure proper 

ordered deposition of the histones (see Methods below). Proper histone content was 

confirmed using SYPRO red staining. 
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 To re-examine the effects of macroH2A on ATP-dependent chromatin 

remodeling, we dissected its effects on both the maximal rate of chromatin remodeling 

and binding by the complexes. To determine the effects on the maximal rate of 

remodeling, we used excess and saturating remodeling complex and measured 

remodeling activity by native gel shift. As previously shown, SWI/SNF forms a variety 

of products, most of which migrate faster than the unremodeled 20/60 nucleosomes. In 

contrast, hACF products migrate slower than its 0/80 nucleosomal substrate (Figure 1A). 

In each case, saturating conditions were confirmed by showing that the maximal rates 

were the same across a 2 to 5-fold variation in enzyme concentration (Yang et al., 2006; 

Narlikar et al., 2001). Under these single-turnover conditions, hSWI/SNF and ACF both 

remodel the two types of nucleosomes at similar maximal rates (Figure 1B,C). 

 These results suggest macroH2A nucleosomes are excellent substrates for 

remodeling by hSWI/SNF and hACF. However, because these experiments were carried 

out with saturating enzyme, they cannot reveal any differences in binding. Previous work 

has shown that SWI/SNF and ACF complexes bind to nucleosomes with Kd values in the 

lower nanomolar range, making it technically challenging to measure absolute binding 

affinities because it is difficult to avoid titration conditions (Fersht, 1999). We therefore 

measured relative binding affinities by setting up a competition between macroH2A and 

H2A nucleosomes. Such an assay has been previously used to determine which of two 

chromatin substrates is the preferred binding partner of SWI/SNF (Yudkovsky et al., 

1999). Our competitive reactions were designed such that a limiting amount of 

remodeling complex would have to choose between excess and equal concentrations of 

each type of nucleosome. Under these conditions, the enzyme partitions between the two 
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types of nucleosomes in proportion to its Kd for each nucleosome and, once bound, 

remodels each type of nucleosome with its respective maximal rate. As a result, the 

relative rates of remodeling reflect differences in binding affinity as well as differences in 

maximal rates of remodeling. My results (Figure 1B) indicate that both types of 

nucleosomes are remodeled at similar maximal rates by SWI/SNF. ACF also remodeled 

both types of nucleosomes at similar maximal rates under the conditions specified (Figure 

1C). Therefore, in our competitive remodeling assays, the relative rates of remodeling 

essentially reflect differences in binding affinity. 

 hACF remodels both types of nucleosomes with similar rates when they are 

presented to hACF individually (Figure 2, bottom panel). When the two types of 

nucleosomes are mixed, ACF still remodels them with similar rates (Figure 2, top and 

middle panels). This indicates that hACF does not have a strong preference for binding 

either type of nucleosome. If hSWI/SNF is presented with each nucleosome separately, 

both types of nucleosomes are remodeled with similar rates (Figure 3, right panel). If, 

however, the two types of nucleosomes are mixed and competing for the same 

hSWI/SNF molecules, H2A-containing nucleosomes are remodeled much more rapidly 

than macroH2A-containing nucleosomes (Figure 3, left and middle panels). When 

normalized to the slightly different rates of nucleosome remodeling observed for each 

nucleosome alone, hSWI/SNF prefers H2A over macroH2A nucleosomes by 9-fold. Our 

collaborators also found that the RSC complex, a major yeast member of the SWI/SNF 

family, prefers to bind H2A nucleosomes over macroH2A-containing nucleosomes, but is 

able to efficiently remodel either type of nucleosome under non-competitive conditions 

(Chang et al., 2008). 
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 I next re-examined if, as previously proposed, nucleosomes containing just the 

histone domain of macroH2A are poor substrates for SWI/SNF. Both RSC (Chang et al., 

2008) and hSWI/SNF (Figure 4) do not show a strong preference for H2A nucleosomes 

in competition with nucleosomes containing just the histone domain of macroH2A. This 

indicates that the reduced level of recruitment of SWI/SNF complexes to macroH2A 

nucleosomes seen in Figure 3 is due to the macro domain. 

 These results indicated that, in contrast to what had been published before, 

macroH2A nucleosomes can be efficiently remodeled by both SWI/SNF and ACF 

complexes. Interestingly, while macroH2A does not affect the maximal rates of 

remodeling, it specifically reduces the level of recruitment of SWI/SNF but not ACF. 

Further, in contrast to the previous observations that nucleosomes with only the histone 

domain of macroH2A are poor substrates for SWI/SNF, we found that the histone domain 

of macroH2A behaves almost identically to H2A in both my assays and those of our 

collaborators. 

 The observation that both human SWI/SNF and yeast RSC preferentially interact 

with H2A nucleosomes (Chang et al., 2008) suggests that the mammal-specific 

macroH2A may function in part by utilizing conserved differences between ACF and 

SWI/SNF remodelers. SWI/SNF complexes are large and contain at least eight different 

subunits (Leschziner et al., 2005; Leschziner et al., 2007; Asturias et al., 2002; Skiniotis 

et al., 2007). ACF is significantly smaller and consists of only two subunits (Ito et al., 

1999). Binding to macroH2A nucleosomes may require some structural rearrangement in 

the larger SWI/SNF complexes to accommodate the sizeable macro domains (Figure 5A). 

It is also possible that the most stable arrangement of the macro domain blocks 
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productive SWI/SNF binding and that the macro domain must first be repositioned via 

the flexible linker region to allow SWI/SNF binding and subsequent activity (Figure 5B). 

 These results suggest one strategy by which macroH2A can help maintain gene 

silencing. While SWI/SNF family complexes are more often involved in gene activation 

(Fan et al., 2004; Sudarsanam and Winston, 2000), ACF is primarily involved in gene 

silencing (Deuring et al., 2000; Fyodorov et al., 2004). This is linked to ACF’s ability to 

position nucleosomes equidistant from each other, an apparent prerequisite for 

heterochromatin establishment (Ito et al., 1999; Fyodorov et al., 2004). ACF is also 

associated with Polycomb group proteins, of which Polycomb complex PRC1 is required 

in the early maintenance of the inactive X chromosome (Hernandez-Munoz et al., 2005). 

Thus, to selectively maintain heterochromatin and prevent transcription, macroH2A may 

have evolved to preferentially allow binding by the repressive ACF complexes over the 

activating SWI/SNF complexes. In a model where different ATP-dependent remodeling 

complexes compete to fulfill their functions, one role of macroH2A may be to shift the 

balance in favor of maintenance of repressive chromatin, while still maintaining the 

ability to be remodeled by activating remodeling complexes should they be recruited at 

sufficient levels, as is sometimes needed for facultative heterochromatin. 

 

Future Directions: Testing effects of macroH2A on nucleosome arrays 

 There are several structural differences between macroH2A nucleosomes in vivo 

and the nucleosome substrates used in the preceding experiments. The single nucleosome 

substrates are assembled on short, linear DNA sequences, leaving exposed double-

stranded breaks on either end of the nucleosome. However, prior work reports that 
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nucleosome remodeling complexes can function on both mononucleosomes and both 

linear and circular nucleosome arrays (Jaskelioff et al., 2000). A second possibility is that 

macroH2A may have additional functions when present in a series of multiple 

nucleosomes. The macro domain of macroH2A is large enough to potentially interact 

with other nucleosomes, and the hinge region of macroH2A is similar to the C-terminal 

domains of typical linker histones, suggesting that macroH2A may be able to act like 

linker histones (Hansen et al., 2006). Since linker histones bind to the linker DNA 

between nucleosomes and affect the stability of higher order chromatin structures (Lu et 

al., 2009), macroH2A may fulfill additional functions in the context of multiple 

nucleosomes, which can be tested using arrays containing multiple nucleosomes. Arrays 

of twelve nucleosomes, which are typically used to measure higher order chromatin 

folding in vitro (Schwarz and Hansen, 1994), may serve as a suitable substrate for testing 

the function of macroH2A in this context. Remodeling of nucleosome arrays is difficult 

to observe by native gel shifts; however, restriction enzyme analysis (REA) would be 

suitable for measuring remodeling by measuring the deprotection of a restriction enzyme 

recognition site by nucleosome repositioning.  

 

Methods 

Protein Purification 

Flag-tagged hSWI/SNF complex was affinity purified as described previously 

from HeLa nuclear extracts obtained from the National Cell Culture Center (Sif et al., 

1998). TAP-tagged RSC and ySWI/SNF were affinity purified from S. cerevisiae as 
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described previously (Ferreira et al., 2007). The human ACF complex was assembled and 

purified from Sf9 cells as previously described (Aalfs et al., 2001). 

 

Nucleosome Assembly 

Nucleosomes used for chromatin remodeling by the human enzymes were based 

on a DNA template containing the 601 positioning sequence, modified as previously 

described to contain a PstI restriction site 18 base pairs from one end (Yang et al., 2006). 

DNA constructs were generated by PCR using primers complementary to various sites 

flanking the 601 sequence (sequences available upon request). Two templates were 

generated: one with the 601 site at one end and 78 base pairs of flanking DNA on the 

other (0/80 template). The other template contains 20 and 60 base pairs of flanking DNA 

on either side of the 601 sequence (20/60 template). 0/80 DNA was used for assembly of 

nucleosomes for hACF assays, whereas the 20/60 DNA template was used for assembly 

of nucleosomes for hSWI/SNF assays. For the experiments in Figure 3b, the DNA used 

to assemble H2A nucleosomes was end-labeled with Cy3 and that used for mH2A-HD 

nucleosomes was end-labeled with Cy5. 

MacroH2A1.2 was expressed and purified as a dimer with H2B from BL21(DE3)-

pLysS cells (Stratagene). A pCDFDuet-1 plasmid encoding both H2B and a C-terminal 

2xFlag-tagged macroH2A1.2 was transformed into BL21(DE3)-pLysS cells and used to 

seed 50 ml starter cultures grown overnight to saturation with selection in both 

chloroamphenicol and spectinomycin. Starter cultures were used to seed 2 liters of 

antibiotic-selected media and grown to approximate absorbances of 0.7-0.8 before 

induction with 0.4 mM IPTG for three hours. MacroH2A/H2B dimer was then purified 
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first through a Flag affinity column, and subsequently diluted to 0.1 M NaCl. Nucleotide 

and DNA contaminants were removed by incubation with Q resin in batch for 30 

minutes. The supernatant was removed and bound in batch to SP resin for one hour. 

Bound resin was loaded onto a column and washed with 10-20 c.v. of buffer containing 

0.5M NaCl in 25 mM HEPES, pH 7.4, 0.1 mM EDTA, 0.5 mM EGTA, 0.02% Igepal 

CA-630 (vol/vol) (Sigma), 2 mM MgCl2, 20% glycerol (vol/vol), 1 mM PMSF, 1 mM 

DTT and protease inhibitors. Dimer was then eluted with 10 c.v. total of increasing NaCl 

concentrations (0.6, 0.7, 2x0.75, 2x0.8, 2x0.85, 0.9, 1M). Purified dimer was confirmed 

and quantified by SYPRO red staining (Invitrogen) on a 15% SDS acrylamide gel. 

Histones H2A, H2B, mH2A-HD, H3 and H4 were purified as previously 

described(8, 14). H2A/H2B dimer, mH2A-HD/H2B dimer, and H3/H4 tetramer were 

assembled by refolding individual histones together by dialysis out of unfolding buffer (7 

M Guanidinium, 20 mM Tris, pH 7.5, 10 mM DTT) into refolding buffer containing 2 M 

NaCl, 10 mM Tris, pH 7.5, 1 mM EDTA, and 5 mM 2-mercaptoethanol. The tetramer 

and dimers were purified away from aggregates by size-exclusion chromatography on a 

Superdex 200 HR 10/30 column (GE Healthcare) (Luger et al., 1999). MacroH2A and 

macroH2A-HD nucleosomes were assembled by mixing a 3:1:1 molar ratio of 

macroH2A/H2B dimer to tetramer to DNA followed by salt gradient dialysis as 

previously described (Chakravarthy and Luger, 2006). Properly assembled nucleosomes 

were subsequently isolated through glycerol-gradient ultracentrifugation in the presence 

of 0.1% Igepal CA-630. Stoichiometric ratios of purified nucleosomes were confirmed 

through SYPRO red staining. Nucleosomes containing H2A were assembled as above, at 

a 2:1:1 molar ratio of H2A/H2B dimer to tetramer to DNA, or from octamer as 
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previously described (Luger et al., 1999). Briefly, octamer was assembled by mixing 

H2A, H2B, H3, and H4 in a molar ratio of 1.2:1.2:1:1 in unfolding buffer and dialyzing 

into refolding buffer (Luger et al., 1999). Octamer was then purified by size exclusion 

before assembly onto equimolar quantities of DNA template through salt dialysis and 

subsequent glycerol gradient purification as above. The two methods used for assembling 

H2A containing nucleosomes did not alter the histone composition as determined by 

SYPRO red staining or the basic nucleosome properties as determined by mobility on 

native polyacrylamide gels. 

 

Nap1-dependent nucleosome assembly 

 Nap1 is a histone chaperone that can aid histone deposition onto DNA during 

nucleosome assembly (Andrews et al., 2010). As part of the effort to generate macroH2A 

nucleosomes with the proper histone stoichiometry, I attempted to use Nap1 to assemble 

macroH2A-HD nucleosomes. Both the mH2A-HD/H2B dimer and H3/H4 tetramer were 

pre-dialyzed into NaCl/TE buffer overnight before nucleosome assembly. Nap1, 

generously provided by Tom Fazzio and the Panning Laboratory, was mixed with 0/80 

DNA, dimer, and tetramer at a 2:1:2.4:1 ratio in a NaCl/TE buffer (100 mM NaCl, 10 

mM Tris, pH 7.5, 1 mM EDTA, 1 mM DTT, 0.5 mM benzamidine). The assembly 

mixture was incubated for three hours at room temperature, followed by one hour at 37 

°C. After glycerol gradient purification as described above, macroH2A-HD nucleosomes 

assembled by Nap1 formed a variety of products as visualized by native acrylamide gels, 

corresponding to nucleosomes positioned in a wide range of locations on the 0/80 DNA. 
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Attempts to reposition the assembled nucleosomes onto the 601 positioning sequence by 

heat shifting (30 minutes at 50 °C) were unsuccessful. 

 

Gel mobility shift experiments 

Human SWI/SNF gel mobility shift experiments were performed in reaction 

buffer containing 40 mM KCl, 3 mM MgCl2, 0.04% Igepal CA-630, 12% glycerol, 0.64 

mM EDTA, 8 mM HEPES, pH 8, 8 mM Tris, pH 7.5. Saturating enzyme conditions were 

30 nM hSWI/SNF mixed with 10 nM nucleosome and 2 mM ATP.  For limiting enzyme 

conditions, including direct competition between H2A and macroH2A-containing 

nucleosomes, 12 nM hSWI/SNF and 60 nM total nucleosomes were used. This substrate 

concentration was significantly higher than the published Kd values for SWI/SNF 

(Narlikar et al., 2001). Reactions were incubated at 30°C and stopped with a mix of ADP 

and competing stop plasmid DNA as previously described (Yang et al., 2006). Resulting 

products were run on native 5% v/v polyacrylamide gels run in 0.5x TBE and visualized 

by SYBR gold staining (Invitrogen) on a Typhoon Variable Mode Imager (Amersham). 

The ImageQuant program (GE Healthcare) was used to quantify band intensities, which 

were used to calculate the fraction of total nucleosomes corresponding to the 

unremodeled state for each time point, normalized to the zero time point. We note that, at 

the zero time point, in addition to the major nucleosomal bands marked marked in the 

figures, there are other minor species of histone-DNA complexes that migrate at different 

rates. These are most likely nucleosomes positioned differently on the DNA template or 

other histone-DNA complexes. However, the major starting nucleosome band is cleanly 

distinguishable from both the additional and product bands. We therefore measured 
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remodeling by quantifying how the major substrate band changed over time as a fraction 

of all the bands visible on the gel.  

 For the single turnover experiments, rate constants were determined by fitting the 

fraction of nucleosomes repositioned over time to a single exponential. For the multiple 

turnover experiments in Figures 2 and 3A, initial rates were obtained from the first five 

minutes of the reaction, which corresponds to the linear region of the time course. Data 

shown for the multiple turnover experiments were fit by excluding the minor bands from 

the quantification. However, this did not alter the relative rates of remodeling for 

macroH2A versus H2A nucleosomes (data not shown). 

ACF gel mobility shift experiments were performed at 30°C in ACF reaction 

buffer (30 mM KCl, 3 mM MgCl2, 0.05% Igepal CA-630, 12% glycerol, 0.56 mM 

EDTA, 6 mM HEPES, pH 8, 10 mM Tris, pH 7.5). Because hACF activity under 

saturating ATP conditions is on a time scale too fast to be accurately measured by gel 

shift analysis, we used a sub-saturating ATP concentration of 4 µM. For saturating 

enzyme conditions, 25 nM hACF was mixed with 10 nM nucleosomes and incubated for 

the times indicated. For limiting enzyme conditions, 5 nM hACF and a saturating 

concentration of 160 nM total nucleosome were used based on previous work and data 

not shown (He et al., 2006). The reactions were processed and the data quantified as 

described for the human SWI/SNF experiments above. 

 

Electron Microscopy 

 The crystal structures of the macro domain alone and the nucleosome containing 

macroH2A-HD have been solved, but it remains unknown how the large macro domain is 
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oriented with respect to the nucleosome (Chakravarthy et al., 2005; Chakravarthy et al., 

2006). In collaboration with Yifeng Cheng, I attempted to obtain a low-resolution 

structure of the complete macroH2A-containing nucleosome by electron microscopy 

(EM). MacroH2A nucleosomes were assembled on 0/60 DNA and visualized by negative 

staining EM. However, the macroH2A nucleosomes assembled into three distinct 

positioning sequences, and the resulting images showed particles that varied in size, 

suggesting that the assembled nucleosomes were not of a uniform population, making it 

difficult to determine a consensus structure (data not shown). Further, most of the 

observed particles appeared to be smaller in size than H2A-containing nucleosomes 

(Racki et al., 2009), suggesting that the macroH2A nucleosome may not be stable under 

the conditions used for negative staining. Nonetheless, future experimentation with 

macroH2A nucleosomes assembled on different DNA lengths and stained under other 

conditions may allow EM determination of the nucleosome structure. 
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Figure 1 

MacroH2A is a good substrate for ATP-dependent remodeling. (A) DNA constructs used to 

assemble nucleosomes. 20/60 and 0/80 nucleosomes are positioned using the 601 sequence. 

Numbers represent the length of flanking DNA on each side. (B) Native gel shift showing 

remodeling of 20/60 H2A and macroH2A (mH2A) nucleosomes by hSWI/SNF (left).  

kobs = 1.3 ± 0.11 min-¹ for H2A nucleosomes and 1.3 ± 0.080 min-¹ for macroH2A nucleosomes

(right).  (C) Native gel shift showing remodeling of 0/80 nucleosomes by ACF (left).  

kobs = 1.3 ± 0.15 min-¹ for H2A nucleosomes and 2.4 ± 0.50 min-¹ for macroH2A nucleosomes 

(right).  Values are calculated from three independent experiments; error bars show the 

standard deviation.  Long arrows mark unremodeled macroH2A nucleosomes; arrowheads 

mark unremodeled H2A nucleosomes.
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ACF is recruited equally well to H2A and 

macroH2A nucleosomes.  In the top 

panel, 80 nM H2A and 80 nM macroH2A

0/80 nucleosomes were mixed with 5 nM

hACF and visualized on the same gel. The 

larger macroH2A nucleosomes run much 

more slowly than H2A nucleosomes. In 

the middle panel, initial rates from the 

top panel are 10.5 ± 0.90 nM min-¹ for 

H2A and 7.5 ± 0.36 nM min-¹ for 

macroH2A nucleosomes. In the bottom 

panel, initial rates when 160 nM H2A or 

macroH2A nucleosomes are remodeled 

separately are 21.5 ± 0.85 nM min-¹ for 

H2A nucleosomes and 14.5 ± 0.80 nM min-¹ 
for macroH2A nucleosomes. The similar 

1.5-fold rate difference between the two 

nucleosomes under competition and 

separate conditions shows that they 

compete equally for ACF binding.  Rates 

are means and standard deviations from 

three independent trials.
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H2A + mH2A mixed H2A, mH2A separate

Figure 3 
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SWI/SNF complexes are preferentially recruited to H2A nucleosomes. In the left panel, 

30 nM H2A and 30 nM macroH2A 20/60 nucleosomes were mixed together with 12 nM 

hSWI/SNF and visualized on the same gel. In the middle panel, initial remodeling rates from 

the left panel are 3.1 ± 0.54 nM min-1 for H2A nucleosomes and 0.23 ± 0.056 nM min-¹ for 

macroH2A nucleosomes. In the right panel, when remodeled separately, initial rates are 

4.1 ± 0.34 nM min-¹ for H2A nucleosomes and 2.5 ± 0.016 nM min-¹ for macroH2A 

nucleosomes. Values were calculated from two independent experiments.
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Figure 4 

H2A                           Cy3 601 DNA signal

macroH2A-HD       Cy5 601 DNA signal

SWI/SNF complexes are recruited equally well to macroH2A histone fold (macroH2A-HD)

and H2A nucleosomes. H2A (30 nM) and macroH2A-HD (30 nM) nucleosomes 

were mixed together with 12 nM hSWI/SNF. The DNA of the macroH2A-HD nucleosomes is 

end-labeled with Cy5 and that of H2A nucleosomes with Cy3.
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Altered macro domain
conformation

Figure 5 

Altered SWI/SNF 
conformation

Two models for inhibition of SWI/SNF binding by the macro domain. (A) Steric

hindrance due to the altered shape of a macroH2A nucleosome may require SWI/SNF 

complexes to change conformation to bind. (B) The linker region of macroH2A may adopt 

multiple conformations, only some of which allow binding of SWI/SNF to that nucleosome.
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 HP1 heterochromatin is found around the chromosomes’ centromeres and on 

telomeres. Unlike Polycomb heterochromatin, which recognizes methylation of the 

H3K27 residue, HP1 heterochromatin depends on methylation of the H3K9 residue by 

the methyltransferase Su(var)3-9, the S. pombe homologue of which is Clr4. For gene 

silencing, HP1 is thought to function both by directly recruiting additional silencing 

factors, such as RNAi machinery (Iida et al., 2008), and by modifying chromatin 

structure to be less accessible to transcription (Danzer and Wallrath, 2004). However, 

some transcription has still been observed within HP1 heterochromatin and is associated 

with maintenance of heterochromatin (Zofall and Grewal, 2006). Vertebrates have three 

HP1 homologues, called HP1α-γ, while Drosophila contains 5 HP1 family members. 

These paralogs appear to localize differently within the nucleus and play somewhat 

different roles (reviewed in Vermaak and Malik, 2009). In particular, HP1γ has been 

observed to localize only to euchromatin (Smothers and Henikoff, 2001). In S. pombe, 

however, there are only two HP1 proteins, Swi6 and Chp2. In addition to its constitutive 

silencing effects, HP1 heterochromatin is required for maintaining proper centromere 

structure necessary for proper sister chromatid separation during cell division, and for 

maintaining stable telomeric structures (reviewed in Grewal and Jia, 2007). Thus, 

elucidating the basic structure of HP1 heterochromatin is scientifically interesting beyond 

its effects on gene silencing.  

HP1 proteins specifically recognize the di- and tri-methylated versions of H3K9 

through a highly conserved chromodomain (CD) (Jacobs and Khorasanizadeh, 2002; 

Nielson et al., 2002). The H3K9 methyltransferase, Clr4 in S. pombe, also contains a 

chromodomain that specifically recognizes the H3K9me mark (Zhang et al., 2008). 
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However, unlike Clr4, HP1 also contains a second, related domain called the 

chromoshadow domain (CSD), which has not been observed to bind to methylated 

residues, but does allow homodimerization between two HP1/Swi6 molecules with high 

affinity (Cowieson et al., 2000). HP1 and its homologues also contain a flexible linker 

region of variable length between the CD and CSD that can bind nonspecifically to DNA 

(Meechan et al., 2003; Zhao et al., 2000). It is also interesting that both Swi6 and Clr4 

have greater affinity for the methylated H3K9 tail than the unmodified tail (Zhang et al., 

2008). One model proposed for HP1 heterochromatin spread is that Clr4 binds to a 

methylated nucleosome in order to methylate an adjacent nucleosome. In this case, Swi6 

could compete with Clr4 for methylated tails in regions where all or most of the 

nucleosomes have already been methylated to release Clr4 to function at the leading edge 

of heterochromatin spread. Consistent with this model, HP1 heterochromatin is dose-

dependent on both Swi6 and Clr4 (Nakayama et al., 2000). If this model is true, however, 

then Swi6 likely has some advantage over Clr4 when binding to highly methylated 

chromatin, but not at the leading edge of heterochromatin spread where Clr4 needs to 

function. 

Recent work from the Narlikar laboratory has shown that the CD alone can also 

dimerize, allowing two Swi6 dimers to multimerize as a tetramer both in solution and on 

a nucleosome (Canzio et al., 2011). These results suggested a model in which a Swi6 

tetramer on the nucleosome contains two unoccupied CDs that are free to bind the 

methylated H3 tails of nearby nucleosomes (Figure 6). This “sticky ends” model was 

proposed as a mechanism by which HP1/Swi6 can spread from specific initiation sites to 

form large heterochromatic regions. Further, mutations that increased Swi6 
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tetramerization without affecting affinity for the methylation mark also increased Swi6 

specificity for methylated single nucleosomes and nucleosome arrays. This suggests that 

multimerization plays an important role in specific spread of Swi6 across methylated 

nucleosomes. However, it is less clear how Swi6 actually binds in the context of multiple 

nucleosomes. 

 There are two main models for how multiple nucleosomes fold to form a higher 

order structure, called a 30 nm fiber based on its measured width, and these two models 

inform two possible ways for Swi6 to bind to multiple nucleosomes (reviewed in 

Tremethick, 2007). The first, called the one-start or solenoid model, theorizes that 

linearly adjacent nucleosomes are brought more closely together to form a basic helix. 

The second model, called the two-start model, proposes that the nucleosomes fold in a 

zig-zag or accordion pattern so that in the final structure, each nucleosome is spatially 

closest to the nucleosomes that are one position beyond the linearly adjacent nucleosomes 

on either side. These two models for nucleosome folding are not necessarily exclusive, as 

there has been work that shows that nucleosome arrays with different lengths of linker 

DNA can fold into different higher order structures (Routh et al., 2008). Further, the 30 

nm fiber has only been observed in vitro, and if it exists in vivo, it is not known how the 

variety of chromatin binding proteins, including Swi6 and other associated factors, would 

fit within the relatively compact structures thus elucidated. However, it seems likely that 

in a two-start fiber, the Swi6 tetramer may bridge the spatially but not linearly adjacent 

nucleosomes, and thus bind to every other nucleosome of a multinucleosome array 

(Figure 7A). In contrast, in a one-start fiber, Swi6 may be free to bridge nucleosomes that 

are linearly adjacent along the DNA (Figure 7B). 
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 To test how Swi6 binds to multiple nucleosomes, I sought to use di and tri-

nucleosome arrays as substrates for Swi6 binding. If Swi6 bridges adjacent nucleosomes, 

then Swi6 should bind dinucleosomes with greater specificity than mononucleosomes, 

albeit with less specificity than that observed with twelve nucleosome arrays. In contrast, 

if Swi6 binds to alternating nucleosomes, Swi6 should bind to dinucleosomes with 

approximately the same specificity as for mononucleosomes, after accounting for the 

effects of nonspecific binding by Swi6 to the linker DNA on the dinucleosome. Further, 

in this case, a trinucleosome would be the shortest nucleosome array that is competent for 

Swi6 bridging, and thus should be bound with greater specificity than mono or 

dinucleosomes. 

 

Results 

 Previously, technical difficulties prevented the generation of large quantities of 

highly pure H3K9me nucleosomes. Prior work had used in vitro methylation of the 

histone tails by histone methyltransferases, or relied on chemical ligation of synthesized 

methylated tail peptides to the globular domain of the H3 histone (He et al., 2003; 

Shogren-Knaak et al., 2003). Work on Swi6 in the Narlikar laboratory instead utilized a 

methyl lysine analogue (MLA) that instead modifies a cysteine at the K9 position of H3 

(H3Kc9) that, when incorporated into nucleosomes, shows little to no measurable 

difference from the H3K9 methyl mark (Simon et al., 2007). All data with methylated 

nucleosomes presented herein refer to the MLA H3Kc9me3 modification. 

 

Dinucleosome binding 
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Methylated and unmodified dinucleosomes were assembled on a variety of DNA 

substrates in part to determine the effects of linker DNA length on Swi6 binding and 

specificity. In particular, Swi6 affinity was measured for dinucleosomes containing 10, 

15, 20, and 47 base pairs of linker DNA (L10, L15, L20, and L47, respectively). Swi6 

binding was measured by native gel shifts assays. Because accurate determination of 

Swi6 specificity for methylated nucleosomes relies on consistent measurements of 

binding to H3Kc9me3 and unmodified nucleosomes, a variety of different gels and 

running conditions were tested to achieve the cleanest results. In the end, the best results 

were obtained with 4% acrylamide:bis-acrylamide at a 37.5:1 ratio, run for 3 hours at 75 

V in 0.4x TBE. However, even under these gel conditions, there was significant assay-to-

assay variability in Swi6 affinity for the dinucleosomes, though specificity (as calculated 

as the ratio of affinity for H3Kc9me3 dinucleosomes to affinity for H3K9 unmodified 

dinucleosomes) remained relatively consistent (data not shown).  

In the published work, L15 and L47 dinucleosomes were used as a basis for direct 

comparison with the 12N arrays (Canzio et al., 2011). My work found that His-tagged 

Swi6 bound to both L15 and L47 dinucleosomes with the same specificity, with ~2.5x 

greater affinity for the methylated dinucleosomes over the unmethylated dinucleosomes 

(Figure 8). These numbers are comparable to the specificity observed for 

mononucleosomes containing 20 base pairs of flanking DNA on each side of the 

nucleosome (Canzio et al., 2011), which suggests that the dinucleosome substrate does 

not significantly contribute to any increase in Swi6 specificity. In contrast, on the L15 

12N array, Swi6 has 25-fold specificity for the methyl mark, which is largely lost on the 

L47 12N array (5.4-fold specificity). The 5-fold loss of specificity when increasing linker 
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DNA length on a 12N array is greater than the <2-fold specificity loss when increasing 

the linker or flanking DNA length on dinucleosomes or mononucleosomes, the latter of 

which naturally does not allow for bridging effects. This suggests that while Swi6 can 

gain greater specificity on the 12N array through bridging effects, these bridging effects 

are not found on dinucleosomes, even when the two nucleosomes are only 15 base pairs 

apart. These results were originally rather surprising, as a priori there was no evidence to 

suggest that Swi6 would bind differently to dinucleosomes compared to 12N arrays. 

Indeed, the drastic specificity differences observed for these two substrates suggested that 

there is some fundamental difference between 2N and 12N substrates that affects Swi6 

binding. However, when taken in the context of structural studies of the one-start and 

two-start 30 nm fibers, these data support the models where nucleosomes that are linearly 

adjacent along DNA are not those spatially the closest together. The data further suggest 

that Swi6 binding on chromatin does not bridge linearly adjacent nucleosomes, but rather 

bind to chromatin in a different pattern. 

This model partially explains why there is little difference in Swi6 specificity for 

L15 and L47 dinucleosomes, as there is no loss of bridging-dependent binding specificity 

between the two substrates. However, even accounting for this, L47 dinucleosomes 

would still be expected to be a somewhat less specific substrate for Swi6 binding, as L47 

dinucleosomes contain more DNA for nonspecific binding by Swi6 while maintaining the 

same number of H3 tails for specific binding orientations. In mononucleosomes, adding 

20 base pairs of extra flanking DNA decreases specificity of Swi6 binding. One possible 

explanation is that there is some steric hindrance caused by the presence of two linked 

nucleosomes that partly limits increased binding of Swi6 to the slightly longer linker 
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DNA, which would not be present on the mononucleosome substrates. If this is the case, 

then further increasing the linker DNA length on the dinucleosome would eventually 

result in an observable decrease in specificity. If true, this could be used to determine a 

“footprint” of how much DNA is required for a single Swi6 molecule to bind. However, 

it is also important to note that the overall specificity of Swi6 for L15 dinucleosomes is 

already relatively low, and any decrease in specificity would at best be two-fold, making 

this difficult to accurately measure. This fact would also explain why there is no 

specificity loss observed between L15 and L47 dinucleosomes. 

However, another possibility is that the spacing between nucleosomes affects 

Swi6 specificity by changing the relative orientations between the nucleosomes. DNA 

forms one helical turn per ~10 base pairs, and it is possible that specific Swi6 binding 

depends on certain turn periodicity between the nucleosomes. Experiments with L10 and 

L20 dinucleosomes showed slightly higher specificity than the L15 dinucleosome, of 

approximately 5-fold. While this is within 2-fold of the specificity values measured for 

L15 (and L47) dinucleosomes, it suggests that the periodicity of the linker DNA may 

have some effect. One additional caveat, however, is that the linker DNA sequences of 

the L10 and L20 dinucleosomes are entirely different from those of the L15 and L47 

nucleosomes, though Swi6 has not been shown to bind DNA with any sequence-

dependence. 

I also measured specificity of a Swi6 CSD mutant, L315D, to dinucleosome 

arrays. The L315D mutation almost completely abrogates dimerization through the CSD 

interface. Specificity of the L315D mutant to the L15 dinucleosome was 1.5, while 

specificity for the L47 dinucleosome was 1.8 (Figure 9). Since it is unlikely that there is 
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any bridging interaction by Swi6 on the dinucleosome, it is possible that reducing the 

constitutive Swi6 dimer to a monomer in solution allows it to bind in a greater variety of 

nonspecific orientations.  

There was some concern that the N-terminal His tag on the Swi6 used for the 

dinucleosome experiments could interfere with binding. However, experiments on 

mononucleosomes and arrays with a TEV-cleaved tagless version of Swi6 showed no 

observable differences in specificity, though there was some slight effect on affinity 

(Canzio et al., 2011). As the tagless Swi6 was generated in part to serve as a reagent for 

Sort-tagging, further details on cloning it are presented in Chapter 4. 

 

Trinucleosome assays 

From the dinucleosome results, it seemed likely that Swi6 bridging does not occur 

across adjacent nucleosomes. However, if the two start model of nucleosome folding 

applies in vivo, it seemed likely that Swi6 would instead bridge alternating nucleosomes, 

and trinucleosomes would then be the shortest nucleosome array on which bridging 

effects on Swi6 specificity could be observed. Because bridging of alternate nucleosomes 

would necessitate bringing the two end nucleosomes of the trinucleosomes closer 

together, it should also be possible to measure Swi6 binding by measuring trinucleosome 

compaction. By comparing compaction with an independent assay of overall Swi6 

binding, it would also be possible to directly test the effects of Swi6 on chromatin 

structure. 

Previous work in the Widom laboratory developed a FRET assay of 

trinucleosome compaction (Poirier et al., 2009), which I hoped to utilize for my 
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compaction assays. However, because this assay requires two internal fluorescent labels 

on the trinucleosome DNA, it was not possible to produce the DNA substrate for 

trinucleosomes in the same manner as that for dinucleosomes.  

Instead, each nucleosome positioning sequence had to be produced separately by 

PCR, cut, and ligated together before trinucleosome assembly. Assembly of the 

trinucleosome DNA relies on the use of asymmetric restriction enzyme sites, to ensure 

that the two end nucleosome sequences each only ligate to one side of the central 

nucleosome sequence, to ensure that the final trinucleosome sequence contains one each 

of the two fluorescent labels needed for FRET (Figure 10A). Using the restriction 

enzyme TspRI, which has a degenerate recognition sequence, allows the use of two 

different asymmetric sites to join the individual nucleosome positioning sequences 

without using additional enzymes. However, due to the purification procedures necessary 

between each step, even after a great deal of method optimization, the overall yield of 

trinucleosome DNA from the original PCR products was extremely low, comparable to 

the ~2% yield obtained in the Widom laboratory (Oh, personal communication). 

Optimization of trinucleosome DNA production was performed starting with PCR 

using nonfluorescent primers to produce the three constructs 601a, 601b, and 601c. PCR 

products were precipitated and purified by gel electrophoresis as described in Chapter 2, 

then each sequence was digested overnight with TspRI. Complete cutting was confirmed 

by comparing the digest products with uncut 601a-c on a 12% acrylamide gel in 1x TBE. 

Attempts to purify the digested 601a-c sequences by phenol-chloroform followed by 

ether extraction left trace amounts of organic solvent in the DNA samples, which 

appeared to reduce subsequent trinucleosome ligation efficiency. Instead, the digested 
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601 sequences were purified using the Qiagen PCR cleanup kit. To minimize the number 

of Qiaquick columns used, each column was reused up to a total of three times. No wash 

step to regenerate the column is required between elution and loading the next aliquot of 

sample digest. 601a, 601b, and 601c were then combined in a 1:0.8:1 molar ratio. The 

reduced amount of 601b in the ligation mix is designed so that the excess amounts of 

601a and 601c will drive partial, dinucleosome ligations to complete ligation into 

trinucleosome sequences. Control ligations showed that the 601c sequence does not 

observably ligate with itself, though the 601b sequence shows some self-ligation, 

presumably due to mismatch annealing between the different sticky end sequences, as 

601b self-ligation produces a faint ladder (Figure 10B). After ligation, the trinucleosome 

DNA is purified from the dinucleosome and mononucleosome contaminants by another 

gel electrophoresis. Unfortunately, with large amounts of ligation reaction, separation of 

di and trinucleosome DNA is incomplete, and can result in slight contamination of 

dinucleosome DNA in the purified product. Anion exchange may separate the two 

sequences more completely; however the appropriate salt gradient for optimal separation 

has not yet been determined. 

Nonmethylated nucleosomes were assembled on the purified, non-fluorescent 

601a-c DNA. However, additional optimization is required to determine the correct ratio 

of octamer:DNA to obtain complete deposition of three octamers on each DNA molecule. 

It was unclear whether adding addition H2A/H2B dimer had any effect on trinucleosome 

assembly. Purifying the assembled trinucleosome from underassembled di- or 

mononucleosome should be achievable by glycerol gradient purification, much like 

dinucleosome purification as described below. 
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Clr4 binding 

The data presented thus far in this chapter support the model of heterochromatin 

spread, presented in the introduction of this chapter, where Swi6 competes with Clr4 for 

binding to methylated H3 tails in chromatin regions where all or most of the nucleosomes 

have already been methylated. This increases the amount of free Clr4 available to bind at 

the leading edge of heterochromatin spread, where Swi6’s bridging-dependent specific 

binding is less likely to occur. The greatly increased specificity observed on 12N 

nucleosome arrays suggests that Swi6 is more likely to bind specifically in chromatin 

regions already highly enriched for methylated tails. If this model is true, there should 

also be differences in nucleosome binding by Swi6 and Clr4 that depends on the 

methylation status of adjacent nucleosomes. Further, a high enough concentration of 

Swi6 should be able to prevent Clr4 binding. A second, alternate model depends on 

Swi6-dependent recruitment of Clr4, as the mammalian homologues directly interact 

(Aagaard et al., 1999). In this case, high concentrations of Swi6 should increase Clr4 

binding affinity. Unexpectedly, preliminary results suggest that Swi6 and Clr4 may be 

able to simultaneously bind to nucleosomes, and that high concentrations of Swi6 do not 

drastically affect Clr4 binding (Figure 11). However, these in vitro results with 

mononucleosomes do not allow for any binding advantage Swi6 would gain in the 

context of multiple methylated nucleosomes, and thus do not rule out the model in vivo, 

or on nucleosome arrays. 

Additionally, the model of Swi6 and Clr4 heterochromatin spread also depends on 

the untested ability for Clr4 to bind to one nucleosome (via its chromodomain) while 
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methylating the H3 tail of another nucleosome. Such Clr4 activity should be testable on a 

dinucleosome substrate containing an unmodified nucleosome adjacent to an already 

methylated nucleosome, which can be achieved by ligating two separately assembled 

nucleosomes together. I generated two 601-containing constructs, 10A and 10B, each 

containing DraIII sites so that, when ligated, would form a dinucleosome sequence with 

10 base pairs of linker DNA. Another pair of constructs, 20A and 20B, can be ligated to 

form a dinucleosome sequence with 20 base pairs of linker DNA.  Each construct was 

cloned separately into pUC19, though assembling and ligating nucleosomes together has 

not been attempted. 

 

Methods 

 Full-length His-tagged Swi6 and L315D were cloned in the Narlikar laboratory as 

described previously (Canzio et al., 2011). Swi6 plasmids were transformed into Rosetta 

(DE3) pLysS E. coli and grown with 100 µg/mL Kanamycin at 37 °C. At OD 0.4-0.5, 

expression was induced overnight with 0.4 mM Isopropyl-β-D-thiogalactopyranoside at 

18 °C. Harvested cells were resuspended in lysis buffer (1x PBS, pH 7.3, 300 mM NaCl, 

10% glycerol, 0.1% Igepal CA-630, 7.5 mM imidazole, and protease inhibitors), then 

sonicated. After centrifugation at 25,000 g for 20 minutes, the supernatant was incubated 

with cobalt-NTA beads (Clontech) at 4 °C for one hour. Beads were subsequently 

washed with lysis buffer, followed by elution with elution buffer (25 mM HEPES pH 7.5, 

100 mM KCl, 10% glycerol) and 250 mM imidazole. Swi6 was then further purified in 

elution buffer by size-exclusion chromatography on a Superdex 200HR 10/300 column 

(GE Healthcare). Quantification was determined by UV absorption at 280 nm on a 
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Nanodrop using the extinction coefficient 34,776 M-1 cm-1. TEV-cleaved, unlabeled Swi6 

was cloned and purified as described in Chapter 4 below. 

H3Kc9me3 histones were produced with assistance from Matt Simon, Bassem Al-

Sady, and Daniele Canzio as described previously (Simon et al., 2007). Methylated and 

unmethylated octamer were assembled and purified by FPLC by standard protocols as 

described in Chapter 2. 

 Dinucleosome L15 and L47 DNA, containing two 601 sequences linked by 15 or 

47 base pairs of DNA was obtained from plasmids containing the 12N L15 and L47 

arrays and cloned into the pTNT vector using the Eag1 and Xho1 restriction sites. 

Plasmids were amplified in a dcm and dam methylation-defective E. coli strain, digested 

with Eag1 and Xho1 to release the construct, then purified by native gel electrophoresis. 

L10 and L20 dinucleosome DNA was produced by separate PCR amplification of each 

601 sequence, followed by three-way ligation to clone into the pUC19 plasmid for 

subsequent digestion and purification. Attempts to generate dinucleosome sequences 

directly by PCR were unsuccessful, likely due to mispriming to the repeated sequences 

within the 601 sequences themselves. Dinucleosome L10 and L20 DNA was a generous 

gift from Karim Armache of the Kingston Laboratory. 

Both unmodified and H3Kc9me3 dinucleosomes were assembled by gradient salt 

dialysis in the presence of 2 mM DTT, with some additional H2A/H2B dimer added to 

encourage complete octamer deposition. Assembled dinucleosomes were purified by 

glycerol gradient centrifugation as described in Chapter 2.  

 Dinucleosome gel shifts were ultimately performed on large 4% acrylamide gels 

(37.5:1 acrylamide:bis-acrylamide) in 0.4x TBE, and run for 3 hours at 75 V. 1.25 nM 
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dinucleosome was mixed with varying concentrations of Swi6 in 20 µL sample 

containing Swi6 binding buffer (20 mM HEPES pH 7.5, 4 mM Tris, 80 mM KCl, 0.1% 

Igepal CA-630, 0.2 mM EDTA, 2 mM DTT, and 4-10% glycerol). Binding curves were 

fit with the equation, fraction bound = [Swi6]n/([Swi6]n + K1/2
n). Specificity was 

calculated as the ratio of K1/2(H3K9)/K1/2(H3Kc9me3). 

Trinucleosome DNA was purified as described above. The primer sequences for 

601a are (GGACCCTATACGCGGCCGCC and GTCGCTGTTCCCCAGTGTCACAGG 

ATGTATATATCTGACACGTGCCTGGAGACTAGGGAG); the primers for 601b are 

(CTTATGTGATGACACTGGGACGCGGCCGCCCTGGAGAATCCCGG and 

GCACCGGCAACTCACTGCCTCAATACATGCACAGGATGTATATATCTG), and 

the primers for 601c are (ACCCTATACGGCAGTGAGCTGGAGAATCCCGGTGCCG 

AGGCCGCTCAATTGGTCGTAGC and GGTCGCTGTTCAATACATGCACAGGAT 

GTATATATCTGACACGTGCC). While the TspRI sites are the same as described in the 

Poirier et al. paper, because the plasmid containing the 601 sequence is different from 

that in the Widom laboratory, the primer sequences are not the same as those previously 

published.  

Swi6 and Clr4 joint binding assays were measured by native gel shifts on 

H3Kc9me3 mononucleosomes assembled as described for nucleosomes in Chapter 2, in 

the presence of 2 mM DTT. Varying concentrations of Clr4 were mixed with 20 nM 

nucleosomes in the presence or absence of 2.5 µM Swi6. The reaction buffer contained 

25 mM HEPES pH 7.5, 100 mM KCl, 10% glycerol, 0.1% Igepal CA-630, and protease 

inhibitors. 
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A model for how HP1 binds to nucleosomes. HP1/Swi6 forms constitutive dimers via homo-

dimerization of the CSD. Two of these dimers tetramerize on the nucleosome via an interface 

on the CD, leaving two CD’s free to bind to H3 tails of nearby nucleosomes. Tetramerization 

enhances specificity of Swi6 binding, so that Swi6’s bridging effect depends on both the CSD 

and CD interfaces.
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B

Figure 7 

Two models for how a Swi6 dimer bridges two 

nucleosomes. (A) The Swi6 dimer binds the H3 tails of 

two nucleosomes that are linearly adjacent along the 

DNA. This model is most consistent with a one-start

model of chromatin folding. (B) The Swi6 dimer spans

two nucleosomes with a third nucleosome between 

them. Multiple Swi6 oligomerization would then bind

across alternating nucleosomes, consistent with a two-

start model of chromatin folding.
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Swi6 binds L15 and L47 dinucleosomes with equal specificity. Representative gel shifts 

shown. (A) K1/2 for H3Kc9me3 and H3K9 L15 substrates are 62 and 156 nM, respectively. 

(B) K1/2 for H3Kc9me3 and H3K9 L47 substrates are 12 and 32 nM, respectively. Swi6 

concentrations represent monomer concentrations.
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Figure 9
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Figure 10 
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Ligation of trinucleosome DNA for Swi6 binding and chromatin compaction assays. 

(A) Schematic for generation of fluorescent trinucleosomes by separate PCR amplification,

followed by TspRI digest and ligation. (B) Ligation reactions to test specificity of the two

asymmetric TspRI sites. Excess 601b can self-ligate, likely due to mismatch annealing between

the two asymmetric sites.
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Figure 11 

- Swi6 + 2.5 uM Swi6
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Swi6 and Clr4 can simultaneously bind to a nucleosome. Core H3Kc9me3 mono-

nucleosomes were incubated with varying concentrations of Clr4 with or without 2.5 uM 

His-Swi6. In the presence of saturating concentrations of Swi6, nucleosomes still upshift 

upon addition of Clr4. 
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Chapter 4 

 

Fluorescent assays for Swi6 binding to nucleosomes 
 



49 
	  

 Due to the difficulties in optimizing native gel shifts for Swi6 binding assays on 

dinucleosomes, I attempted to develop a different assay for measuring Swi6 binding. A 

fluorescence based assay would have the added advantage of allowing solution-based 

measurements, without the concern that the gel matrix disrupts equilibrium binding of 

Swi6 to the nucleosome substrates. Also, because the Swi6-bound nucleosome substrates 

continue to migrate at increasingly slower rates with increasing Swi6 concentration 

without any apparent level of saturation, it is difficult to determine by gel assay when a 

nucleosome, dinucleosome, or trinucleosome is fully bound. This is especially worrisome 

because gel shifts using Swi6 labeled with Cy5 on native cysteines showed that, at lower 

concentrations of Swi6, where mononucleosomes first start to show an upshift, Cy5-Swi6 

was not observed to co-migrate with the shifted nucleosome bands (Figure 12A). This 

raised the possibility that the Swi6-nucleosome complex dissociates during the course of 

the gel assay, which is discussed further in the FRET section below. While the Swi6 in 

this assay was not completely labeled with Cy5, these observations further drove the 

desire to develop a different Swi6-binding assay. 

My efforts to develop a fluorescence based binding assay can be roughly divided 

into three categories: assays based on environmentally-dependent changes in 

fluorescence, FRET-based assays, and fluorescence polarization. These are described in 

separate sections below. 

 

Environmentally-sensitive fluorescence assays 

 Swi6 contains 5 tryptophan residues, including three in the chromodomain, 

whereas the nucleosome contains none. Because tryptophan residues are fluorescent, and 
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both its fluorescence intensity and peak wavelength are highly dependent on their 

immediate environment, binding by Swi6 to the H3 tail may detectably change the 

natural tryptophan fluorescence of the Swi6 protein. I attempted to use tryptophan 

fluorescence to assay Swi6 binding to H3 tail peptide and to complete nucleosomes. 100 

nM His-tagged Swi6 was mixed with 0.1-40 µM H3 tail peptide, and 200 nM His-tagged 

Swi6 was mixed with 0.1-40 µM methylated tail peptide in Swi6 binding buffer lacking 

Igepal CA-630, and fluorescence was scanned between 300 and 450 nm on a 

spectrophotometer. However, the background fluorescence was too high to discern any 

change in fluorescence upon peptide binding (data not shown).  

 With complete nucleosomes, however, changes in tryptophan fluorescence 

intensity were observed (Figure 13). Unlike previous observations with mouse HP1α, 

however, tryptophan fluorescence increased with increasing concentrations of 

nucleosome (Fan et al., 2007). 0-75 nM unmodified nucleosomes were mixed with 100 

nM His-tagged Swi6 in binding buffer containing no Igepal CA-630 and no protease 

inhibitors. While these results were promising, the relatively low fluorescence intensity 

measured at 100 nM Swi6 suggested that it would not be possible to visualize the low 

concentrations of Swi6 needed to measure binding affinities for methylated nucleosomes. 

Also, because one of the goals at the time of these experiments was to determine if Swi6 

bound cooperatively to the nucleosome, the reporter molecule for binding needed to be 

on the nucleosome. As a result, subsequent attempts to utilize environmentally sensitive 

fluorescence focused on labeling the nucleosome, with less successful results. 

 While certain fluorophores are widely known to be environmentally sensitive, 

typically non-sensitive fluorophores sometimes also change fluorescence intensity upon 
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binding (Racki et al., 2009). As a result, I tested a range of fluorophores for Swi6-

dependent changes in fluorescence. Based on the known nucleosome structure, the 

nucleosome labels were located on or near the H3 tail, either on the DNA near the exit 

site or on the H2A C-terminal tail. I assembled and tested nucleosomes using labeled 

DNA obtained from Janet Yang, which included Dansyl-0/45, 0/45-Dansyl and Cy3 

internally at base 18 of 0/60. I also generated DNA containing Cy3 end labels on 0/20, 

0/55, and core DNA for additional binding measurement. I also assembled 0/0 core 

nucleosomes containing H2A with a cysteine mutation at the 120 residue, labeled with 

Cy3 or IAEDANS-maleimide. Lastly, I tested 40/40 nucleosomes labeled on H3 at 

residue 33, provided by Claire Rowe. While all these nucleosomes bound Swi6 as 

measured by gel shift, none showed consistent binding-dependent changes in 

fluorescence (data not shown).  

 

FRET assays 

 FRET assays require tagging both Swi6 and the nucleosome. However, because 

the structure of how Swi6 binds to the nucleosome remains unknown, determining where 

to position the labels is somewhat dependent on trial and error. I focused on the fact that 

the N-terminal CD domain binds the H3 tail, and focused both Swi6 and nucleosome 

labeling efforts in those regions. 

  Swi6 contains 3 conserved cysteine residues, two in the CD and one in the CSD. 

The two CD cysteine residues, in particular are a promising label target for a FRET label. 

I used maleimide chemistry to label Swi6 with Cy5. The protocol does not allow 

selection of which cysteine(s) are labeled in this manner, though it depends partly on 
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accessibility and partly on the pKa of the sulfhydryl group in each cysteine. After a 30 

min RT incubation, 22-28 µM His-Swi6 or tagless Swi6 was incubated with 2 µL TCEP 

for 10 minutes, followed by addition of 6.25 µL 100 mM Cy5-maleimide. The labeling 

reaction was incubated for 3 hours at RT in the dark, and labeling then stopped by adding 

β-ME to a final concentration of 80 mM. The Swi6 was then purified by size exclusion 

chromatography to remove excess Cy5 dye. Time-of-flight mass spectrometry of Cy5-

labeled, untagged Swi6 showed a mixed population, corresponding to 0-2 Cy5 labels per 

Swi6 molecule (data not shown). MS of Cy5-labeled, His-tagged Swi6 was inconclusive. 

Trial FRET assays were conducted using Cy5-labeled tagged and untagged Swi6 with 

nucleosomes end-labeled with Cy3 and visualized both by a spectrophotometer and by a 

platereader (Analyst HT). Upon addition of nucleosomes, Cy5 fluorescence increased 

slightly, but without any drop in Cy3 fluorescence, suggesting that FRET did not occur, 

though some environmentally-dependent change in Cy5 fluorescence may be possible. 

This was further confirmed by observations that Cy5 fluorescence increased when 

unlabeled nucleosome was added in place of Cy3-labeled nucleosome. Unfortunately, 

observed changes in fluorescence were very inconsistent, and the total effect of 

nucleosome binding was small relative to the overall fluorescence, making experimental 

noise a significant problem.  

To test whether the Cy5 label interferes with Swi6 binding, nucleosome binding 

was also measured by native gel shifts. Gel shifts with Cy5-labeled, untagged Swi6 

suggested that while the protein’s affinity for both H3K9 and H3Kc9me3 nucleosomes 

was slightly decreased, specificity remained the same. To test whether the Cy5 label 

interfered with H3 tail binding, I visualized the gel shifts both by Sybr gold labeling and 



53 
	  

by Cy5 fluorescence to determine whether Cy5-labeled Swi6 comigrates with the 

nucleosomes (Figure 12A). No labeled Swi6 was observed with nucleosomes at lower 

Swi6 concentrations when the nucleosome band first starts to upshift. However, this may 

simply be due to dissociation of the Swi6/nucleosome complex in the gel, as the total 

amount of Swi6 loaded in a lane can affect the degree of nucleosome shift, independently 

from Swi6 concentration (Figure 12B). 

CFP/FITC was another FRET pair tested to measure Swi6 binding. CFP-Swi6 

was cloned and purified by Kevin Mark. 6-FAM was used to end-label core DNA for 

assembly into H3K9 and H3Kc9me3 nucleosomes. 30 nM nucleosome was incubated in 

the presence or absence of 500 nM GFP-Swi6, and binding confirmed by gel shift. 

However, no FRET activity was observed, though CFP fluorescence did appear to 

increase slightly when either labeled or unlabeled nucleosome was added. While 

promising, this slight increase in fluorescence under saturating Swi6 conditions (<50,000 

intensity) suggests that it would be technically very challenging to use these 

measurements to determine a binding curve. 

 

Sortase-dependent protein labeling 

Sortase-dependent N-terminal labeling was used as another method of 

fluorescently labeling Swi6. Sortase, from Staphylococcus aureus, recognizes and cleaves 

a pentapeptide motif, then ligates the C-terminal end of the cleaved sequence to any 

molecule containing at least two N-terminal glycines (Popp et al., 2007). XL1-Blue E. 

coli containing pQE30 with His-tagged SrtAΔN, which lacks the N-terminal domain of 

sortase without compromising its cleavage and ligation activity, was a generous gift from 
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the Schneewind laboratory. The plasmid was purified by Qiagen MiniPrep kit, then 

transformed into a Rosetta E. coli cell line and induced overnight with IPTG in LB-

Ampicillin media. SrtAΔN was then purified as described for Swi6 above and dialyzed 

into 50 mM Tris pH 7.5, 600 mM NaCl, and 10% glycerol. Quantification was performed 

on a Nanodrop using a MW of 21,616 and an ε of 17,420. The hepta-peptide CLPETGG 

was synthesized and labeled with Cy5-maleimide by Bassem Al-Sady. 

To generate the Swi6 substrate for sort-tagging, WT Swi6 was re-cloned from the 

pET30a vector using a forward primer encoding a BamHI site and the TEV cleavage site 

ENLYFQG followed by an extra glycine and a reverse primer encoding a NotI site 

(GATATCGGATCCGAGAACCTGTACTTCCAAGGAGGAATGAAGAAAGGAGGT

GTTCGA and GCTCGAGTGCGGCCGCTTATTCATTTTCACGGAACG, 

respectively). Since the TEV protease cleaves after the Gln residue, after TEV cleavage 

the Swi6 contains two N-terminal glycine residues, sufficient for sort-tagging. This new 

construct was cloned back into pET30a to form a His-TEV-Swi6 construct. His-TEV-

Swi6 was purified as described above, cleaved by TEV addition, then repurified by ion 

exchange to generate untagged Swi6. 

Sort-tagging was accomplished by mixing 25 µM untagged Swi6 with 250 

µΜ labeled Cy5-CLPETGG and 25 µΜ SrtAΔN in labeling buffer consisting of 50 mM 

Tris pH 7.5, 150 mM NaCl, and 10 mM CaCl2, similar to a published protocol for C-

terminal protein labeling (Popp et al., 2009). The reaction mixture was incubated for 1 

hour at 37 °C and the resulting products analyzed by denaturing SDS-PAGE without 

purification (Figure 14). Sort-tagging appears highly efficient, though the exact 

percentage labeled was not measured. Sortase also labeled contaminating bands with the 
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Cy5-peptide, likely degradation products of Swi6. Though the test sort-tagging reaction 

was too small to allow subsequent purification (5 µL total), these results are encouraging 

and suggest that size exclusion chromatography may be sufficient to separate labeled 

Swi6 from the contaminants. 

 

Fluorescence polarization 

 Fluorescence polarization is typically used to measure binding to a relatively 

small molecule, such as a drug candidate or a peptide. This is because fluorescence 

polarization depends on the loss of polarization when labeled molecules rotate in the 

period between absorbing polarized light and emitting it as fluorescence. A measurable 

difference in the rotational rate generally only occurs when the mass of the small labeled 

molecule is significantly increased, such as by protein binding. Given the large, ~200 

kDa mass of a nucleosome, it seemed unlikely that even a fluorescent label with an 

extremely long fluorescence lifetime would show enough change in polarization to be 

detectable, especially given the relatively low mass of a Swi6 dimer at ~70 kDa. 

However, decreasing mobility of the fluorescent label can also increase fluorescence 

polarization, and has been used to measure nucleosome polarization before (Chin et al., 

2004). 

 Towards this aim, I used PCR to label one end of core 601 DNA sequences with 

6-carboxyfluorescein attached by a 6-carbon linker, then used this DNA template to 

assemble mononucleosomes as described in Chapter 2. The DNA exit sites are relatively 

close to the H3 tails on the nucleosome structure, so binding of Swi6 to the H3 tail could 

cause local restriction of the fluorescein and increase fluorescence polarization. Indeed, 
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we observed an increase in fluorescence polarization with increasing concentrations of 

Swi6 (Figure 15A). Nucleosome polarization assays were conducted with 3 nM 

nucleosomes and a 0.6-fold serial dilution of Swi6 from a maximum concentration of 20 

mM in buffer containing 10% glycerol, 80 mM KCl, 20 mM HEPES buffer, 4 mM Tris, 

and 0.2 mM EDTA, pH 7.5.  Polarization was measured on an Analyst AD platereader 

(Molecular Devices). 

 When compared to binding curves for Swi6 as measured by native gel shift, the 

polarization binding curves showed two notable but related differences. The first is that 

the binding affinity appears to be much tighter when measured by gel shift, even when 

the same samples are measured by both assays (Figure 15B). Secondly, Swi6 binding 

does not ever reach saturation when assayed by fluorescence anisotropy. The most likely 

explanation relates to the different complexes that are being measured in the two assays. 

In native gel shift assays, quantification is based on loss of the unshifted nucleosome 

band, which represents completely unbound nucleosome. In contrast, the anisotropy 

assay measures restriction of the fluorescent label, which could conceivably be 

increasingly more restricted as additional Swi6 dimers bind to the nucleosome. Since 

Swi6 can oligomerize even in the absence of nucleosome (Canzio et al., 2011), the 

anisotropy assay reflects the total amount of nucleosome bound to one, two, or more 

Swi6 dimers, and may be more comparable to the continuous upshifting of nucleosomes 

at higher Swi6 concentrations on the native gels. 

 Fluorescence polarization assays of Swi6 binding to DNA were also performed to 

confirm that Swi6 binds nonspecifically to DNA. 20 and 47 base pair oligos, labeled on 

one end with 6-FAM, were formed by annealing single-stranded oligos (6-FAM-
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CCATGTATTGAACAGCGACC and GGTCGCTGTTCAATACATGG for the 20 bp 

oligo; 6-FAM-CCATGTATTGAACAGCGACCTTGCCGGTGCCAGTCGGATAGTG 

TTCC and GGAACACTATCCGACTGGCACCGGCAAGGTCGCTGTTCAATACAT 

GG for the 47 bp oligo) (IDT). Gel shift assays with both the 20 and 47 base pair oligos 

confirmed that Swi6 binds with tighter affinity to the 47 base pair oligo than the 20 base 

pair oligo (Figure 16A). Fluorescence polarization with the 47 base pair oligo produced a 

binding curve that, as was observed for nucleosome polarization, showed an apparently 

much lower affinity and did not reach saturation at concentrations up to 15 µM DNA 

(Figure 16B). This, too, may be due to Swi6 oligomerization, though it may be 

exacerbated by Swi6 binding in a variety of positions on the DNA. For example, Swi6 

binding to the labeled end of the oligo is likely to create a greater change to polarization 

than Swi6 binding to the opposite, unlabeled end. Further, if multiple Swi6 molecules can 

bind to the same oligo, then with increasing concentrations of Swi6, polarization will be 

increased not only due to greater numbers of Swi6 binding to the oligo, but also by 

increasing the fraction of oligos where the labeled end is bound by Swi6. This was 

confirmed by Bassem Al-Sady’s polarization experiments with oligos labeled on both 

ends, which showed a steeper binding curve than single-labeled oligos of the same 

length. 
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Dissociation of Swi6-nucleosome complex during gel electrophoresis. (A) Cy5-Swi6 does

not co-migrate with mononucleosomes during the initial upshift. Gel was visualized for both

Cy5 fluorescence and Sybr gold staining. Both scans were overlaid, with false coloring of the 

Cy5 image in blue to distinguish between the two images. (B) Mononucleosomes were

incubated with Cy5-Swi6 or Swi6, and different volumes of the same reaction were loaded

onto the gel. Doubling the amount of Swi6 present in the lane significantly changes the 

migration rate of the nucleosomes. Difference in nucleosome migration between Cy5-Swi6

and Swi6 samples may be due to quantification errors or due to inhibition of nucleosome

binding by Cy5 covalently bound to conserved Swi6 cysteine residues.
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Figure 13 
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Tryptophan fluorescence increases upon Swi6 binding. 100 nM His-Swi6 was incubated 

with the listed concentrations of core mononucleosome, and fluorescence scanned from 300-

450 nm (left panel). Quantification of peak emission intensities (right panel).
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Figure 14 
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SrtA∆N was used to covalently

link a Cy5-labeled peptide to the

N-terminus of TEV-cleaved
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scanned for Sypro red staining

and Cy5 fluorescence, 

respectively.
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Figure 15
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Figure 16 
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Appendix 

Purifying G5E4 12N arrays 

The G5E4 array, containing 12 nucleosome sites, was originally intended as 

substrates for assembly of regular, macroH2A, and H3Kc9me3 arrays. While this DNA 

array is unsuitable for the assays planned for both the macroH2A and Swi6 projects, the 

purification process is documented here, as it was used to purify the 12N arrays designed 

and cloned by Bassem Al-Sady for the Swi6 specificity assays described in Chapter 3.  

 Plasmid p2085s-G5E4 (also p1179), containing AmpR, was originally obtained 

from the Kingston laboratory. The G5E4 array contains a central sequence containing an 

adenovirus E4 promoter and 5x Gal4 binding sites, flanked on each site by 5 5S rDNA 

nucleosome positioning sequences (Owen-Hughes and Workman, 1996; Neely et al., 

1999). Each 5S sequence is flanked by two EcoRI recognition sites. The plasmid was 

purified by Qiagen GigaPrep kit, then digested with ClaI, Acc65I, and Dde1. The first 

two cut the array from the plasmid, while Dde1 digests the vector backbone. Attempts to 

purify the array from the digested plasmid by agarose gel resulted in arrays with 

incomplete digestion by EcoRI, suggesting that the heat used to melt the agarose 

disrupted the array structure, perhaps by partial melting and improper re-annealing of 

repetitive sequences. Instead, I adopted the method used by the Kingston laboratory to 

purify the array. 

 I poured a 170 x 1.5 cm column containing Sephacryl S-1000 in TE, pH 8.0, 

resulting in a column volume of approximately 144 mL. To aid resin settling, the top of 

the column was sealed, and a peristaltic pump was used to force additional TE into the 

column at a rate of ~0.3 mL/min to induce flow through the column and out through the 
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open stopcock in the bottom. Array was purified by loading 1 mg of DNA in 0.5 mL onto 

the column (though higher loads are possible), then running the column in TE at a rate of 

0.1 mL/min, collecting fractions every eleven minutes through a programmable fraction 

collector. 150 total fractions were collected, with the array eluting at approximately 

fraction 90. Fractions containing purified array were combined and repeatedly extracted 

with butanol to reduce the aqueous volume at least 10-fold before ethanol salt 

precipitation.  

 Test assemblies using the G5E4 array with H3K9 and H3Kc9me3 octamer 

showed some assembly, but EcoRI digests of the arrays produced several bands in 

addition to that corresponding to free DNA (data not shown). As the 5S sequence does 

not position nucleosomes as strongly as the 601 sequence, this is likely due to 

nucleosomes assembling in slightly different locations on the arrays.  

   

Rik1 cloning 

 Rik1 is a WD repeat protein that associates in vivo with Clr4 and Cul4, an E3 

ubiquitin ligase, and is necessary for H3K9 methylation in S. pombe (Hong et al., 2005). 

As such, it was a target protein of interest for in vitro constitution of HP1 

heterochromatin, if Swi6 and Clr4 alone turned out to be insufficient for H3K9 

methylation spread. I purified genomic DNA from S. pombe using a protocol obtained 

from Jennifer Garcia of the Madhani laboratory, and used this DNA to clone Rik1 for 

future studies. Because Rik1 is relatively long, at 3123 base pairs, I used Platinum Taq 

for amplification before ligation using a TOPO kit (Invitrogen). Even so, the two full-

length sequences obtained, for clones Rik1-E and Rik1-F, showed several point 
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mutations each. Rik1-E contains the mutations A325T, G724A, A1276G, and T1700C, 

while Rik1-F contains the mutations G2119T, C2601T, and A2962G.  Due to Rik1 

length, multiple sequencing primers were used to obtain a complete sequence: 

ATGGCTTTATGTGTTCATTCC, TTAAGCTCAAAAAGTTTGGG, and 

CCAGAGCATAAGCTCTTCCTCGG.






