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Chapter 1 

Introduction: the Trouble with Triples 

1.1 REPETITIVE DNA IN THE GENOME  

 Stretches of DNA containing repeating units of 1-6 nucleotides, termed 

microsatellites, are found throughout the genome.1-5 Approximately 3% of the human 

genome is composed of microsatellite DNA. These regions are highly mutable, giving 

rise to both sequence and length polymorphisms. Over the course of evolution, changes 

in repetitive sequences within the genome drove cellular diversity.6 These types of 

changes in microsatellite regions, primarily of length, are useful in determining paternity, 

forensic analysis, and conservation biology.1,7-10 However, rapid changes in microsatellite 

length and/or sequence, usually occurring within a single generation, have also been 

linked to certain types of cancer11-16 and a class of neurodegenerative disorders (Table 

1.1).17-21  

Table 1.1 Neurodegenerative disorders caused by microsatellite expansion. Adapted from 
18.  

Disease Sequence Location Health
y 

Pre-
mutation Disease 

Dentatorubral-pallidoluysian atrophy CAG ATN1 (exon 5) 6–35 35–48 49–88 

Huntington’s Disease CAG HTT (exon 1) 6–29 29–37 38–180 

Oculopharyngeal Muscular Dystrophy GCN PABPN1 (exon 1) 10 12–17 >11 

Spinocerebellar Ataxia Type 1 CAG ATXN1 (exon 8) 6–39 40 41–83 

Spinocerebellar Ataxia Type 2 CAG ATXN2 (exon 1) <31 31–32 32–200 

Spinocerebellar Ataxia Type 3 CAG ATXN3 (exon 8) 12–40 41–85 52–86 

Spinocerebellar Ataxia Type 6 CAG CACNA1A (exon 47) <18 19 20–33 

Spinocerebellar Ataxia Type 7 CAG ATXN7 (exon 3) 4–17 28–33 >36 to >460 

Spinocerebellar Ataxia Type 17 CAG TBP (exon 3) 25–42 43–48 45–66 

Spino and Bulbar Muscular Atrophy CAG AR (exon 1) 13–31 32–39 40 
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Myotonic Dystrophy Type 1 CTG DMPK (3′ UTR) 5–37 37–50 <50 

Myotonic Dystrophy Type 2 CCTG CNBP (intron 1) <30 31–74 75–11,000 

FRAXE GCC AFF2 (5′ UTR) 4–39 40–200 >200 

Friedreich’s Ataxia GAA FXN (intron 1) 5–30 31–100 70–1,000 

Fragile X Syndrome CGG FMR1 (5′ UTR) 6–50 55–200 200–4,000 

Huntington’s Disease Like 2 CTG JPH3 (exon 2A) 6–27 29–35 36–57 

Spinocerebellar Ataxia Type 8 CTG ATXN8OS (3′ UTR) 15–34 34–89 89–250 

Spinocerebellar Ataxia Type 10 ATTCT ATXN10 (intron 9) 10–29 29–400 400–4,500 

Spinocerebellar Ataxia Type 12 CAG PPP2R2B (5′ UTR) 7–28 28–66 66–78 

 

Expansion of repeat tracts associated with neurodegeneration primarily occurs during 

genetic transmission from parent to offspring, as well as during development of the 

progeny.17-21 In the genome, the length of the repeat tract falls into one of three 

categories: a genetically stable length found in healthy individuals, which will be 

transmitted from parent to offspring without undergoing expansion; an unstable, pre-

mutation length that is prone to expansion; and a threshold length that, once reached, 

leads to manifestation of the disease state. Once the length of the repeat tract has crossed 

into the pre-mutation range, both the likelihood of further expansion events and size of 

the subsequent expansions increase. Furthermore, as the expansion is passed on to 

successive generations, the age of onset decreases and the disease severity increase, in a 

phenomenon termed genetic anticipation. 

The changes in repeat number caused by genomic expansion can be substantial.17-

21 When the repeat is located within a coding sequence, instability can occur when as few 

as ~30 repeats are present in the gene, yet the changes in repeat length are modest; ~10 

repeats will be added per generational transmission. If the repeat is located in a non-
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coding region, instability can also occur when as few as ~30 repeats are present, but 

expansion that occurs in a single generation can contain from 100 to as many as 10,000 

repeats. In the following sections, we will focus on two of these neurodegenerative 

disorders, Huntington’s Disease and Fragile X Syndrome. 

 

1.2 HUNTINGTON’S DISEASE 

 Huntington’s disease (HD) is a devastating neurodegenerative disorder caused by 

expansion of a CAG/CTG trinucleotide repeat (TNR) in exon 1 of the huntingtin gene 

(HTT), which codes for a series of poly-glutamines in the mature huntingtin protein.22-26 

The number of repeats present in exon 1 falls into one of three categories: 5-35 repeats 

falls within the healthy range, 36-40 repeats falls within the pre-mutation range, and 

greater than 40 repeats falls within the disease range. Adult onset HD occurs when the 

repeat tract contains 40-50 CAG/CTG repeats, but a childhood form will manifest if the 

repeat number is greater than 70.23,27  

The 350 kDa huntingtin protein coded for by the HTT gene is found mainly in the 

cytoplasm of the cell; there is an identified nuclear export signal located at the C-terminal 

end of the protein.23,27 Huntingtin protein can be membrane-associated via palmitoylation 

at cysteine 214 and has also been found associated with vesicles, endosomal 

compartments, the endoplasmic reticulum, the Golgi apparatus, mitochondria, and 

microtubules. It is an extremely important protein within in the cell; mouse knockouts are 

embryonic lethal.28 Huntingtin protein appears to play a role in diverse cellular functions 

including transcriptional regulation and axonal vesicle trafficking, and may also act as an 

anti-apoptosis factor.23,27 However, many cellular functions of the huntingtin protein are 



 4 

not well described, owing to its promiscuous interactions with over 200 different binding 

partners.  

It is generally accepted that a N-terminal fragment of the mature protein is 

responsible for disease manifestation, caused by a gain-of-function (GOF) in the mutant 

huntingtin protein. The observation of these fragments in the brains of HD patients and 

mice lead to the identification of several proteases that might be responsible for 

generating the exon 1 fragment.27,29-31 However, recent evidence suggests that the 

expansion of the CAG/CTG repeat tract may lead to aberrant splicing of the HTT mRNA 

in a CAG/CTG repeat length dependent manner.32 In these studies, mRNA splicing 

created a poly-adenylated exon 1 mRNA, which then undergoes translation, giving rise to 

an exon 1 protein. The exon 1 protein, formed either by protease cleavage or a truncated 

mRNA, then aggregates within the nucleus, which eventually leads to transcriptional 

disregulation and neuronal cell death.23,27,33 The loss of brain tissue observed in the 

diseased state gives rise to the classic symptoms of HD: movement disorders, personality 

changes, and cognitive decline.   

 

1.3 FRAGILE X SYNDROME 

 Like HD, Fragile X Syndrome (FXS) is caused by an expansion of a TNR. Here, a 

CGG/CCG repeat in the 5! untranslated region (UTR) of the Fragile X Mental 

Retardation 1 (FMR1) gene expands, leading to loss of the FMR1 protein.34-41 As with 

HD, the number of repeats present in FMR1 falls into one of three categories: healthy 

individuals have 6-54 repeats, individuals carrying a pre-mutation have 55-200 repeats, 
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and FXS patients have over 200 repeats. Interestingly, healthy-length repeat tracts are 

interrupted by an AGG/CCT trinucleotide every 8-11 repeats.42-49  

 Even though these diseases are caused by essentially the same initiating event, the 

expansion of a TNR, HD and FXS manifest within an affected neuron in very different 

ways. While the expansion of the CAG/CTG repeats in HD produces a GOF mutant 

protein that can aggregate within the nucleus, expansion of the CGG/CCG repeat in FXS 

is a loss of function (LOF) mutation. In FXS, expanded CGG/CCG repeats form 

heterochromatin, silencing the FMR1 gene, and leading to loss of the FMR1 protein 

product, FMRP.38,50-52 FMRP is an RNA binding protein that negatively regulates the 

translation of mRNAs.53-55 The loss of FMRP leads to transcriptional disregulation at the 

synapse, which causes changes in brain development. While it is unknown exactly what 

initiates the formation of heterochromatin, methylation of the CGG/CCG repeat region 

appears to be involved,38,50,51 allowing the formation of heterochromatin in the 

CGG/CCG repeat tract, which spreads along the gene, eventually compacting the 

promoter region.56 

 

1.4 FORMATION OF NON-CANONICAL SECONDARY STRUCTURE BY 

TNRS  

TNRs posses an unusual capability: in vitro, TNRs can form several different 

non-canonical secondary structures such as hairpins, G-quadruplexes, and triplexes.21,57,58 

Many different techniques have been applied to the study of non-canonical TNR structure 

including NMR, enzymatic and chemical probing, electrophoretic mobility, and thermal 

denaturation.58-69 All lines of experimentation have demonstrated the ability of both the 
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CAG and CTG repeats involved in HD and the CGG and CCG repeats involved in FXS 

to form hairpins. In particular, our lab has shown that CAG, CTG, and CGG repeats form 

hairpins in which the loop contains 4 bases and the stem contains G/C base pairs (bps) 

and either A•A, T•T, or G•G mismatches (Figure 1.1).59-61,67,68,70 Indeed, it is this 

capacity to form these various structures that allows expansion within the genome in a 

polymerase mediated manner (vide infra).18,71 

 
Figure 1.1 Hairpin formed by (CNG)10 TNRs, where N is any base. These TNRs form 
hairpins that consist of a four base loop and a stem composed of C/G bps and N•N 
mismatches. The G in the loop is a hot spot for oxidative damage. 
 

While most of the structural data available on TNR hairpins has been generated 

using single-stranded oligonucleotide models, TNRs do not exist as single-stranded 

oligonucleotides in the genome. TNR hairpins will form in the context of a duplex, 

creating a three-way junction in which the hairpin will be flanked on either side by well-

matched duplex (Figure 1.2). The structure of these three-way junctions has been inferred 

from electrophoretic mobility, electron microscopy (EM), and differential scanning 

calorimetry (DSC), and combined with oligonucleotide data to produce reasonable 
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assumptions about the behavior of TNR hairpins in three-way junctions.72-79 It appears 

that the formation of hairpins within the three-way junction is dependent on the number 

of excess repeats; a three-way junction containing 6 or 8 additional CAG repeats appears 

to form an open bulge, but a three-way junction containing 15 CAG repeats appears to 

form a hairpin.76-79 However no direct structural characterization with enzymatic or 

chemical probes has taken place. Furthermore, many of these substrates are designed 

such that the repeat hairpin is immediately flanked by mixed-sequence duplex, forcing 

the hairpin to occupy a single position, which makes evaluation of the structure less 

complicated. Indeed, hairpins may form in this manner within the genome. However, it is 

equally likely that the TNR hairpin will not be flanked by mixed sequence but by base-

paired TNRs. If the flanking sequence is composed of TNRs, the hairpin will have the 

ability to shift between many equivalent positions along the repeats in the complementary 

strand, creating a population of three-way junctions with the hairpin in various positions 

relative to the complementary repeats. Little is know about how these hairpins, once 

formed, might behave in the genome, though recent work using a zinc-finger nuclease 

has demonstrated their formation in vivo.80 

 

Figure 1.2 Schematic diagram of a three-way junction composed of a hairpin (blue) flanked 
on either side by well matched duplex (black). 
 

1.5 EXPANSION DURING DNA REPLICATION 



 8 

In actively dividing cells, DNA replication appears to play a role in repeat 

expansion through the phenomenon of polymerase slippage, in which the polymerase 

dissociates from the template strand and re-associates either upstream or downstream of 

its previous position (Figure 1.3).18,20,57,71,81 During TNR replication, expansion can occur 

when the DNA polymerase dissociates from the template strand and re-associates at an 

already replicated repeat upstream. This leads to an increase in repeat length after a 

second round of replication, if the excess DNA is not removed. If re-association of the 

polymerase occurs downstream of the replicated region, a deletion will occur. However, 

it is important to note that the increases or decreases in repeat number caused by simple 

polymerase slippage will be quite small, and does not account for the large change in 

repeat number observed with manifestation of these neurodegenerative disorders. 

 
 
 
Figure 1.3 Simple polymerase slippage can lead to small expansions or deletions. As the 
polymerase (green) replicates the DNA, it can dissociate from the template strand. If the 
polymerase re-associates upstream (left) an expansion is created and if the polymerase re-
associates downstream (right) a deletion is created after a second round of replication. 
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Lagging strand DNA synthesis is specifically implicated in replication dependent 

expansion by both the correlation between healthy repeat length and Okazaki fragment 

size as well as the altered instability of repeats in cell extracts that lack proteins crucial 

for Okazaki fragment processing, Flap Endonuclease 1 (FEN1)/RAD27, and other 

enzymes required for lagging strand synthesis.82-88 In vitro studies have demonstrated that 

secondary structure formation by TNRs can block FEN1 activity on Okazaki fragments, 

possibly allowing for persistence of these secondary structures in the genome.89-92  

Interestingly, regions of the genome composed of TNRs stall polymerases during 

replication in a length dependent manner.20,57,93-95 The lagging strand appears to be under 

replicated at the stall site, indicating that the repeat blocks lagging strand synthesis.95 

Thus it was proposed that replication fork stalling and reversal could lead to 

expansion.20,57,93-95 As the leading strand polymerase replicates continuously through the 

repeat tract, the complementary repeat will be positioned in the Okazaki Initiation Zone 

(OIZ) of the lagging strand, a region that will remain transiently single-stranded (Figure 

1.4). Thus it is possible for the OIZ to fold into a non-canonical structure and stall 

replication of the lagging strand. As leading and lagging strand syntheses are coordinated, 

leading strand synthesis stalls as well. The process of fork reversal can release stalled 

replication forks. The replication fork backs up, forming a four-way junction in which a 

single-stranded repeat tract is present off the 3! end of the leading strand. The single-

stranded tail composed of repetitive DNA can then form a non-canonical secondary 

structure. To restart replication, the reversed fork is “flipped back” and the non-canonical 

secondary structure is incorporated into the genome, where it will lead to an increased 

repeat number after a second round of replication. If the repeat length is longer than that 
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of the OIZ, the process of replication stalling and fork reversal could happen several 

times within the repeat tract. 

 
 
Figure 1.4 Replication fork stalling and reversal can lead to TNR expansion. The polymerase 
is shown in green, the TNR tract is shown in orange, and the non-repetitive flanking 
sequence is shown in blue. 
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Replication dependent expansion can be influenced by several factors. The 

location of the repeat tract relative to the origin of replication (ORI) is likely a crucial 

determinant of instability during DNA replication. Work in primate cells, using 

constructs that contain an SV40 ORI placed in different locations relative to the repeat 

tract, has shown that the bias toward expansion or deletion changes depending on the 

distance between the ORI and the repeat tract,96 though analysis of ORI location in cells 

from individuals affected by TNR expansion indicates that the relationship might not be 

so clear.97 The direction of replication, determining which repeat is placed in the lagging 

strand, is also an important factor in instability. In bacteria and yeast, several previous 

studies have demonstrated that TNR instability is modulated by the direction of 

replication.95,98-101 While in bacteria and yeast deletions are observed more commonly 

than expansions, experiments using the SV40 ORI in primate cells also demonstrated that 

instability is dependent upon replication direction, indicating that the differences in 

instability between single celled organisms and mammalian cells may be due to 

differences between replication fork dynamics or the length of the Okazaki fragment.96 

While these expansion pathways appear to be important in proliferative cells, 

expansion also occurs in the neurons where these disorders manifest.24-26 Neurons are 

fully differentiated and non-proliferative. What then accounts for continued TNR 

expansion in these cells? 

 

1.6 EXPANSION DURING BASE EXCISION REPAIR  

1.6.1 Oxidative damage in the cell 
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 Damaging agents constantly bombard DNA in the genome.102 In particular, 

oxidative damage of DNA can occur from exposure to a wide variety of both endogenous 

and exogenous sources. The primary source of oxidative damage within the cell comes 

from byproducts formed during cellular respiration.103,104 0.1-2% of oxygen that enters the 

respiratory pathway is converted into reactive oxygen species (ROS), including 

superoxide anion, radicals, and hydrogen peroxide (H2O2).103-111 Other electron transport 

chains in the endoplasmic reticulum and nuclear membrane may also generate ROS.112 It 

is important to note that H2O2 generated in the cell, which cannot directly damage DNA, 

can be converted to highly reactive hydroxyl radicals (•OH) in the presence of metal ions; 

•OH are the major cause of DNA damage inside the cell.113,114 

Respiration is not the only source of ROS generation in the mitochondria; several 

other mechanisms have been identified, including the Kreb’s Cycle enzyme α-

ketogluterate dehydrogenase.103,104,115 ROS generation has also been observed in 

conjunction with oxidases, especially the peroxidases responsible for the oxidation of 

fatty-acids, which allows escape of H2O2 into the cytosol, where it can diffuse throughout 

the cell.110,116 Further ROS production is associated with the cellular processes of 

signaling,117,118 apoptosis,106 and the inflammatory response,119,120 which is known to 

produce nitric oxide (•NO) and superoxide radicals. These chemicals can combine to form 

peroxynitrite (ONOO-), a potent oxidizing agent.121 Chronic viral infection has also been 

linked to high levels of ROS.122 While endogenous ROS is primarily responsible for 

oxidative damage to cellular DNA, extracellular factors such as ionizing radiation,123-126 

gamma radiation,127 UV light,128,129 and various drugs and chemicals such as 

bleomyacin124 and riboflavin130-132 have also been shown to contribute to cellular levels of 
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oxidative damage, either by exerting a direct effect on the DNA, or by triggering 

processes that increase ROS production.  

 Of all the DNA bases, guanine (G) has the lowest redox potential, making it the 

most susceptible to oxidative damage within the cell.133,134 G will react with an assortment 

of oxidants to generate a guanine radical cation, the precursor to a wide range of modified 

bases.135-137 G exhibits an even greater vulnerability to oxidation if present in a series of 

guanines: a 5! G is more susceptible to oxidation if it is contained in a GG or GGG 

sequence.138,139 Furthermore, the radical cations formed during oxidative damage, arising 

from single electron abstraction from G, can migrate through the DNA and eventually 

become trapped at a GG or GGG sequence.140-142 Thus the cell may exploit the increased 

ability of tandem guanines to oxidize: it has been proposed that GC rich domains located 

outside a gene’s coding region could act as a trap for oxidative damage, sequestering any 

damage in the non-coding regions where it is less likely to be detrimental to the cell.143,144 

1.6.2 The oxidative lesion 8-oxo-7,8-dihydroguanine 

 While there are numerous products formed from guanine oxidation, the most 

common form of oxidatively damaged guanine found in the cell is 8-oxo-7,8-

dihydroguanine (8-oxoG) (Figure 1.5A).127,145,146 It is a product formed from reaction of G 

with •OH (derived from H2O2, ionizing radiation), one-electron oxidants (UV light, 

KBrO3, CO3
•-), singlet oxygen (cellular respiration), and ONOO- (inflammatory 

response).128,133,137,147-149 The basal level of 8-oxoG is estimated at 1-2 per 106 guanine 

residues in nuclear DNA and 1-3 per 105 in mitochondrial DNA; up to 100,000 8-oxoG 

lesions could form each day per cell.102,133,150-154 Thus, as a major, if transient, component 
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of cellular DNA, it is important to understand the effect that the 8-oxoG lesion has on 

DNA behavior at a molecular and cellular level. 

 
 
 
Figure 1.5 The structures of G and 8-oxoG (A) and the structure of 8-oxoG(anti):C(anti) and 
8-oxoG(syn):A(anti) base pair (B). Figure adapted from 155. 

8-oxoG is able to rotate around the glycosidic bond, converting from the 

canonical anti conformation to the syn conformation (Figure 1.5B).147 When in the syn 

conformation, 8-oxoG can base pair with A via Hoogsteen bonding. Because of its ability 

to pair with A, 8-oxoG is mutagenic and can cause G to T transversion mutations if this 

mispair is not repaired prior to replication. To combat the 8-oxoG lesion, the cell has a 

repair network dedicated to recognizing and removing the oxidized base (Figure 1.6).156 

Repair begins with recognition of the 8-oxoG base paired to C by the glycosylase OGG1 

(8-oxoguanine glycosylase 1). OGG1 catalyzes removal of the damaged base, leaving an 

abasic site opposite the C. Should OGG1 fail to recognize the 8-oxoG, a polymerase may 

insert an A opposite the lesion. The 8-oxoG/A bp is recognized by a second glycosylase, 
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MUTYH, which removes the A opposite the 8-oxoG, giving OGG1 a second chance at 

recognizing and removing the lesion.  

 
 
Figure 1.6 Prevention of G to T transversion mutations caused by 8-oxoG involves two 
glycosylases, OGG1 (orange) and MUTYH (green). OGG1 recognizes and removes the 
damaged base. If OGG1 doesn’t catch the lesion before replication, MUTYH recognizes and 
removes an A paired with 8-oxoG. Figure adapted from 157. 
 
1.6.3 8-oxoG and TNR expansion 

A mouse model has greatly increased understanding of repeat expansion in adult-

onset HD.158,159 Recently, it has been proposed that the base excision repair (BER) 

pathway initiated by the glycosylase OGG1 is involved in expansion. Both control and 

HD mice accumulate 8-oxoG lesions in the CAG repeat tract with age, but HD mice 

lacking this repair enzyme showed limited expansion of CAG repeats in the brain, 

compared to their control littermates. Furthermore, in vitro experiments that reconstituted 

BER with a (CAG)20 construct showed repeat expansion while a non-repetitive construct 

did not expand. These initial experiments used the enzymes OGG1, APE1 
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(apurinic/apyrimidinic endonuclease 1), and pol β (DNA polymerase β), along with a 

ligase, which appeared to be sufficient to observe TNR expansion. Importantly, these 

experiments indicated pol β was adding multiple nucleotides, not just the G that was 

required for repair through short-patch (SP) BER, in which the lesion is replaced with a 

single nucleotide (Figure 1.7). Thus expansion may occur through the long-patch (LP) 

BER pathway, usually observed when a 5! dRp group, the product of APE1 cleavage, is 

refractory to the dRpase activity of pol β, leading to multi-nucleotide synthesis.160,161 This 

creates a 5! flap that must be removed before ligation can occur. Further studies included 

the enzyme FEN1, which, in addition to its role in processing Okazaki fragments, is 

responsible for cleaving the 5! flap in LP-BER.162,163 These experiments suggest that 

multi-nucleotide synthesis and strand displacement in the TNR region allows secondary 

structure formation in the flap, which blocks FEN1 access (Figure 1.7). While the 

majority of these experiments used a 5! dRp that is refractory to pol β, experiments with a 

naturally occurring 5! dRp group also showed expansion.159,162 Returning to the mouse 

model of HD, it appears that the stoichiometry of the BER enzymes also plays a role in 

expansion, determining whether or not the 5! flap is cleaved correctly.164,165 The 

stoichiometry of pol β and FEN1 in particular seem to explain why expansion occurs 

more readily in certain regions of the brain; in the cerebellum, which contains cells with 

high FEN1 activity, instability is limited, but the striatum, which contain cells with high 

pol β activity, is more susceptible to expansion. 
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Figure 1.7 Different BER pathways. After recognition and removal of an 8-oxoG (red) by 
OGG1 and cleavage of the backbone by APE1, guanine insertion by pol β can proceed in two 
different manners. In SP-BER, a single nucleotide is inserted. During LP-BER multiple 
nucleotides are added, creating a 5! single stranded flap. If LP-BER occurs in a repeat 
sequence, the flap can form a hairpin, blocking FEN1 activity and allowing ligation of the 
hairpin into the repeat tract. 
 
 Further experiments performed with a CAG hairpin indicate that the G present in 

the loop of this structure is a hot spot for oxidative damage and that, once that damage 

had formed, it is repaired by OGG1 very slowly, indicating that the formation of 8-oxoG 

in the hairpin loop may persist in the genome.59 Taken together, these experiments lead to 

the proposal of a “toxic oxidation cycle” that fuels the expansion of CAG repeats within 

the neuron (Figure 1.8).59,155,159,162 First, there is an initial oxidation event and formation 

of the 8-oxoG lesion within the repeat tract. This lesion is recognized and removed by 

OGG1, leaving an abasic site. This abasic site is converted into a strand break by APE1, 

and the strand break is recognized by pol β, which begins LP-BER, creating a single-

stranded 5! flap. Because this flap is composed of repeats, it folds into a hairpin, making 

it resistant to cleavage by FEN1. Ligase then joins the hairpin-containing flap to the 
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newly repaired region. The newly ligated hairpin now contains a hot spot for oxidative 

damage, which will persist until the hairpin is reincorporated into duplex, and the cycle 

can begin again. 

 
 
Figure 1.8 The toxic oxidation cycle. A guanine in the repeat DNA is oxidized, generating 8-
oxoG (1). OGG1 and APE1 initiate BER by removing the oxidatively damaged base from 
duplex TNR DNA (dotted lines) and cleaving the backbone at the abasic site (2). The 
resulting gap is repaired via LP-BER, producing a TNR flap that is refractory to FEN1 (3). 
The flap, now containing a hairpin, is ligated, trapping the hairpin in the duplex (4). The 
resulting stem-loop hairpin is highly susceptible to DNA damage in the loop region (5) and 
the lack of efficient repair of this damage by OGG1 results in it being incorporated into the 
expanded duplex (6). The final product of the cycle now contains an 8-oxoG that will be 
recognized by OGG1, beginning the cycle anew and incrementally expanding the TNR tract 
of DNA. Adapted from 155. 

1.7 PACKAGING OF DNA IN THE NUCLEUS 

 While much of the work elucidating the toxic oxidation cycle was carried out 

using duplex substrates, genomic DNA is packaged into chromatin, compressing the ~2 

meters of DNA found in a single diploid cell into a structure that can fit within the 

nucleus.166-169 This compaction has profound effects on the regulation of various cellular 

processes, including DNA replication, transcription, and repair. 

 The first step in the compaction process is assembly of the histone core on the 

DNA, forming a nucleosome (Figure 1.9).166,167,169-174 The canonical histone core consists 
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of two each of histones H2A, H2B, H3, and H4. The histone proteins are obligate 

heterodimers in vitro; H3 dimerizes only with H4 and H2A dimerizes only with H2B. 

When H3 and H4 dimerize, creating the H3/H4 dimer, the H3/H4 dimer immediately 

forms a dimer with a second H3/H4 dimer, creating the (H3/H4)2 tetramer. H2A and H2B 

also dimerize, forming the H2A/H2B dimer. The (H3/H4)2 tetramer then forms the 

histone octamer with two H2A/H2B dimers. Each H2A/H2B dimer has two contact 

points with the (H3/H4)2 tetramer; a four-helix bundle configuration connects H2B with 

H4 and the H2A docking domain contacts the other arm of the (H3/H4)2 tetramer. 

Approximately 146 bps of DNA wrap around the histone octamer in a 1.65 turn negative 

superhelix. The DNA interacts tightly with the histone core along the length of the DNA, 

except for ~15-20 bases at either end of the DNA duplex where the interaction is far more 

transient. The macromolecular complex composed of both the histone core and the 146 

bps of DNA is called the nucleosome core particle.  

 
 
Figure 1.9 The nucleosome core particle. Composed of eight histone proteins and 146 bps of 
DNA, the NCP is the most basic unit of chromatin packaging. PDB 1AOI. 
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In the genome, nucleosome core particles are separated by varying lengths of 

linker DNA, forming the 10 nm chromatin fiber.166,168,169 Further compaction occurs with 

addition of the linker histones H1 and H5, which sit across the DNA at the dyad axis, and 

through interactions between the histone tails of neighboring nucleosomes, forming the 

“30 nm” fiber. While the “30 nm” fiber was once considered to have a uniform structure, 

new evidence has shown that, in the cell, the “30 nm” fiber likely adopts many different 

packing conformations.166,175 Scaffold proteins then assist with further compaction to 

form the metaphase chromosome.176 During interphase, genes that are actively 

transcribed will be packaged as the more open euchromatin, while genes not being 

transcribed are condensed into the tightly packed heterochromatin.177,178  

In the cell, the nucleosome is assembled with help from several chaperone 

proteins.171-173,179 During DNA replication, newly synthesized H3/H4 dimer is bound by 

the chaperone Asf1, and the trimeric complex travels from the cytoplasm to the nucleus. 

Asf1 binds the H3/H4 dimer at the H3 interface involved in forming the (H3/H4)2 

tetramer, preventing two H3/H4 dimers from associating prematurely. Once in the 

nucleus, the H3/H4 dimer is passed off to another histone chaperone, CAF-1 or Rtt106, 

where the (H3/H4)2 tetramer is formed. The tetramer is then deposited onto the DNA. 

Newly synthesized H2A/H2B dimers are bound by the chaperone Nap1 for transport to 

the nucleus, where the dimer is then deposited with the (H3/H4)2 tetramer. 

Nucleosome positioning is influenced by several different factors, including DNA 

primary sequence and the location of other DNA interacting proteins.169,180-182 Most 

importantly, nucleosome location is often correlated with the functional organization of 

the gene, as the presence of nucleosomes can inhibit the binding of transcriptional 
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activators and the initiation complex, and significantly slow the progress of polymerases. 

The location of a nucleosome within a stretch of DNA is defined by two parameters: the 

translational and rotational position. The translational position is defined by the 146 bps 

interacting with the histone core and describes the position of the DNA with regard to the 

boundaries of the nucleosome. The rotational position is defined by the regions of the 

duplex that interact with the histone core and describes the position of the DNA double 

helix with regard to the histone octamer. 

Once formed, nucleosomes are not static structures. Evidence suggests that the 

nucleosome can, on its own, form several open states that involve disassembly of either 

the DNA or histone components, allowing access to regions of the DNA or histone folds 

that might otherwise be blocked.174 Furthermore, covalent modifications of the histone 

tails can alter the chromatin architecture, as can ATP-dependent chromatin remodelers, 

which alter the organization of a gene by moving, ejecting, or restructuring 

nucleosomes.172,177,178,183 These dynamic modifications allow controlled access to specific 

regions of the genome, and help define the functional organization of a gene. 

 

1.8 TRINUCLEOTIDE REPEATS IN CHROMATIN  

In vitro and in vivo studies have shown that TNRs are found both in tightly 

packed, transcriptionally-silent heterochromatin and the more loosely packed, 

transcriptionally-active euchromatin.52 Healthy-length repeats associated with HD and 

FXS are found in euchromatin, allowing transcription through the associated 

genes.56,164,184-186 However, once expansion has occurred, disease length FXS repeats are 

found in heterochromatin, and the associated gene is silenced through heterochromatin 
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spreading.56,185,186 Interestingly, HD repeats are found in association with histones 

containing euchromatin markers regardless of whether they are stable or disease 

length.56,164 Previous studies in vitro have shown that disease-length CAG/CTG repeats 

are preferential locations for nucleosome formation and that, as the length of the repeat 

tract increases, the ability of CAG/CTG repeats to incorporate into a nucleosome also 

increases.187-189 However, disease-length CGG/CCG repeats have been shown to be much 

poorer incorporators.190-192  

 

1.9 GAP IN KNOWLEDGE AND INSIGHTS PROVIDED BY THIS WORK 

 Despite the limited investigation into the behavior of TNRs associated with HD 

and FXS in the packaged genome, there are several lines of evidence that suggest 

understanding changes in the functional organization of genes within HD and FXS cells 

could be important in understanding expansion and disease progression. As demonstrated 

by the molecular pathogenicity of FXS, the formation of heterochromatin plays a key role 

in disease manifestation.38,50-52 Recent evidence has also suggests that expression levels 

of the histone variant macroH2A are correlated with the progression of HD, making 

macroH2A a possible biomarker for disease progression and therapeutic treatment.193 

Additionally, histone deacetylase (HDAC) inhibitors show promise as a treatment for a 

range of neurodegenerative disorders.23,27,33,194,195 Finally, as experiments have 

demonstrated that modifications to a TNR tract can extensively alter nucleosome 

positioning in a yeast mini-chromosome,196,197 we must investigate the behavior of the 

repeat tract within the packaged genome in order to fully understand both the expansion 
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process and how expansion influences the functional organization of the TNR-containing 

gene. 

 While others have primarily investigated the behavior of disease-length repeats in 

chromatin, it is equally important to consider the behavior of healthy-length repeats. To 

understand the expansion process, we must investigate how the functional organization of 

the repeat tract changes as it expands, and that can only be accomplished by 

understanding the behavior of the healthy-length repeat tract. Furthermore, many of the 

previous experiments use DNA that is not only removed from its genetic context, but is 

placed within flanking sequences without regard for the effect of flanking sequence on 

nucleosome formation. Many experiments use series of DNA substrates with inconsistent 

DNA flanking sequences, complicating interpretation of the results. Here, we use DNA 

substrates designed for systematic evaluation of the behavior of healthy length repeats in 

the nucleosome core particle, creating substrates designed to investigate the innate 

behavior of the repeat tract, regardless of genetic context. Furthermore, we also created 

substrates designed to investigate the ability of the gene flanking sequence to modulate 

the innate behavior of the repeat tract. Finally, no previous investigation has determined 

what effect the presence of a hairpin has on the behavior of DNA in a nucleosome. 

Indeed, little structural information exists about the behavior of a TNR hairpin in a three-

way junction, a substrate that must first be characterized before any nucleosome 

experiments can take place. We find that small changes to the repeat tract, in length, 

primary sequence, or secondary structure, can alter the behavior of DNA in the 

nucleosome, potentially altering the functional organization of the gene. Furthermore, we 

provide evidence that healthy- and disease-length repeats do not exhibit the same 
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behavior in a packaged context, and illuminate important differences between the two 

classifications. 
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Chapter 2 

Healthy-Length CAG/CTG and CGG/CCG Repeats Alter Affinity for the Histone 

Core and Positioning of DNA in the Nucleosome1 

2.1 INTRODUCTION 

As discussed in the previous chapter, trinucleotide repeats (TNRs) are genetically 

unstable.17-20,198 They occur throughout the genome and their expansion or contraction, 

which is proposed to be mediated by the ability of repeats to form non-canonical 

secondary structures during DNA replication, transcription, and/or repair, can affect 

varied cellular processes such as gene expression, mRNA processing, and protein 

folding.17-20,198 Furthermore, TNR expansion has been linked to a class of 

neurodegenerative disorders, including Huntington’s Disease (HD) and Fragile X 

Syndrome (FXS).22,34-41,199  

In the genome, the length of the repeat tract falls into one of three categories: a 

short, genetically stable repeat length found in healthy individuals, an intermediate, 

unstable repeat length that is prone to expansion, and a threshold repeat length that, once 

reached, leads to manifestation of the disease state.17-20,198 This threshold number of 

repeats varies by disease. Onset of HD occurs when there are more than 40 CAG/CTG 

repeats in exon 1 of the huntingtin (HTT) gene, whereas healthy individuals have between 

5 and 36 repeats.22 Onset of FXS occurs when there are greater than 200 CGG/CCG 

repeats in the 5! untranslated region (UTR) of the Fragile X Mental Retardation 1 

(FMR1) gene.37,38,41,42,50-52 Healthy individuals have between 5-55 repeats. Interestingly, 

sequencing analysis of healthy FMR1 alleles has shown that AGG/CCT interruptions are 

                                                
1 Adapted from Volle, C. B. and Delaney, S. (2012) Biochemistry 51 9814-9825 
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present every 9-10 repeats, with (CGG)9-10AGG(CGG)9AGG(CGG)9 being the most 

common allele.42-48 The importance of these interruptions is underscored by the 

observation that uninterrupted CGG/CCG tracts containing 34-59 repeats can expand to 

disease-length, yet similar repeat tracts with AGG/CCT interruptions are stably 

transmitted to offspring.43,45,47,49 Thus, AGG/CCT interruptions appear to play an 

important role in suppressing expansion of CGG/CCG TNRs. 

In vivo studies have shown that TNRs are found in both tightly packed, 

transcriptionally-silent heterochromatin and the more loosely packed, transcriptionally-

active euchromatin.52,56 Interestingly, HD repeats are found in association with histones 

containing euchromatin markers regardless of whether they are healthy- or disease-

length.164 However, the transition from euchromatin to heterochromatin is an important 

step in the pathogenesis of FXS.54,56,200 

The most basic unit of packaging in chromatin is the nucleosome, which is 

comprised of ~146 base pairs (bps) of DNA wrapped around a histone octamer.170,201-204 

Previous studies have shown that disease-length CAG/CTG repeats are preferential 

locations for nucleosome formation188 and that as the length of the repeat tract increases 

across the disease range, the ability of the DNA to incorporate into a nucleosome also 

increases.187 However, disease-length CGG/CCG repeats show little affinity for the 

histone core.191 Notably, previous work has focused mainly on the incorporation of 

disease-length TNRs into nucleosomes; much less information is available on how repeat 

tracts found in healthy individuals incorporate.56,187-192,205 However, in order to better 

understand the mechanism by which expansion occurs, it is important to consider the 

behavior of both healthy- and disease-length repeat tracts in a nucleosome. Furthermore, 
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the DNA used in previous nucleosome incorporation studies was often constructed from 

genomic clones containing human repeat tracts; these DNA substrates often vary in their 

overall length, providing opportunities for multiple translational positions, and/or are 

removed from their genetic flanking sequence. For these reasons, we synthesized 146 bp 

sequences containing either CAG/CTG or CGG/CCG repeat tracts with lengths 

corresponding to those found in healthy individuals. In one series, a nucleosome 

positioning sequence flanks the repeats, while the other series uses the genetic flanking 

sequence. We assessed the ability of these sequences to incorporate and to position in 

nucleosomes. These results describe how healthy-length TNRs behave in chromatin and 

how this behavior compares to that of disease-length repeat tracts. An understanding of 

how these sequences behave in nucleosomes defines how the functional organization of 

the HTT and FMR1 genes, in particular the CAG/CTG or CGG/CCG repeats respectively, 

can influence the accessibility of the DNA, progression of RNA and DNA polymerases, 

and occurrence of genomic expansion.  

 

2.2 EXPERIMENTAL PROCEDURES 

2.2.1 Oligonucleotide synthesis and purification  

Oligonucleotides were synthesized using standard phosphoramidite chemistry on 

a BioAutomation DNA/RNA synthesizer (sequences can be found Table 2.1). The 

oligonucleotides were synthesized dimethoxytrityl (DMT)-on and were deprotected in 

NH4OH at 55 °C for at least 36 h. One round of HPLC purification was carried out at 90 

°C using a Polymer Labs Reverse Phase column (4.6 × 250 mm) using 100 mM triethyl 

ammonium acetate (TEAA) in 99% acetonitrile:1% water (solvent A) and 100 mM 
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TEAA in 1% acetonitrile:99% water (solvent B) as the mobile phases (gradient: solvent 

A was increased from 5% to 25% over 25 min; 1 mL/min). Following removal of the 5!-

DMT group by incubation in 80% glacial acetic acid for 12 min at room temperature, the 

oligonucleotides were dried, resuspended in formamide, and purified by 8% denaturing 

polyacrylamide gel electrophoresis (PAGE) (0.4 mm thick, 45 cm long). After 

electrophoresis at 65 W for 4 h, DNA was visualized by UV shadowing. Bands 

containing the 146-mer were excised from the gel, crushed and soaked overnight at 37 °C 

in 10 mM Tris, 1 mM EDTA, pH 7.5, and the supernatant collected. The DNA was then 

lyophilized, resuspended in 1 mL of water and desalted using Sephadex G-50. The 

desalted DNA was then subjected to a second round of HPLC purification (gradient: 

solvent A was increased from 0% to 25% over 40 min; 1 mL/min). The pUC19 fragment 

was PCR amplified from the plasmid pUC19 using the primers forward: 5!-

CCATTCGCCATTCAGGCTGCGCAA-3! and reverse: 5!-

GCGGATAACAATTTCACACAGGAA-3!.  

Table 2.1: Sequences of DNA used in CAG/CTG and CGG/CCG nucleosome studies 
Name Sequence (5!- 3!) Complement (5!- 3!) 

S1 

S1a:GTAAATTAATAGTTGAAGTTGTAGT
AAATGTTAATGTAGATCTGTTGTTCCGA
TATTACCAAAACCTTCACCTAATAGCGC
TAGTACACAGGAGAAGGACATGAACAT
GAACCTAATGAACACAACAAATAATGT
AAGTGCCCATG 
 

S1b:CATGGGCACTTACATTATTTGTTGTG
TTCATTAGGTTCATGTTCATGTCCTTCTC
CTGTGTACTAGCGCTATTAGGTGAAGGT
TTTGGTAATATCGGAACAACAGATCTAC
ATTAACATTTACTACAACTTCAACTATT
AATTTAC 

pUC19 

CCATTCGCCATTCAGGCTGCGCAACTGT
TGGGAAGGGCGATCGGTGCGGGCCTCTT
CGCTATTACGCCAGCTGGCGAAAGGGG
GATGTGCTGCAAGGCGATTAAGTTGGGT
AACGCCAGGGTTTTCCCAGTCACGACGT
TGTAAAACGACGGCCAGTGAATTCGAGC
TCGGTACCCGGGGATCCTCTAGAGTCGA
CCTGCAGGCATGCAAGCTTGGCGTAATC
ATGGTCATAGCTGTTTCCTGTGTGAAAT
TGTTATCCGC 
 

GCGGATAACAATTTCACACAGGAAACA
GCTATGACCATGATTACGCCAAGCTTGC
ATGCCTGCAGGTCGACTCTAGAGGATCC
CCGGGTACCGAGCTCGAATTCACTGGCC
GTCGTTTTACAACGTCGTGACTGGGAAA
ACCCTGGCGTTACCCAACTTAATCGCCT
TGCAGCACATCCCCCTTTCGCCAGCTGG
CGTAATAGCGAAGAGGCCCGCACCGAT
CGCCCTTCCCAACAGTTGCGCAGCCTGA
ATGGCGAATGG 

S1-
CAG10 

GTAAATTAATAGTTGAAGTTGTAGTAAA
TGTTAATGTAGATCTGTTGTTCCGATATT

CATGGGCACTTACATTATTTGTTGTGTTC
ATTAGGTTCATGTTCATGTCCTTCTC-



 29 

ACCA-(CAG)10-
GAGAAGGACATGAACATGAACCTAATG
AACACAACAAATAATGTAAGTGCCCATG 
 

(CTG)10-
GTAATATCGGAACAACAGATCTACATTA
ACATTTACTACAACTTCAACTATTAATTT
AC 

S1-
CAG20 

GTAAATTAATAGTTGAAGTTGTAGTAAA
TGTTAATGTAGATCTGTT-(CAG)20-
ATGAACCTAATGAACACAACAAATAAT
GTAAGTGCCCATG 
 

CATGGGCACTTACATTATTTGTTGTGTTC
ATTAGGTTCAT-(CTG)20-
AACAGATCTACATTAACATTTACTACAA
CTTCAACTATTAATTTAC 

S1-
CAG30 

GTAAATTAATAGTTGAAGTTGTAGTAAA
TGT-(CAG)30-
ACAACAAATAATGTAAGTGCCCATG 

CATGGGCACTTACATTATTTGTTGT-
(CTG)30-
ACATTTACTACAACTTCAACTATTAATTT
AC 
 

HTT-
CAG10 

GACCGCCATGGCGACCCTGGAAAAGCTC
ATCAACCGGTTCGAGTCCCTCAAGTCCT
TC-(CAG)10-
CAAGCACCGCCACCGCCGCCGCCGCCGC
CGCCGCCTCCTCAGCTTCCTCAGCCTCCT
C 
 

GAGGAGGCTGAGGAAGCTGAGGAGGCG
GCGGCGGCGGCGGCGGCGGTGGCGGTG
CTTG-(CTG)10-
GAAGGACTTGAGGGACTCGAACCGGTT
GATGAGCTTTTCCAGGGTCGCCATGGCG
GTC 

HTT-
CAG20 

CCTGGAAAAGCTCATCAACCGGTTCGAG
TCCCTCAAGTCCTTC-(CAG)20-
CAAGCACCGCCACCGCCGCCGCCGCCGC
CGCCGCCTCCTCAGC 
 

GCTGAGGAGGCGGCGGCGGCGGCGGCG
GCGGTGGCGGTGCTTG-(CTG)20-
GAAGGACTTGAGGGACTCGAACCGGTT
GATGAGCTTTTCCAGG 

HTT-
CAG30 

CAACCGGTTCGAGTCCCTCAAGTCCTTC-
(CAG)30-
CAAGCACCGCCACCGCCGCCGCCGCCGC  

GCGGCGGCGGCGGCGGTGGCGGTGCTT
G-(CTG)30-
GAAGGACTTGAGGGACTCGAACCGGTT
G 
 

S1-
CGG19 

GTAAATTAATAGTTGAAGTTGTAGTA
AATGTTAATGTAGATCTGTT(CGG)19A
ACATGAACCTAATGAACACAACAAAT
AATGTAAGTGCCCATG 
 

CATGGGCACTTACATTATTTGTTGTGT
TCATTAGGTTCATGTT(CCG)19AACAGA
TCTACATTAACATTTACTACAACTTCA
ACTATTAATTTAC 

S1-
1AGGa 

GTAAATTAATAGTTGAAGTTGTAGTA
AATGTTAATGTAGATCTGTT(CGG)4AG
G(CGG)14AACATGAACCTAATGAACAC
AACAAATAATGTAAGTGCCCATG 
 

CATGGGCACTTACATTATTTGTTGTGT
TCATTAGGTTCATGTT(CCG)14CCT(CC
G)4AACAGATCTACATTAACATTTACTA
CAACTTCAACTATTAATTTAC 

S1-
1AGGb 

GTAAATTAATAGTTGAAGTTGTAGTA
AATGTTAATGTAGATCTGTT(CGG)8AG
G(CGG)10AACATGAACCTAATGAACAC
AACAAATAATGTAAGTGCCCATG 
 

CATGGGCACTTACATTATTTGTTGTGT
TCATTAGGTTCATGTT(CCG)10CCT(CC
G)8AACAGATCTACATTAACATTTACTA
CAACTTCAACTATTAATTTAC 

S1-
2AGG 

GTAAATTAATAGTTGAAGTTGTAGTA
AATGTTAATGTAGATCTGTT(CGG)4AG
G(CGG)9AGG(CGG)4AACATGAACCTA
ATGAACACAACAAATAATGTAAGTGC
CCATG 
 

CATGGGCACTTACATTATTTGTTGTGT
TCATTAGGTTCATGTT(CCG)4CCT(CC
G)9CCT(CCG)4AACAGATCTACATTAAC
ATTTACTACAACTTCAACTATTAATTT
AC 

FMR1-
CGG19 

CGGCGGCGGTGACGGAGGCGCCGCTG
CCAGGGGGCGTGCGGCAGCG(CGG)19C
TGGGCCTCGAGCGCCCGCAGCCCACC
TCTCGGGGGCGGGCTC  
 

GAGCCCGCCCCCGAGAGGTGGGCTGC
GGGCGCTCGAGGCCCAG(CCG)19CGCT
GCCGCACGCCCCCTGGCAGCGGCGCC
TCCGTCACCGCCGCCG 

FMR1- CGGCGGCGGTGACGGAGGCGCCGCTG GAGCCCGCCCCCGAGAGGTGGGCTGC
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1AGGa CCAGGGGGCGTGCGGCAGCG(CGG)4A
GG(CGG)14CTGGGCCTCGAGCGCCCGC
AGCCCACCTCTCGGGGGCGGGCTC 
 

GGGCGCTCGAGGCCCAG(CCG)14CCT(
CCG)4CGCTGCCGCACGCCCCCTGGCA
GCGGCGCCTCCGTCACCGCCGCCG  

FMR1-
1AGGb 

CGGCGGCGGTGACGGAGGCGCCGCTG
CCAGGGGGCGTGCGGCAGCG(CGG)8A
GG(CGG)10CTGGGCCTCGAGCGCCCGC
AGCCCACCTCTCGGGGGCGGGCTC  
 

GAGCCCGCCCCCGAGAGGTGGGCTGC
GGGCGCTCGAGGCCCAG(CCG)10CCT(
CCG)8CGCTGCCGCACGCCCCCTGGCA
GCGGCGCCTCCGTCACCGCCGCCG 

FMR1-
2AGG 

CGGCGGCGGTGACGGAGGCGCCGCTGC
CAGGGGGCGTGCGGCAGCG(CGG)4AGG(
CGG)9AGG(CGG)4CTGGGCCTCGAGCGC
CCGCAGCCCACCTCTCGGGGGCGGGCTC 

GAGCCCGCCCCCGAGAGGTGGGCTGCG
GGCGCTCGAGGCCCAG(CCG)4CCT(CCG)
9CCT(CCG)4CGCTGCCGCACGCCCCCTGG
CAGCGGCGCCTCCGTCACCGCCGCCG  

 
2.2.2 Competitive nucleosome incorporation assay  

Oligonucleotides were 5!-32P end-labeled using T4 polynucleotide kinase (New 

England Biolabs) following the manufacturer’s protocol. Radiolabeled DNA, along with 

a 1.5-fold excess of its complement, was resuspended to a final volume of 50 µL in Tris 

buffer (10 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, pH 7.5), heated at 95 °C for 5 

min and cooled at a rate of 1 °C/min to 25 °C, forming duplex.  

 Nucleosomes were isolated from chicken erythrocytes following a previously 

published protocol.206 Briefly, erythrocytes were collected by centrifugation and washed 

copiously with Solution X (15 mM Tris, 60 mM KCl, 15 mM NaCl, 0.15 mM spermine, 

0.5 mM spermidine, 0.34 M sucrose, 2 mM EDTA, 0.5 mM EGTA, 0.2 mM PMSF, 1 

mM benzamidine, 15 mM 2-mercaptoethanol, pH 7.5; the last 3 components were added 

immediately prior to use). The cellular membranes were lysed by addition of 0.1% 

Nonidet p40 to Solution X followed by gentle resuspension. The nuclei were then 

collected by centrifugation. The nuclei were again washed with Solution X to remove 

hemoglobin. A final wash was performed by resuspending the nuclei in Solution N (15 

mM Tris, 60 mM KCl, 15 mM NaCl, 0.15 mM spermine, 0.5 mM spermidine, 0.34 M 



 31 

sucrose, 0.2 mM PMSF, 15 mM 2-mercaptoethanol, pH 7.5; the last 2 components were 

added immediately prior to use).  

The chromatin was digested by addition of CaCl2 to a final concentration of 1 mM 

and incubated with 200 U/mL micrococcal nuclease (New England Biolabs). The 

digestion proceeded for 7 min at 37 °C before quenching with EDTA (final concentration 

of 2 mM). Nuclei were then collected by centrifugation and lysed by addition of Solution 

R (10 mM Tris, 0.2 mM EDTA, 0.2 mM PMSF, pH 8.0; PMSF was added immediately 

prior to use). The chromatin was then allowed to shake overnight at 4 °C, bringing the 

digested chromatin into solution.  

The digested chromatin was collected by centrifugation, concentrated to a volume 

of no more than 4 mL using Amicon concentrators with a 3 kDa molecular weight cut-

off, and the NaCl concentration adjusted to 0.65 M by drop wise addition of 4 M NaCl. 

This solution was applied to a Sepharose 4B column (1.5 cm × 75 cm) equilibrated with 

Solution S (20 mM Tris, 0.2 mM EDTA, 0.63 M NaCl, 0.2 mM PMSF, pH 7.5; PMSF 

was added immediately prior to use). Using a peristaltic pump, digested chromatin was 

eluted by flowing Solution S at ~0.5 mL/min. 25 fractions, containing 5 mL each, were 

collected and assessed by SDS-PAGE to determine in which fractions the nucleosomes 

eluted, using the known molecular weights of the individual histone proteins.207 Samples 

containing only the core histone proteins were pooled, concentrated, subjected to a 

second digestion with micrococcal nuclease to ensure nucleosomes were present as 

mono-nucleosomes, and re-purified using the same procedure. Nucleosomes were 

dialyzed against Solution D (10 mM Tris, 0.2 mM EDTA, 0.2 mM PMSF, pH 7.5; PMSF 

was added immediately prior to use), concentrated to ~1 mL, the concentration 
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determined by Bradford Assay. The final concentration was adjusted to 1 mg/mL with 

solution D. 

 Four incorporation reactions were prepared per DNA substrate; three reactions 

contained nucleosomes while one reaction lacked nucleosomes.208 The reaction lacking 

nucleosomes serves as a control for migration of the DNA duplex during native PAGE. 

Each 50 µL incorporation reaction consisted of 100 ng of radiolabeled 146 bp duplex, 2.5 

µg calf-thymus DNA, 25 µg isolated nucleosomes, 1 M NaCl, and 10X exchange buffer 

(EB) (1X EB; 20 mM Tris, 1 mM EDTA, 1 mM 2-mercaptoethanol, pH 8.0). For 

reactions that lacked nucleosomes, an equal volume of Solution D was substituted. The 

initial incorporation reaction was incubated for 1 h at room temperature. Next, 17 µL of 

1X EB was added to each reaction and incubated for 1 h at room temperature. The 

addition of 16.5 µL of 1X EB followed by 1 h incubation at room temperature was 

repeated twice, doubling the reaction volume. Then 100 µL 1X EB was added to the 

reaction and incubated for 15 min at room temperature; this process was repeated twice 

more. After a final addition of 100 µL 1X EB, bringing the final reaction volume to 500 

µL, the reaction was allowed to incubate for 1 h at 37 °C. Each reaction was then 

transferred to an Amicon Micro-concentrator with a 3 kDa molecular weight cut-off and 

centrifuged at 4 °C for 30 min at 14,000 × g, reducing the final volume to ~30 µL. These 

incorporation reactions were completed at least three times for each DNA sequence for a 

total of at least nine incorporations per DNA.  

2.2.3 Native polyacrylamide gel electrophoresis  

Thirty µL samples from the competitive nucleosome incorporation assay were 

mixed with 6 µL non-denaturing dye (15% ficoll, 0.25% bromophenol blue (w:v), 0.25% 
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xylene cyanol (w:v)), and 10 µL were applied to a 5% native polyacrylamide gel (4 mm 

thick, 45 cm long). Samples were electrophoresed at 100 V for 12 h and the products 

were visualized by phosphorimagery, using a BioRad FX or BioRad Pharos scanner and 

the accompanying Quantity One software. These conditions provided clear resolution 

between single-stranded, duplex, and nucleosome samples. The ratio of incorporated 

DNA (DNA in a nucleosome) to free DNA was determined by comparing the number of 

counts in each band.  

2.2.4 DNase I, Exo III, and S1 nuclease reactions  

For enzymatic probing, DNA was exchanged onto the nucleosomes in a similar 

manner to that described for the competitive nucleosome incorporation assays, with a few 

alterations. First, no competitor DNA was added to the reaction and the amount of 

radiolabeled duplex was increased to 10 pmol. Second, the exchange buffer was altered 

(1X EB; 5 mM Tris, pH 7.5). Finally, the incubation time was shortened; while the first 1 

h incubation remained, the subsequent 1 h incubations were changed to 45 min, and 15 

min incubations changed to 10 min. This procedure produced samples in which ~90-95% 

of the DNA incorporated into the nucleosome.  

After concentration of the exchanged nucleosomes, enzymatic probing reactions 

were prepared, combining 0.4 units DNase I (New England Biolabs), 50 units Exo III 

(New England Biolabs), or 42.5 units S1 nuclease (Promega) with 5 µL of the 

appropriate buffer for the enzyme to be used: DNase I buffer (100 mM Tris, 25 mM 

MgCl2, 5 mM CaCl2, pH 7.6), NEB1 buffer (100 mM Bis Tris propane-HCl, 100 mM 

MgCl2, 10 mM DTT, pH 7.0), or S1 nuclease buffer (500 mM sodium acetate, 2.8 M 

NaCl, 45 mM ZnSO4, pH 4.5). The reaction volume was adjusted to 50 µL with 
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exchanged, concentrated nucleosomes. The samples were incubated at 37 °C for 5 min 

and then quenched by the addition of 6 µL of 0.1 M EDTA and 6 µL of 50% glycerol. 

Samples were then loaded onto a 5% native polyacrylamide gel (8 mm thick, 16 cm 

long), and electrophoresed at 4 °C, 150 V for 3.5 h. The gel was used to expose a 

phosphorplate for approximately 25 min. The plate was imaged using a BioRad Pharos 

scanner, and the image used to identify the position of the DNA incorporated into 

nucleosomes. These bands were excised, crushed, and soaked overnight at 37 °C in 10 

mM Tris, 1 mM EDTA, pH 7.5. After centrifugation to pellet the remaining gel, the 

supernatant was concentrated in a 15 mL volume Amicon concentrator with a 3 kDa 

molecular weight cut-off. Centrifugation occurred for 50 min at 4 °C, 3220 × g leaving 

~0.5 mL of recovered nucleosomes. SDS was added to 0.01%, and samples were heated 

at 90 °C for 10 min. To preserve the duplex structure, this step was omitted for S1 

nuclease reactions carried out after the incorporated DNA had been separated from the 

histone core. Samples were then extracted twice with 400 µL of 

phenol:chloroform:isoamyl alcohol, ethanol precipitated, and the resulting pellet dried 

under vacuum.  

Reactions were also performed on free duplex. In the Exo III and S1 nuclease 

reactions the amount of enzyme added was the same as the nucleosome reactions. 

However, the enzyme concentration of DNase I optimized for the nucleosome reactions 

resulted in over-cleavage of the free duplex and so a 1:10 dilution was used. Duplex was 

annealed as described previously and 5 pmol was used to adjust the reaction volume to 50 

µL. In all enzymatic reactions of free duplex, the incubation time was shortened to 2 min 

and the reactions were quenched by addition of 6 µL 0.1 M EDTA and 6 µL of 1 mg/mL 
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calf-thymus DNA. The DNA was immediately ethanol precipitated and dried under 

vacuum. A standard Maxam-Gilbert A/G reaction performed on either strand of S1 (S1a 

or S1b, Table 2.1) was used to create a marker. 

After the DNA pellets were dry, the number of counts was determined in a 

Perkin-Elmer scintillation counter and diluted with formamide to 5,000 counts per 

microliter. Three microliters of these samples were applied to an 8% denaturing 

polyacrylamide gel (0.4 mm thick, 65 cm long), and electrophoresed at 65 W for 2.5 h. 

The gel was dried and used to expose a phosphorplate for 96 h. 

2.2.5 Hydroxyl radical footprinting  

Nucleosome preparation was the same for the hydroxyl radical reactions as it was 

for the enzymatic probing. To generate hydroxyl radicals, 7.5 µL each of 1 mM 

(NH4)2Fe(SO4)2•6H2O:2 mM EDTA, 10 mM sodium ascorbate, and 0.6% H2O2 was 

added to 52.5 µL of exchanged nucleosomes, bringing the total reaction volume to 75 µL. 

The solution was incubated for 15 min at room temperature. The reactions were quenched 

by addition of 8 µL of 50% glycerol and 8 µL of 0.1 M EDTA and samples were 

immediately applied to a native polyacrylamide gel as described above. The sample 

preparation process was the same as for the enzymatic probing experiments from this 

point forward. Free duplex reactions were carried out under the same reaction conditions 

as the nucleosome samples except they were incubated for 5 min at room temperature, 

quenched with 8 µL of 50% glycerol and 8 µL of 1 mg/mL calf-thymus DNA, and 

ethanol precipitated. From this point forward sample preparation followed the same 

procedure as the enzymatic probing samples. Each sample was electrophoresed in three 

separate gels, one of which was run in the same manner as described above. However, to 
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better visualize reactivity at the 5´ or 3´ end of the DNA, samples were also 

electrophoresed for 1.75 h (to visualize the 5´ end) or 3.5 h (to visualize the 3´ end).  

2.2.6 Image processing  

Phosphorplates were imaged using a BioRad Pharos scanner and the associated 

Quantity One software. Histograms were generated using the Quantity One software, but 

all other image processing was done using BioRad’s Image Lab software. First, the gel 

image was aligned and the lanes identified. Lane width and position was adjusted and the 

position of each band manually determined. Using the accompanying Maxam-Gilbert 

sequencing reactions, each band was assigned by nucleotide and the corresponding 

intensity determined. Intensity was graphed as a function of nucleotide, smoothed by 

applying a moving average with a window of 5, and that data imported into Origin 8.2 

(OriginLab Corporation). The data was used to create a graph, which was baseline 

subtracted and used for curve fitting experiments. 

 In order to determine the periodicity of the DNA around the histone core, a sine 

wave was fit to the hydroxyl radical footprinting data, the phase of which is equal to the 

best-fit period of the DNA.203 Using the non-linear curve fitting function in the Origin 

software, a best-guess sine wave, with a phase of ~10, was fit to the data. From the initial 

guess the software refined the fit until the Chi-squared was optimized. The sine wave was 

applied to the entire length of the DNA or to certain sections, such as the repeat tract or 

flanking sequences. 

 The Origin software was also used to determine the location of maxima and 

minima reactivity to the hydroxyl radical, which was used to construct translational 

positioning maps, revealing the location of the dyad axis.209 The nucleotide position of 
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each maximum was determined and the number of nucleotides between two consecutive 

maxima (y = maxn − maxn-1) was plotted against the average value of the maxima (x = 

[maxn + maxn-1] / 2). The same process was applied to the minima. The points determined 

for both the maxima and minima were smoothed with a moving average window of 2 or 3 

and graphed. 

 

2.3 RESULTS AND DISCUSSION 

2.3.1 Substrate design 
 

 
Figure 2.1: (A) Schematic representations of the DNA used to investigate CAG/CTG repeats 
in the nucleosome and its design. S1 and pUC19 serve as controls and contain no repeat 
tracts. S1-CAG10, S1-CAG20, and S1-CAG30 contain 10, 20, and 30 CAG/CTG repeats 
(black), respectively, within the S1 flanking sequence (gray). HTT-CAG10, HTT-CAG20, 
and HTT-CAG30 also contain 10, 20, and 30 CAG/CTG repeats (black), respectively; 
however these substrates contain the HTT flanking sequence (NG_009378.1, blue). The 
CCG/CGG repeats of the HTT flanking sequence are shown in dark red. (B) Schematic 
design of the S1 series of DNA in which the CAG/CTG repeats replace the center of the 146 
bp S1 control. (C) Schematic design of the HTT series of DNA in which the size of the repeat 
tract was increased, and the flanking sequence was pushed outwards and extra sequence 
trimmed from the ends to maintain a 146 bp length. Notably, all the 146 bp DNA sequences 
were prepared directly by phosphoramidite chemistry, and the schematics in panels B and C 
represent our design strategy rather than experimental preparation.  
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In the first series of DNA substrates, those containing healthy-length CAG/CTG 

repeats, we started with the 146 bp control duplex S1, a strong nucleosome positioning 

sequence with a single rotational and translational setting, which is derived from the 

pD89 sequence (Figure 2.1A).209,210 The repeat-containing DNA was designed by 

replacing the center of the S1 duplex with 10, 20, or 30 CAG/CTG repeats to generate 

S1-CAG10, S1-CAG20, and S1-CAG30, respectively, while maintaining the overall 146 

bp length (Figure 2.1B). While the length of the DNA substrates might restrict 

nucleosome formation, we chose to limit the length to 146 bp, the length of DNA 

wrapped around a single histone core, to minimize the probability that these substrates 

would form a heterogeneous population of nucleosomes.  

To assess the ability of healthy-length CGG/CCG repeats to incorporate into 

nucleosomes, we designed a 146 bp substrate containing 19 CGG/CCG repeats centered 

within S1 (S1-CGG19) (Figure 2.2). We then substituted specific CGG/CCG repeats for 

 
Figure 2.2: Schematic representations of the DNA used to investigate interrupted and 
uninterrupted CGG/CCG repeats. S1 serves as a control and contains no triplet repeat tracts. 
S1-CGG19 contains 19 CGG/CCG repeats (black) within the S1 flanking sequence (gray). 
S1-CAG19 contains 19 CAG/CTG repeats (blue) within the S1 flanking sequence (gray). S1-
1AGGa, S1-1AGGb, and S1-2AGG contain AGG/CCT interruptions (orange) within the 
repeat tract. FMR1-CCG19, FMR1-1AGGa, FMR1-1AGGb, and FMR1-2AGG also contain 
CGG/CCG repeats (black) and AGG/CCT interruptions (orange), however they contain the 
FMR1 flanking sequence (NG_007529.1, dashed).  
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AGG/CCT interruptions, creating substrates with either one (S1-1AGGa, S1-1AGGb) or 

two interruptions (S1-2AGG). We chose 19 CGG/CCG repeats as well as the placement 

of the interruptions from a previously characterized set of interrupted and uninterrupted 

(CGG)19 oligonucleotides, which were designed using biological precedence.60  

While the S1 sequence has been used in previous nucleosome investigations, and 

therefore serves as a good control, repeats are not flanked by the S1 sequence in the 

genome. Thus we designed substrates containing the same CAG/CTG repeat tract 

lengths, but changed the flanking sequence to that of the HTT gene, creating HTT-

CAG10, HTT-CAG20, and HTT-CAG30. These substrates were designed to mimic an 

expansion event; the TNR region was expanded and the HTT flanking sequence was 

pushed outwards, allowing us to determine what effect of the HTT flanking sequence has 

on packaging of healthy-length CAG/CTG repeats. The ends of the duplex were trimmed 

to maintain a 146 bp length (Figure 2.1C). We also created substrates containing the same 

interrupted and uninterrupted CGG/CCG repeats now containing the FMR1 gene flanking 

sequence. (Figure 2.2) 

2.3.2 Healthy-length CAG/CTG repeats increase nucleosome formation  

To understand the behavior of healthy-length CAG/CTG repeats in chromatin, we 

first performed competitive nucleosome incorporation assays, determining the extent to 

which a particular duplex incorporates into a nucleosome.208 In this assay, the DNA of 

interest was radiolabeled and exchanged onto the histone core of nucleosomes isolated 

from chicken erythrocytes.  Unlabeled competitor DNA, in this case calf-thymus DNA, 

acts as an internal control and, as it was in gross excess over the radiolabeled DNA, 

approximates an equilibrium distribution of the DNA incorporated into the nucleosome. 
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Following the incorporation assay, native PAGE was used to separate radiolabeled 

duplex incorporated into nucleosomes from free, unincorporated duplex. As a mixed-

sequence control, we also used a 261 bp fragment of pUC19 and examined its 

incorporation into a nucleosome.  

 We find that the S1 duplex incorporates into a nucleosome with the same 

efficiency as the pUC19 duplex, each with an incorporation ratio of ~2, indicating that 

there are two radiolabeled DNA duplexes incorporated into a nucleosome for every one 

radiolabeled duplex that remains as free DNA (Figure 2.3A,D). These results indicate 

that, while the S1 duplex was chosen because of its positioning ability, it incorporates 

with the same efficiency as the mixed-sequence pUC19 DNA. Notably, since some 

radiolabeled DNA remains free and is not incorporated into a nucleosome, the S1 duplex 

provides a suitable baseline from which there is the potential to observe either increased 

or decreased incorporation upon introduction of a CAG/CTG sequence.  

Interestingly, by native PAGE we observe two distinct bands for pUC19 duplex 

incorporated into nucleosomes, indicating that the pUC19 fragment forms at least two 

species of nucleosomes with different translational positions, in which the translational 

position is defined as the position of the histone core relative to the ends of the DNA 

duplex (Figure 2.3A). Although in previous studies190,191,205 multiple, distinct species are 

not observed for nucleosomes formed from this pUC19 fragment, it is possible that our 

PAGE conditions allowed for resolution of multiple species.  

When the center of the S1 duplex is replaced by CAG/CTG repeats there is a 

significant increase in the ratio of DNA found in a nucleosome relative to free DNA 

 (Figure 2.3B,D). Even the addition of only ten CAG/CTG repeats (S1-CAG10) provides 
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Figure 2.3: Representative competitive nucleosome incorporation reactions for the 
CAG/CTG repeat-containing substrates. An incorporation performed in the absence of 
chicken nucleosomes (NCP) (−NCP) and an incorporation performed in the presence of NCP 
(+NCP) are shown. The incorporation assays with pUC19 and S1 controls are shown in panel 
A, the incorporation assays with S1 DNA containing 10, 20 or 30 CAG/CTG repeats are 
shown in panel B, and the incorporation assays with HTT DNA are shown in panel C. The 
ratio of incorporated DNA to free DNA is shown in panel D. The error bars represent the 
standard error for each substrate. * p ≤ 0.05 and ** p ≤ 0.005 by Student’s T-Test. 
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a small but significant increase in nucleosome incorporation compared to the S1control; 

the ratio increases from 2 to 2.4. Addition of another ten CAG/CTG repeats (S1-CAG20) 

further increases the incorporation ratio to 3. The largest CAG/CTG repeat tract studied 

here, within S1-CAG30, has the highest incorporation ratio of the investigated substrates 

at 3.7. As the length of the repeat tract is the only difference between the S1 substrates, 

the increase in incorporation can be attributed to the increase in the number of CAG/CTG 

repeats. 

The increased incorporation ratio for DNA containing CAG/CTG repeats relative 

to mixed-sequence controls has traditionally been ascribed to the flexibility induced by 

the AG/CT dinucleotide, which lowers the free energy (ΔG) of duplex bending, 

indicating a more flexible duplex overall.190,211-213 Furthermore, CAG/CTG duplex has 

been shown to be an inherently flexible molecule based on electrophoretic mobility and 

cyclization kinetics.214 It is thought that more flexible DNA is better able to bend around 

 

Figure 2.4: ΔG of bending values 
calculated for the S1 and HTT 
substrates. Using the equation 
described by Satchwell and 
Travers,212 and as applied by 
Metzenberg,211 the ΔG of bending 
was calculated across each substrate, 
using a 6-nucleotide window. S1 
(black), S1-CAG10 (gray), S1-
CAG20 (green), and S1-CAG30 
(blue) are shown in panel A. HTT-
CAG10 (gray), HTT-CAG20 (green), 
and HTT-CAG30 (blue) are shown in 
panel B. 
 



 43 

 the histone core, leading to higher incorporation ratios.215 However, based on analysis of 

the ΔG of bending for each substrate, and thus an analysis of the flexibility of the 

substrate, it appears that the ΔG of bending for the CAG/CTG repeats is in the same 

range as that of the S1 sequence it replaces (Figure 2.4A). Thus, there must be other 

factors not accounted for in the ΔG of bending that make CAG/CTG repeats such robust 

incorporators, such as the ability to compress the minor groove and accommodate the 

unique constraints imposed by bending around the histone core. 

The trends we observe in the S1 series are consistent with previously reported 

results for longer, disease-length CAG/CTG repeats, in which the presence of the repeats 

was found to facilitate nucleosome formation. By direct observation of nucleosome 

formation by electron microscopy (EM), repeat tracts containing up to 250 CAG/CTG 

repeats have been shown to be preferential sites for nucleosome formation.188 

Furthermore, repeat tracts containing either 75 or 130 CAG/CTG repeats have been 

shown to significantly increase the ratio of incorporated DNA to free DNA.187 

Importantly, because of the large number of repeats, the flanking sequence does not 

contribute to the incorporation in these experiments, where nucleosome formation occurs 

almost exclusively within the repeat tract. 

Interestingly, it has been reported that there is negligible difference in the 

incorporation efficiency between DNA containing 10 CAG/CTG repeats and DNA 

containing either 55 or 62 CAG/CTG repeats.189 However, the 55 CAG/CTG repeat 

sequence forms nucleosomes with several translational positions, many of which contain 

either the 3! or 5! flanking sequence at the same position as the nucleosomes formed with 
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10 CAG/CTG repeats, indicating that the flanking sequence and not the repeat may be 

dominating the incorporation process.  

2.3.3 Nineteen CGG/CCG repeats have no effect on incorporation into nucleosomes; the 

addition of AGG/CCT interruptions does affect nucleosome incorporation  

When 19 CGG/CCG repeats are centered in the S1 sequence (S1-CGG19) there is 

no significant change in the ratio of incorporated DNA to free DNA (Figure 2.5A,C), 

relative to the S1 control. This contrasts with the observed increase for S1-CAG19, where 

19 CAG/CTG repeats are centered in the S1 sequence. To our knowledge, this is the first 

direct comparison of these triplet repeat sequences where the number of repeats, flanking 

sequence, and overall DNA length are identical. Therefore, the 1.8 fold difference in 

nucleosome incorporation observed for S1-CGG19 and S1-CAG19 is derived exclusively 

from the identity of the triplet repeat sequence and provides a quantitative measure of the 

differing ability of these repeats to form nucleosomes under these conditions.  

 
 
Figure 2.5: Representative competitive nucleosome incorporation reactions for the 
CGG/CCG repeat-containing substrates. The incorporation assays with the S1 series of 
CGG/CCG substrates are shown in panel A and the incorporation assays with FMR1 series of 
substrates are shown in panel B. The ratio of incorporated DNA to free DNA is shown in 
panel C. The error bars represent the standard error for each substrate. ** p ≤ 0.005 by 
Student’s T-Test. 
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In previous experiments designed to observe the location of nucleosome 

formation on a closed, circular plasmid by electron microscopy, 76 CGG/CCG repeats 

were found to reduce nucleosome formation, meaning that the region of the plasmid 

containing the CGG/CCG repeats was populated with a nucleosome less frequently than 

other regions of the plasmid.191 In other experiments, 10 and 24 CGG/CCG repeats 

placed in the center of a pUC19 fragment incorporated into a nucleosome less readily 

than a control that lacked the repeats. However, it is notable that these experiments were 

performed using DNA substrates that did not contain uniform flanking sequences, 

opening the possibility that the primary sequence of the flanking DNA could be affecting 

the observed results. Furthermore, it is also possible that rather than the CGG/CCG 

repeats themselves decreasing nucleosome incorporation, the introduction of the repeats 

disrupted a region of the pUC19 DNA sequence that promotes nucleosome incorporation. 

In other work, experiments performed with 6 CGG/CCG repeats in the histone H4 gene, 

found that CGG/CCG repeats can favorably contribute to nucleosome incorporation, 

though these experiments were also performed without regard for flanking sequence.189 

Perhaps our experiments with 19 repeats represent a middle ground where the length of 

the CGG/CCG repeat tract is too long to facilitate nucleosome incorporation but is not 

long enough to destabilize interaction with the histone core.  

To investigate the consequences of interruptions on nucleosome incorporation, we 

introduced AGG/CCT interruptions into the S1-CGG19 duplex (Figure 2.2). When a 

single CGG/CCG is replaced with AGG/CCT in either the fifth or ninth repeat (S1-

1AGGa and S1-1AGGb, respectively) there is a ~1.5-fold increase in the incorporation 

ratio as compared to S1-CGG19 (Figure 2.5A,C). This result indicates that the presence 
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of just one AGG/CCT interruption significantly impacts the ability of the DNA to interact 

with the histone core.  

It is noteworthy that this observed increase in nucleosome incorporation is due to 

a change in 1 out of 146 bps; to introduce the AGG/CCT interruption, a C/G bp was 

changed to A/T. Based on analysis of the free energy (ΔG) of DNA bending for these 

(Figure 2.6A-D) and other substrates,190,211-213 it has been suggested that AGG/CCT 

interruptions represent a localized decrease in ΔG within the FMR1 repeat tract, thereby 

decreasing the energetic barrier for CGG/CCG repeat bending around the histone core, 

making the incorporation of the interrupted sequences into a nucleosome slightly more 

 

Figure 2.6: ΔG of 
bending values calculated 
for the S1 and FMR1 
substrates. Using the 
equation described by 
Satchwell and Travers,212 
and as applied by 
Metzenberg,211 the ΔG of 
bending was calculated 
across each substrate, 
using a 6-nucleotide 
window. S1-CGG19, S1-
1AGGa, S1-1AGGb, and 
S1-2AGG (black) are 
shown in panels A-D 
respectively. S1-CAG19 
(dashed gray) is also 
shown in panel A. FMR1-
CGG19, FMR1-1AGGa, 
FMR1-1AGGb, and 
FMR1-2AGG (black) are 
shown in panels E-H 
respectively. 
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energetically favorable. However, as observed for the CAG/CTG repeats, it is also likely 

that other factors pertaining to nucleosome formation play a role as well, but are not 

accounted for in these calculations.  

Interestingly, when an AGG/CCT interruption is included at both the fifth and 

fifteenth repeats (S1-2AGG), the level of incorporation is comparable to the 

uninterrupted S1-CGG19 (Figure 2.5A,C). We had anticipated that DNA containing two 

interruptions would incorporate more readily than S1-CGG19, as observed for the 

sequences with a single interruption. We speculate that the lack of observable benefit to 

incorporation with the S1-2AGG substrate is due to the position of the interruptions 

within the repeat tract. In the S1-2AGG substrate, the interruptions are positioned 

equidistant from the ends of the repeat tract, with ten intervening CGG/CCG repeats 

located in the center of the DNA. Because of the positioning effects of the S1 flanking 

sequence, this configuration places an interruption at either edge of a region within the 

nucleosome spanning the dyad axis where the DNA is locally underwound.170,203,204 As 

discussed above, uninterrupted CGG/CCG repeats possess a relatively large ΔG of 

bending compared to the S1 flanking sequence, and therefore have an energetic barrier 

that limits the ability to bend around the histone core.211 Thus, because of the positioning 

effect of the S1 flanking sequence, each interruption provides a localized decrease in ΔG 

at either end of this region, but the intervening CGG/CCG repeats may not be able to 

readily accommodate the underwinding required for nucleosome formation, leading to 

lower incorporation. Notably, the results obtained with one and two AGG/CCT 

interruptions underscores the importance of both the location of the interruption within 

the repeat tract and the location of DNA around the histone core. 
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The relationship between nucleosome incorporation and the presence of 

AGG/CCT interruptions in CGG/CCG repeat tracts was investigated previously.190 Using 

DNA fragments derived from human FMR1 repeat tracts, when 3 or 2 interruptions were 

present in tracts of 39 or 53 CGG/CCG repeats respectively, the interruptions did not 

influence nucleosome incorporation on histones isolated from HeLa cells. However, the 

interruptions did increase formation of hyperacetylated nucleosomes. The histones used 

in our experiments are likely comparable in acetylation to those isolated from HeLa cells, 

as they were both isolated from biological sources, but the absolute measure of epigenetic 

modifications is unknown. Interestingly, when ATG/CAT interruptions were added to a 

CAG/CTG repeat tract, the incorporation ratio decreased.190  

2.3.4 The genetic flanking sequence decreases nucleosome incorporation  

While it is important to understand the innate influence of CAG/CTG and 

CGG/CCG repeats on nucleosome incorporation, it is equally important to consider the 

effect of the genetic flanking sequence. To this end, we first repeated the competitive 

nucleosome incorporation using the HTT series of DNA; substrates designed with the 

same number of CAG/CTG repeats now flanked by the HTT gene sequence (Figure 2.1). 

The HTT substrates all had significantly lower incorporation ratios than their 

corresponding S1 counterparts; the ratios for HTT-CAG10, HTT-CAG20 and HTT-

CAG30 are 1.8, 1.2, and 2.2 respectively (Figure 2.3C,D). The significant decrease 

observed for each substrate in the HTT series indicates that the HTT flanking sequence 

possesses an inherent negative effect on nucleosome incorporation relative to the 

corresponding S1 flanking sequence, offsetting the benefit from the CAG/CTG repeats. 
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It is important to note that the HTT series contains not only the primary 

CAG/CTG repeats but also a secondary CCG/CGG repeat in the flanking sequence 

(Figure 2.1A), a TNR that has decreased nucleosome incorporation ratios in various 

contexts,190-192,205,216 including the results described above. Compared to the CAG/CTG 

repeats, CCG/CGG repeats have a much higher ΔG of bending, which helps to increase 

the overall ΔG of bending for the HTT flanking sequence compared to S1 (Figure 2.4B). 

The lack of sequential A/T bps within the relatively G/C rich HTT flanking sequence, 

which are known to be important in facilitating bending around the histone core, also 

likely contributes to the observed decrease in incorporation.181 

As with the CAG/CTG repeats, it is equally important to understand the effect of 

interruptions when the CGG/CCG repeats are flanked by the biologically relevant FMR1 

gene sequence. Thus we designed DNA substrates that have the same repeat and 

interruption configuration as those in the S1 series, but contain the FMR1 flanking 

sequence (Figure 2.2). In each substrate, both those with and without interruptions, the 

FMR1 flanking sequence decreases the observed level of incorporation, relative to the 

same repeat flanked by the S1 sequence (Figure 2.5B,C). This decrease in incorporation 

is likely due at least in part to an increase in the ΔG of bending for the FMR1 flanking 

sequence relative to the S1 flanking sequence (Figure 2.6E-H). Interestingly, while a 

single AGG/CCT interruption yielded an increase in incorporation of the S1 substrates, 

there is no significant change when a single AGG/CCT interruption is present in the 

FMR1 substrates. In contrast, while the two AGG/CCT interruptions in S1-2AGG 

produced no change in the amount of incorporation relative to the S1-CGG19, there is a 

significant increase in the incorporation observed in the FMR1-2AGG substrate relative 
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to the FMR1-CGG19 substrate. Thus, not only is the number and placement of the 

AGG/CCT interruptions an important factor in determining the ability of CGG/CCG 

repeats to incorporate into a nucleosome, the flanking sequence is also important as it can 

further modulate the impact of the interruptions.  

In the cells of FXS patients, disease-length CGG/CCG repeats are associated with 

heterochromatic markers, indicating that these repeats are contained within tightly packed 

heterochromatin.50-52,56,200,217 Heterochromatin in the CGG/CCG repeat region spreads 

along the FMR1 gene, condensing the FMR1 promoter and silencing the gene. Packaging 

in heterochromatin, and thus gene silencing, appears to occur only with very long, 

uninterrupted repeats. Based on nucleosome incorporation assays, this silencing does not 

come from the innate ability of CGG/CCG repeats or the FMR1 flanking sequence to 

form nucleosomes; both the CGG/CCG repeats and FMR1 flanking sequence decrease 

the amount of DNA incorporated into a nucleosome, relative to their respective controls. 

Therefore, it is most likely that heterochromatic markers associated with the expanded 

CGG/CCG repeats silence the FMR1 gene.52,190,192,218 However, the experiments 

described here shed light on the changes in packaging that occur as the genomic 

CGG/CCG repeats expand. As demonstrated with the S1-CGG19 substrate, short, 

uninterrupted repeats do not change the ability of DNA to incorporate into a nucleosome. 

The lack of ability to increase incorporation will leave shorter genomic CGG/CCG 

repeats available for proper progression of the transcription machinery within the cell, 

and while short CGG/CCG repeats have been shown to promote polymerase stalling in a 

bacterial plasmid,95 they do not promote polymerase stalling in eukaryotic cells.94,197  

2.3.5 DNase I and Exo III reveal the position of DNA in the nucleosome  
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To better understand the interaction of these healthy-length repeats with the 

histone core, we performed enzymatic probing on both free and incorporated duplex. We 

began by investigating the CAG/CTG repeats using DNase I, an endonuclease that 

creates single-strand nicks.219-222 In separate experiments in which either the CAG-

containing (Figure 2.7) or CTG-containing (Figure 2.8) strand is radiolabeled, both free 

duplex and nucleosome samples were subjected to digestion by DNase I, and the products 

were resolved by denaturing PAGE. While DNase I does not possess strict sequence 

dependency, it does cleave preferentially at some sequences, mainly depending on minor 

groove width223,224 and DNA flexibility.225,226 Indeed, we observe unequal reactivity 

along all of the free duplex samples.  

 
 
 

Figure 2.7: DNase I digestion 
reveals successful incorporation of 
the CAG/CTG repeat-containing 
DNA around the histone core, as 
evidenced by the altered reaction 
pattern in the nucleosome samples 
as compared to the duplex. DNase I 
cleavage of the CAG-containing 
strands of the S1 substrates are 
shown in panel A, while cleavage 
of the CAG-containing strands of 
the HTT substrates are shown in 
panel B. Reactions were performed 
on both free duplex (labeled in 
blue) and nucleosome (NCP, 
labeled in red) substrates. The 
number of repeats is indicated 
above each lane, with S indicating 
the S1 control. The marker lane 
consists of the Maxam-Gilbert A/G 
sequencing reaction performed on 
S1a. The location of the repeat 
tracts is indicated on the right-hand 
side of the gel. 
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When the DNA is incorporated into a nucleosome, its cleavage by DNase I 

changes, revealing a pattern of regions with high reactivity toward DNase I followed by 

regions with little or no reactivity toward DNase I. We observe this reactivity for both the 

S1 and HTT series incorporated into nucleosomes (Figure 2.7, Figure 2.8). Where the 

DNA backbone faces out into solution, DNase I can cleave, but DNA facing into the 

histone core will be inaccessible to the enzyme.219-222 The DNA at the end of the duplex 

is more readily cleaved than the DNA in the center, producing dark bands near the top of 

each lane, due to decreased interactions between the extremes of the DNA duplex and the 

histone core.227  

 Exo III is a 3' to 5' exonuclease, which digests duplex DNA.228-230 When the 

enzyme encounters DNA that is interacting with the histone core it pauses, which results 

Figure 2.8: DNase I digestion 
reveals successful incorporation of 
the CAG/CTG repeat-containing 
DNA around the histone core, as 
evidenced by the altered reaction 
pattern in the nucleosome samples 
as compared to the duplex. DNase 
I cleavage of the CTG-containing 
strands of the S1 substrates are 
shown in panel A, while cleavage 
of the CTG-containing strands of 
the HTT substrates are shown in 
panel B. Reactions were 
performed on both free duplex 
(labeled in blue) and nucleosome 
(NCP, labeled in red) substrates. 
The number of repeats is indicated 
above each lane, with S indicating 
the S1 control. The marker lane 
consists of the Maxam-Gilbert 
A/G sequencing reaction 
performed on S1b. The location of 
the repeat tracts is indicated on the 
right-hand side of the gel. 
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in intense strand cleavage. These locations of intense strand cleavage map the 

translational position of the DNA. As with the DNase I reactions, in separate experiments 

in which either the CAG-containing (Figure 2.9) or CTG-containing (Figure 2.10) strand 

was radiolabeled, both free duplex and nucleosome substrates were subjected to partial 

digestion by Exo III and the products were resolved by denaturing PAGE. Like DNase I, 

Exo III has some sequence specificity,231 indicated by the uneven reaction along the free 

duplex samples for both the S1 and HTT series.  

 

 
 

 

Figure 2.9: Exonuclease III 
digestion reveals weaker 
interactions between the ends of 
the CAG/CTG repeat-containing 
DNA and the histone core. Exo 
III digestion of the CAG-
containing strands of the S1 
substrates are shown in panel A, 
while digestion of the CAG-
containing strands of the HTT 
substrates are shown in panel B. 
Reactions were performed on 
both free duplex (labeled in blue) 
and nucleosome (NCP, labeled in 
red) substrates. The number of 
repeats is indicated above each 
lane, with S indicating the S1 
control. The marker lane consists 
of the Maxam-Gilbert A/G 
sequencing reaction performed 
on S1a. The location of the repeat 
tracts is indicated on the right-
hand side of the gel. 
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There is a clear change in the Exo III digestion pattern when the duplex is 

incorporated into a nucleosome (Figure 2.9, Figure 2.10). Enzyme reactivity in the 

nucleosome samples is limited to the ends of the DNA. In the S1 series, there are 3-4 

highly reactive sites observed regardless of the strand radiolabeled (Figure 2.9A, Figure 

2.10A). While the presence of multiple reactive sites could indicate that the nucleosomal 

S1 series is forming multiple translational positions, it is more likely that, due to salt-

induced shielding of the extremes of the DNA duplex, the interactions between the DNA 

and the histone core are weaker at the ends, allowing some Exo III to push the DNA off 

the histone core and continue its digestion.227 Furthermore, the S1 control sequence has 

been shown previously to adopt a single translational position under similar 

conditions.209,210 

Figure 2.10: Exonuclease III 
digestion reveals weaker 
interactions between the ends of 
the CAG/CTG repeat-containing 
DNA and the histone core. Exo 
III digestion of the CTG-
containing strands of the S1 
substrates are shown in panel A, 
while digestion of the CTG-
containing strands of the HTT 
substrates are shown in panel B. 
Reactions were performed on 
both free duplex (labeled in blue) 
and nucleosome (NCP, labeled in 
red) substrates. The number of 
repeats is indicated above each 
lane, with S indicating the S1 
control. The marker lane consists 
of the Maxam-Gilbert A/G 
sequencing reaction performed 
on S1b. The location of the repeat 
tracts is indicated on the right-
hand side of the gel. 
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There are only slight differences observed for Exo III digestion of the HTT 

substrates, indicating that the three HTT DNAs form nucleosomes with similar 

translational positions (Figure 2.9B, Figure 2.10B). There is only one main reactive site 

in each of the HTT substrates, indicating that the HTT flanking sequence is in contact 

with the histone core.  

We applied the same Exo III digestion technique to investigate the interaction 

between the CGG/CCG repeat-containing DNA and the histone core. When the 

 

Figure 2.11: Exonuclease III digestion reveals weaker interactions between the ends of the 
CGG/CCG repeat-containing DNA and the histone core. Exo III digestion of the CGG-
containing strands of the S1 substrates are shown in panel A, while digestion of the CGG-
containing strands of the FMR1 substrates are shown in panel B. Reactions were performed 
on both free duplex (labeled in blue) and nucleosome (NCP, labeled in red) substrates. In 
panel A, lanes 1 contain the S1 control, lanes 2 contain S1-CGG19, lanes 3 contain S1-
1AGGa, lanes 4 contain S1-1AGGb, and lanes 5 contain S1-2AGG. In panel B, lanes 1 
contain FMR1-CGG19, lanes 2 contain FMR1-1AGGa, lanes 3 contain FMR1-1AGGb, and 
lanes 4 contain FMR1-2AGG. The marker lane consists of the Maxam-Gilbert A/G 
sequencing reaction performed on S1a. The location of the repeat tract and the A of the 
interruptions (arrows) are indicated on the right-hand side of the gel. 
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CGG/CCG repeats, both with and without AGG/CCT interruptions, are contained within 

the S1 positioning sequence, there is clear reactivity along the length of each free duplex, 

 evidenced by the appearance of discrete bands in the denaturing gel (Figure 2.11A, 

duplex). However, once the DNA is incorporated into a nucleosome, there is a change in 

the reactivity; namely strand cleavage only arises from Exo III digestion of the DNA at 

the end of the duplex (Figure 2.11A, NCP). The same change in reactivity is present in 

the FMR1 substrates as well (Figure 2.11B). It is interesting to note that, while reactivity 

in both the S1 and FMR1 nucleosomal substrates is restricted to the same region, the 

reactivity within that region is different. In the S1 substrates there are discreet, high 

intensity regions corresponding to the Exo III pause sites. However there are no distinct 

pause sites present in the FMR1 substrates; the entire region is equally reactive. The 

difference in reactivity at the ends of the DNA indicates that the FMR1 DNA may not be 

uniformly positioned (vide infra).  

2.3.6 Hydroxyl radical footprinting reveals that CAG/CTG repeats alter the rotational 

and translational positioning of DNA in a nucleosome  

While the enzymatic probing with DNase I and Exo III reveals the general 

position of DNA in the nucleosome, the results can be complicated by the sequence 

preferences associated with each enzyme. A more sensitive method of determining the 

position of the DNA in a nucleosome is hydroxyl radical footprinting. The hydroxyl 

radical reacts preferentially with the C5! hydrogen atom of the sugar-phosphate 

backbone, located in the minor groove, inducing cleavage at every nucleotide. Regions of 

most intense strand cleavage indicate where the minor groove is solvent 

exposed.203,209,221,232,233  



 57 

 To assess the position of each strand of the duplex with respect to the histone 

core, reactions were preformed in separate experiments where either the CAG-containing  

Figure 2.12: Hydroxyl radical footprinting reveals the periodicity of the CAG/CTG repeat-
containing DNA around the histone core. Reactions were performed on both free duplex 
(labeled in blue) and nucleosome (NCP, labeled in red) substrates. Reactivity toward 
hydroxyl radical of the CAG-containing strands of the S1 substrates are shown in panel A, 
while reactivity of the CAG-containing strands of the HTT substrates are shown in panel B. 
The number of repeats is indicated above each lane, with S indicating the S1 control. The 
marker lane consists of the Maxam-Gilbert A/G sequencing reaction performed on S1a. The 
location of the repeat tracts is indicated on the right-hand side of the gel. Panel C contains 
histograms generated from the gels presented in A and B. The dashed lines indicate the 
maxima of the S1 substrate. 
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Figure 2.13: Hydroxyl radical footprinting reveals the periodicity of the CAG/CTG repeat-
containing DNA around the histone core. Reactions were performed on both free duplex 
(labeled in blue) and nucleosomes (NCP, labeled in red) substrates. Reactivity toward 
hydroxyl radical of the CTG-containing strands of the S1 substrates are shown in panel A, 
while reactivity of the CTG-containing strands of the HTT substrates are shown in panel B. 
The number of repeats is indicated above each lane, with S indicating the S1 control. The 
marker lane consists of the Maxam-Gilbert A/G sequencing reaction performed on S1b. The 
location of the repeat tracts is indicated on the right-hand side of the gel. Panel C contains 
histograms generated from the gels presented in A and B. The dashed lines indicate the 
maxima of the S1 substrate. 
 
(Figure 2.12) or CTG-containing (Figure 2.13) strand was radiolabeled. The products of 

the reactions were resolved by denaturing PAGE, in which 100-120 nucleotides were 
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observed by standard electrophoresis procedures. The PAGE images were used to create 

histograms for each sample (Figure 2.12C, Figure 2.13C).  

When the free duplex is exposed to hydroxyl radicals, the reaction produces a 

nearly even pattern of reactivity along the DNA, with a slight increase in reactivity at 

purines (Figure 2.12A,B, Figure 2.13A,B).147,209,221,233 Once the DNA is incorporated into 

a nucleosome, we observe an oscillating pattern of high and low reactivity towards the 

hydroxyl radical. Areas of increased reactivity indicate regions where the minor groove 

faces away from the histone core and is accessible to the hydroxyl radical, whereas areas 

of reduced reactivity indicate regions where the minor groove faces in towards the 

histone core and is protected from cleavage by hydroxyl radicals.  

Analysis of the hydroxyl radical footprinting reactions on the S1 series reveals the 

inherent positioning ability of the CAG/CTG repeat tract. The pattern of reactivity is 

clearly different amongst the S1 series in both the gels and the resulting histograms 

(Figure 2.12A, Figure 2.13A,C). The vertical, dashed lines in Figure 2.12C indicate the 

position of each maxima for the S1 substrate, from which the offset of the maxima and 

minima of other substrates is determined. Using the S1 control as a baseline, we observe 

that the maxima of S1-CAG20 and S1-CAG30 are shifted by ~5 nucleotides; where a 

maxima occurs in S1, the S1-CAG20 and S1-CAG30 have minima. While the offset 

between the S1 and the S1-CAG10 substrate is not as pronounced, the nucleotide with 

maximum reactivity is offset by ~1-2 nucleotides in the repeat region (Figure 2.12C). 

However, the shift appears to be localized at the repeat tract, as the extremes of the 

flanking sequence share maxima and minima with the S1 substrate.  
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By overlaying the footprinting patterns obtained for the complementary strands, it 

is possible to identify regions where the minor groove faces out into solution, allowing 

analysis of the rotational position of the DNA (Figure 2.14).209 By comparing which 

regions of the minor groove face out into solution, we can determine differences in the 

rotational position between the different substrates. Consistent with the maxima and 

minima observed in the histograms, the rotational position of the S1 and S1-CAG10 

substrates are quite similar, but differ from the rotational position of the S1-CAG20 and 

S1-CAG30 substrates. This result indicates that for CAG/CTG repeat tracts longer than 

20, the repeats override the S1 flanking sequence to define the rotational position (Figure 

2.14A-D). 

 
 
Figure 2.14: Hydroxyl radical cleavage curves reveal the rotational setting of the 
CAG/CTG repeat-containing DNA around the histone core. The gray bars indicate areas 
where the minor groove is solvent exposed. The S1 series of substrates, S1 (A), S1-
CAG10 (B), S1-CAG20 (C), and S1-CAG30 (D) are displayed on the left, while the HTT 
series, HTT-CAG10 (E), HTT-CAG20 (F), and HTT-CAG30 (G), are displayed on the 
right. S1a or the CAG-containing strand is shown in red and S1b or the CTG-containing 
strand is shown in blue. 
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While the HTT series possesses some small changes in the maxima and minima 

present in the gel and resulting histograms, they are much more uniformly aligned than 

the substrates within the S1 series (Figure 2.12B,C, Figure 2.13B,C). Upon closer 

examination of the footprinting patterns for the complementary strands, the HTT-CAG10 

and HTT-CAG20 share a rotational position, which is different than the rotational 

position occupied by HTT-CAG30 (Figure 2.14E-G). In these constructs, it is likely that 

the secondary CCG/CGG repeat, which is reduced to only two of the seven repeats in 

HTT-CAG30, is playing some role in determining the rotational position of the HTT 

substrates. The S1-CAG30 and HTT-CAG30 have the same rotational position, 

indicating that the repeats and not the flanking sequence are determining the rotational 

position in these substrates. However, unlike the S1 substrates, 20 CAG/CTG repeats is 

not enough to overcome the influence of the HTT flanking sequence; it takes 30 

CAG/CTG repeats.  

We also examined the periodicity associated with each maxima and minima in the 

hydroxyl radical footprinting data. By graphing these values, we generated the 

translational positioning curves shown in Figure 2.15, allowing us to identify extremes in 

the periodicity with respect to the DNA backbone.209 The position of the maximum in the 

curve defines the dyad axis, which is given in Table 2.2. The dyad axis of each repeat-

containing substrate is located well within the repeat tract, consistent with previous 

observations that CAG/CTG repeats of various lengths preferentially assemble at the 

dyad axis.187-189 Upon addition of 10 CAG/CTG repeats to the S1 substrate, there is a 

shift in the position of the dyad axis of 2 bps.  An additional 10 and 20 repeats shifts the 

dyad another 2 and 3 bps, respectively. However, when the repeats are placed within the 
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HTT flanking sequence, the position of dyad axis remains constant at position 71, a 

further example of the ability of the HTT flanking sequence to modulate the behavior of 

the CAG/CTG repeat.  

 

Table 2.2: Position of the dyad and translational shifts for CAG-containing strands of the 
S1 and HTT substrates 

 
Substrate Dyad position 

Shift 
(nucleotides)a 

S1 73 - 
S1-CAG10 71 -2 
S1-CAG20 69 -4 
S1-CAG30 68 -5 
HTT-CAG10 71 -2 
HTT-CAG20 71 -2 
HTT-CAG30 71 -2 

a With respect to the S1 control. 
 

 
Figure 2.15: Translational positioning curves reveal a change in the position of the dyad 
axis for both the S1 and HTT series. The locations of the maxima and minima are then 
graphed with respect to their periodicity. The curve reveals the variation in periodicity 
around the histone core, and the highest peak indicates the location of the dyad axis. In 
the S1 series (A), the translational positioning curves reveal 2-5 bp offsets in the location 
of the dyad axis. In comparison, the HTT series (B) all have the same dyad axis 
placement. 
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It is important consider that the length of the DNA substrates used here is limited 

to the length of DNA associated with a single nucleosome. This length minimizes the 

possibility that the DNA would form a heterogeneous population of nucleosomes with 

multiple translational positions, which would confound our analysis. Within the cell, the 

histone core will have access to a longer DNA substrate with which to form a 

nucleosome, and while a nucleosome will likely form at the CAG/CTG repeat, given the 

affinity of the CAG/CTG repeat tract for the histone core, the nucleosomes formed with 

longer DNA substrates may have multiple DNA positions. However, it is likely that even 

with longer DNA substrates, CAG/CTG repeats will still alter DNA positioning, though 

the alterations may be more complex. 

2.3.7 CGG/CCG repeats reposition DNA in the nucleosome; AGG/CCT interruptions 

further alter the positioning  

To further understand how the AGG/CCT interruptions modify the behavior of 

the CGG/CCG repeat tract in the nucleosome, we used hydroxyl radical footprinting to 

determine the position of the DNA relative to the histone core. First, we used this 

technique to analyze the ability of 19 CGG/CCG repeats to reposition the S1 DNA in a 

nucleosome (Figure 2.16, Figure 2.17). Separate experiments were performed with either 

the CGG-containing (Figure 2.16) or CCG-containing (Figure 2.17) strand radiolabeled 

and the products are resolved by denaturing PAGE. As described above, exposure of free 

duplex to hydroxyl radicals results in cleavage along the entire DNA substrate in a 

relatively even manner, observed as the appearance of discreet bands in the gel (Figure 

2.16A, Figure 2.17A; duplex). However, once the DNA is incorporated into a 

nucleosome, the cleavage pattern changes to the characteristic pattern of oscillating high 
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and low reactivity associated with nucleosome incorporation (Figure 2.16A, Figure 

2.17A; NCP). The amount of cleavage at each nucleotide was determined and used to 

construct the plots shown in Figure 2.16B and Figure 2.17B, allowing comparison of the 

overall DNA position between the various DNA substrates. The characteristic, oscillating  

 

Figure 2.16: Hydroxyl radical footprinting reveals the periodicity of the CGG/CCG repeat-
containing S1 DNA around the histone core. Radiolabeled samples, both free duplex (labeled 
in blue) and nucleosomes (NCP, labeled in red) substrates, were reacted with hydroxyl 
radicals. Reactivity for the CGG-containing strands of the S1 substrates are shown in panel 
A. Reactions were performed on both free duplex (labeled in blue) and nucleosome (NCP, 
labeled in red) substrates. In panel A, lanes 1 contain the S1 control, lanes 2 contain S1-
CGG19, lanes 3 contain S1-1AGGa, lanes 4 contain S1-1AGGb, and lanes 5 contain S1-
2AGG. The marker lane consists of the Maxam-Gilbert A/G sequencing reaction performed 
on S1a. The location of the repeat tract and interruptions are indicated on the right-hand side 
of the gel. Panel B shows the reactivity at each nucleotide, generated from the gel presented 
in A. The dashed lines indicate the maxima of the S1 substrate and the arrows indicate the 
position of the A of the AGG interruptions. 
 

pattern produced by reaction of the S1 nucleosome substrates with the hydroxyl radical 

indicates a uniform population of nucleosomes, where the DNA occupies a single 

rotational and translational position. The vertical, dashed lines in Figure 2.16B and 
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Figure 2.17: Hydroxyl radical footprinting reveals the periodicity of the CGG/CCG 
repeat-containing S1 DNA around the histone core. Radiolabeled samples, both free 
duplex (labeled in blue) and nucleosomes (NCP, labeled in red) substrates, were reacted 
with hydroxyl radicals. Reactivity for the CCG-containing strands of the S1 substrates are 
shown in panel A. Reactions were performed on both free duplex (labeled in blue) and 
nucleosome (NCP, labeled in red) substrates. In panel A, lanes 1 contain the S1 control, 
lanes 2 contain S1-CCG19, lanes 3 contain S1-1CCTa, lanes 4 contain S1-1CCTb, and 
lanes 5 contain S1-2CCT. The marker lane consists of the Maxam-Gilbert A/G 
sequencing reaction performed on S1b. The location of the repeat tract and interruptions 
are indicated on the right-hand side of the gel. Panel B contains histograms generated 
from the gel presented in A. The dashed lines indicate the maxima of the S1 substrate and 
the arrows indicate the position of the CCT interruptions. 
 

Figure 2.17B indicate the maxima for the S1 control. It is from these lines that the offset 

in maxima and minima of the other DNA substrates can be determined. When 19 

CGG/CCG repeats are located in the center of the S1 DNA, there is a shift of ~4 bases in 

the position of the maxima and minima relative to the S1 substrate, particularly in the 

repeat region, indicating a difference in how the DNA is positioned in the nucleosome. 

Thus, not only can healthy-length CAG/CTG repeats reposition DNA in a nucleosome, 

but healthy-length CGG/CCG repeats can reposition DNA in a nucleosome as well. 

When an AGG/CCT interruption replaces a CGG/CCG repeat, the maxima and minima 
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are again offset, signifying that the DNA again positions differently, now occupying a 

different overall position than either the S1 or S1-CGG19 nucleosomes.  

To examine the rotational positioning of each DNA substrate, the locations where 

the minor groove faces out into solution were determined and used to compare the 

rotational position between the S1 substrates (Figure 2.18).209 Upon addition of 19 

CGG/CCG repeats to the S1 DNA, there is a shift in the rotational positioning of the 

DNA in the nucleosome. Interestingly, upon the addition of the AGG/CCT interruptions, 

 

Figure 2.18: Hydroxyl radical cleavage 
curves reveal the rotational setting of the 
CGG/CCG repeat-containing DNA 
around the histone core. The gray bars 
indicate areas where the minor groove is 
solvent exposed. Only the S1 series of 
substrates, S1-CGG19 (A), S1-1AGGa 
(B), S1-1AGGb (C), S1-2AGG (D), and 
the S1 control (E) are displayed, as the 
FMR1 substrates occupy many 
rotational positions. The S1a or CGG-
containing strand is shown in blue and 
the S1b or CCG-containing strand is 
shown in red. 
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the S1-1AGGa, S1-1AGGb, and S1-2AGG DNA all adopt the same rotational position, 

different from both the S1 control and the S1-CGG19 substrates. Thus, not only does the 

presence of the CGG/CCG repeat alter the rotational positioning of DNA in the 

nucleosome, but the addition of an AGG/CCT interruption, a change of 1 or 2 bps out of 

146, further alters the rotational positioning. 

 Next, the translational positioning (Figure 2.19) and the nucleotide positioned at 

the dyad axis were determined for each S1 substrate (Table 2.3).209 When the CGG/CCG 

  

 

Figure 2.19: Translational positioning curves reveal a change in the position of the dyad axis 
for the CGG/CCG repeat-containing S1 series. The locations of the maxima and minima are 
then graphed with respect to their periodicity. The curve reveals the variation in periodicity 
around the histone core, and the highest peak indicates the location of the dyad axis. 
 
repeat tract replaces the center base pairs of the S1 sequence, there is a 2 bp shift in the 

position of the dyad axis. Upon examination of the translational positioning curves, it is 

apparent that each of the interrupted substrates, S1-1AGGa, S1-1AGGb, and S1-2AGG, 

have a different nucleotide positioned at the dyad axis than S1-CGG19. Thus, as we 

observed with the rotational positioning, the CGG/CCG repeat alters the translational 

positioning relative to the S1 control, and the addition of an interruption further alters the 

translational positioning.  
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Table 2.3: Position of the dyad and translational shifts for CGG-containing strands of the 
S1 substrates 

Substrate Dyad position 

Translational 
shift  
(base pairs)a 

S1 74 - 
S1-CGG19 72 -2 
S1-1AGGa 74.75 +0.75 
S1-1AGGb 77.5 +3.5 
S1-2AGG 78 +4 
a With respect to the S1 control. 
 

 
  

The ability of AGG/CCT interruptions to alter the positioning of the CGG/CCG 

repeat may contribute to the “gray zone” between healthy and pre-mutation lengths, 

where uninterrupted repeats classified as healthy-length can expand, but longer, 

interrupted repeats do not.43,45,47,49 Perhaps by modulating either the ability of the repeat 

tract to form a nucleosome or by altering its rotational and translational position around 

the histone core, the interruptions offer some protection from expansion. Furthermore, as 

a single interruption has an innate ability to reposition the repeat tract in a nucleosome, 

and since the loss of a single interruption has been linked with expansion, it is possible 

that the loss of the AGG/CCT interruption and its associated positioning effect benefits 

the expansion process. 

In contrast to the hydroxyl radical footprint observed for the S1 substrates, the 

FMR1 substrates produce rather ambiguous results (Figure 2.20 and Figure 2.21). While 

reaction of the free duplex DNA with hydroxyl radicals produces even reactivity along 

the DNA substrate, just as observed in the S1 substrates, the oscillation between high and 

low reactivity when the FMR1 DNA is incorporated into a nucleosome is quite different 

from that observed for the S1 substrates (compare Figure 2.16B with Figure 2.20B). This 

cleavage pattern indicates that the FMR1 substrates form heterogeneous populations of 
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nucleosomes where the DNA adopts several slightly different positions around the 

histone core, leading to overlapping, oscillating patterns. The formation of a 

heterogeneous population by the FMR1 substrates was unexpected, considering we 

designed our DNA substrates with only 146 bps to minimize the possibility of just such 

an occurrence. However, CGG/CCG repeats in a larger fragment of the human FMR1 

gene have previously been shown to form multiple translational positions.192

 

Figure 2.20: Hydroxyl radical footprinting reveals the periodicity of the CGG/CCG repeat-
containing FMR1 DNA around the histone core. Radiolabeled samples, both free duplex 
(labeled in blue) and nucleosomes (NCP, labeled in red) substrates, were reacted with 
hydroxyl radicals. Reactivity toward hydroxyl radical for the CGG-containing strands of the 
FMR1 substrates are shown in panel A. Reactions were performed on both free duplex 
(labeled in blue) and nucleosome (NCP, labeled in red) substrates. In panel A, lanes 1 contain 
FMR1-CGG19, lanes 2 contain FMR1-1AGGa, lanes 3 contain FMR1-1AGGb, and lanes 4 
contain FMR1-2AGG. The marker lane consists of the Maxam-Gilbert A/G sequencing 
reaction performed on S1a. The location of the repeat tract and interruptions are indicated on 
the right-hand side of the gel. Panel B shows the reactivity at each nucleotide, generated from 
the gel presented in A. The arrows indicate the position of the A in the AGG interruptions. 
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Figure 2.21: Hydroxyl radical footprinting reveals the periodicity of the CGG/CCG 
repeat-containing FMR1 DNA around the histone core. Radiolabeled samples, both free 
duplex (labeled in blue) and nucleosomes (NCP, labeled in red) substrates, were reacted 
with hydroxyl radicals. Reactivity toward hydroxyl radical for the CCG-containing 
strands of the FMR1 substrates are shown in panel A. Reactions were performed on both 
free duplex (labeled in blue) and nucleosome (NCP, labeled in red) substrates. In panel 
A, lanes 1 contain FMR1-CCG19, lanes 2 contain FMR1-1CCTa, lanes 3 contain FMR1-
1CCTb, and lanes 4 contain FMR1-2CCT. The marker lane consists of the Maxam-
Gilbert A/G sequencing reaction performed on S1b. The location of the repeat tract and 
interruptions are indicated on the right-hand side of the gel. Panel B contains histograms 
generated from the gel presented in A. The arrows indicate the position of the CCT 
interruptions. 
 
 
Unfortunately, analysis of the hydroxyl radical footprinting data requires a homogenous 

population, thus we cannot draw any specific conclusions about how the FMR1 gene 

sequence might modulate the position of the interrupted and uninterrupted CGG/CCG 

repeat tracts, only that, unlike the CAG/CTG repeats, the CGG/CCG repeats have no 

inherent positioning ability.  
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It is important to consider that the AGG/CCT interruptions are likely altering the 

rotational and translational positions of the FMR1 substrates, just as they do in the S1 

substrates, but because of the formation of multiple species of nucleosomes, those 

changes cannot be detected by this technique. However, the ability of the FMR1 

substrates to adopt multiple positions relative to the histone core indicates that the repeat 

tract is less limited in its positioning options as compared to the S1 substrates. This may 

explain why the FMR1-2AGG substrate has the highest incorporation of the FRM1 

series; because the FMR1 flanking sequence cannot dictate the position of the DNA as 

effectively as the S1 flanking sequence, the DNA is better able to balance the competing 

positioning forces of the repeat tract, the AGG/CCT interruptions, and the FMR1 

flanking sequence, leading to higher levels of incorporation. 

2.3.8 CAG/CTG repeats possess a periodicity of ~10.7 bps per turn, regardless of 

flanking sequence  

Upon fitting a sine wave to the hydroxyl radical footprinting data generated for 

the S1 series of CAG/CTG repeat-containing substrates, we observe a general increase in 

the average periodicity for the entire DNA as the repeat tract expands. The S1 substrate 

has a periodicity of 10.35 ± 0.02 bps/turn (Table 2.4), consistent with previously reported 

values for this substrate, as well as similar DNA incorporated into nucleosomes.170,203,209 

For S1-CAG10 the periodicity increases to 10.44 ± 0.04 bps/turn, a change of ~0.1 

bps/turn, which represents a global underwinding of the duplex by ~1 bp. The periodicity 

of the S1-CAG20 DNA further increases to 10.61 ± 0.02 bps/turn, or a global 

underwinding of ~2 bps relative to the S1 substrate. However, this appears to be the 

maximum change in periodicity associated with the addition of CAG/CTG repeats since 
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S1-CAG30 has a periodicity comparable to S1-CAG20, consistent with our proposal that 

the CAG/CTG repeats have fully dominated the influence of the S1 flanking sequence in 

the S1-CAG20 and S1-CAG30 substrates.  

Table 2.4: Base pairs per helical turn determined using the CAG and CTG-containing 
strands of the S1 and HTT substrates 

Substrate Total Repeat Flanking (5´ end) Flanking (3´ end) 
S1a 10.35 ± 0.02 N/A N/A N/A 
S1b 10.34 ± 0.02 N/A N/A N/A 
S1-CAG10 10.44 ± 0.04 10.71 ± 0.02 10.34 ± 0.04 10.30 ± 0.04 
S1-CTG10 10.44 ± 0.02 10.70 ± 0.03 10.30 ± 0.02 10.32 ± 0.09 
S1-CAG20 10.61 ± 0.02 10.70 ± 0.02 10.34 ± 0.04 10.30 ± 0.07 
S1-CTG20 10.58 ± 0.05 10.69 ± 0.02 10.30 ± 0.02 10.30 ± 0.08 
S1-CAG30 10.62 ± 0.03 10.66 ± 0.03 10.40 ± 0.1 10.30 ± 0.06 
S1-CTG30 10.64 ± 0.02 10.71 ± 0.03 10.30 ± 0.02 10.23 ± 0.03 
HTT-CAG10 10.55 ± 0.04 10.69 ± 0.03 10.54 ± 0.08 10.01 ± 0.01 
HTT-CTG10 10.51 ± 0.03 10.69 ± 0.02 9.63 ± 0.04 10.54 ± 0.02 
HTT-CAG20 10.52 ± 0.02 10.67 ± 0.03 10.52 ± 0.09 10.51 ± 0.03 
HTT-CTG20 10.51 ± 0.02 10.68 ± 0.03 10.50 ± 0.03 10.51 ± 0.09 
HTT-CAG30 10.71 ± 0.05 10.70 ± 0.04 10.55 ± 0.3 10.50 ± 0.03 
HTT-CTG30 10.70 ± 0.03 10.68 ± 0.03 10.48 ± 0.1 10.51 ± 0.03 

 
The periodicity of the HTT substrates is different from the S1 series. HTT-

CAG10 and HTT-CAG20 have a periodicity of ~10.55 bps/turn, but the periodicity of the 

HTT-CAG30 substrate is larger at 10.71 ± 0.05 bps/turn. This translates to a global 

underwinding of ~2 bps for HTT-CAG10 and HTT-CAG20, and ~3 bps for HTT-

CAG30, compared to S1. The relative periodicities correlate with the trends observed for 

the rotational position of each substrate; the substrates where the CAG/CTG repeat tract 

is the determinant of rotational position (S1-CAG20, S1-CAG30, HTT-CAG30) all have 

a similar periodicity. 

When a sine wave is fit to the hydroxyl radical footprinting data corresponding to 

specific regions of the DNA substrates, an interesting trend is observed. The periodicity 

of all the CAG/CTG repeat regions is ~10.7 bps/turn (Table 2.4). Based on both the 

chemical and enzymatic probing, each CAG/CTG repeat tract resides at the ~ 30 bp 
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region spanning the dyad axis, which is known to have a naturally larger periodicity than 

other regions of DNA in the nucleosome.170,203,209 But as the repeat tract continues to 

expand off this region, the periodicity associated with the repeat tract remains constant at 

~10.7. Taken together, the shared periodicity of the repeat regions from both the S1 and 

HTT substrates indicate that the preferred periodicity of the CAG/CTG repeat tract in a 

nucleosome, under these conditions, is ~10.7 bps/turn. Furthermore, the increased 

periodicity of the CAG/CTG repeat tracts relative to the flanking sequence provides 

additional insight as to why CAG/CTG repeats are such good incorporators and prefer to 

associate with the region spanning the dyad axis; a preferred periodicity congruent with 

that of the dyad axis allows them to facilitate nucleosome formation at this region. It is 

likely that the ability to adopt this specific periodicity is one of the factors not accounted 

for in the ΔG of bending that makes CAG/CTG repeats such robust incorporators.  

In the genome, CAG/CTG repeats have been found in heterochromatin and 

euchromatin.52,56,164,234-236 Both healthy and disease-length repeats associated with HD are 

found in the more open, transcriptionally active euchromatin. In contrast, while shorter 

CAG/CTG tracts associated with another neurodegenerative disorder, myotonic 

dystrophy (DM1), are present in regions of euchromatin, the expanded, disease-length 

repeats are associated with several heterochromatic markers. Notably, disease-length 

DM1 repeat tracts can contain up to 1800 CAG/CTG repeats, which would span ~27 

nucleosomes, compared to the single nucleosome that healthy-length repeats would 

occupy. The innate incorporation ability of CAG/CTG repeats, along with a defined 

periodicity compatible with the underwinding needed for interaction with the region 

around the dyad axis, is consistent with the shift from euchromatin to heterochromatin 
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associated with repeat expansion in DM1, though it is likely that other cellular factors 

play a role as well.56 Conversely, the CAG/CTG repeats associated with HD expand over 

a much shorter range, with the longest expanded repeat tracts containing ~100 repeats, 

which would span less than 2 nucleosomes.22 Thus, while a nucleosome is more likely to 

position within the disease-length HTT repeat tract, the gene remains as euchromatin and 

transcription can proceed normally. However, the same gene containing a healthy-length 

repeat tract must balance the competing incorporation and positioning influences of the 

repeat tract and flanking sequence, likely leading to a difference in functional 

organization, and thus different levels of DNA accessibility, which could affect genomic 

expansion.  

2.3.9 CGG/CCG repeats decrease the periodicity of DNA in the nucleosome, but an 

AGG/CCT interruption increases periodicity  

To determine the periodicity of the CGG/CCG repeat-containing S1 substrates, a 

sine wave was fit to each curve presented in Figure 2.16B. The periodicities are given in 

Table 2.5. Consistent with the analysis described above, the periodicity of the S1 control 

is 10.37 ± 0.01 bp/turn. Upon inclusion of the 19 CGG/CCG repeats, the periodicity 

decreases to 10.14 ± 0.05 bp/turn, representing a global duplex overwinding of ~2 bp 

relative to the S1 substrate. However, when the AGG/CCT interruptions are present, the 

periodicity returns to ~10.4 bp/turn. The same pattern is observed when the periodicity is 

determined specifically for the repeat region; the repeat region of the S1-CGG19 

substrate has a lower periodicity than the repeat region of any of the substrates containing 

interruptions. 
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Table 2.5: Base pairs per helical turn determined using the CGG- and CCG-containing 
strands of the S1 substrates 

Substrate Total Repeat Region 
S1a 10.37 ± 0.01 N/A 
S1b 10.37 ± 0.02 N/A 
S1-CGG19 10.14 ± 0.05 10.38 ± 0.03 
S1-CCG19 10.23 ± 0.03 10.42 ± 0.02 
S1-1AGGa 10.36 ± 0.02 10.56 ± 0.03 
S1-1CCTa 10.37 ± 0.02 10.52 ± 0.02 
S1-1AGGb 10.40 ± 0.04 10.55 ± 0.04 
S1-1CCTb 10.41 ± 0.03 10.52 ± 0.02 
S1-2AGG 10.40 ± 0.02 10.49 ± 0.03 
S1-2CCT 10.41 ± 0.02 10.52 ± 0.02 

 
The periodicity of both the uninterrupted and interrupted healthy-length 

CGG/CCG repeat tracts is less than that of healthy-length CAG/CTG repeats, which is 

consistently ~10.7 bp/turn. However, both repeats are located in the same area of the 

nucleosome: the region surrounding the dyad axis, an area that generally adopts a 

periodicity of ~10.7 bp/turn, best for bending around that region of the histone core. The 

difference in periodicity between the CGG/CCG and CAG/CTG repeats provides an 

additional rationale for the differences observed in DNA incorporation for these two TNR 

sequences. While the CAG/CTG repeats adopt a periodicity well suited for bending 

around the dyad axis, uninterrupted CGG/CCG repeat tracts cannot adopt such a 

relatively large periodicity. However, once an interruption is present, the repeat tract can 

now adopt a periodicity closer to the 10.7 bp/turn preferred for bending around the dyad 

axis, leading to higher levels of incorporation. 

2.3.10 The CCG/CGG repeat in the HTT flanking sequence “kinks” when incorporated 

into the nucleosome, but CGG/CCG repeats at the dyad axis do not  

S1 nuclease, which recognizes single-stranded regions of DNA or RNA has been 

used previously to characterize the non-canonical secondary structures formed by CAG 

or CTG repeat oligonucleotides.63,237 To assess the ability of CAG/CTG repeats to form 
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non-canonical structures in the nucleosome, we incubated both free duplex and 

nucleosomal substrates from the HTT series with S1 nuclease (Figure 2.22A,B). We 

found no evidence of non-canonical structure formation in any of the CAG/CTG repeat 

regions, as indicated by a lack of strand cleavage. However, there is reactivity in the 

secondary CCG repeat tract of the incorporated HTT-CAG10 substrate (Figure 2.22A, 

boxed region), indicating that there is a region of unpaired DNA in the nucleosome. We 

refer to this region as “kinked”. While we expect that the complementary region in the 

  

 

Figure 2.22: S1 nuclease probing reveals that kinking occurs in the secondary 
CCG/CGG repeat of the HTT-CAG10 DNA when incorporated into a nucleosome. The 
HTT series of substrates, with either the CAG-containing strand radiolabeled (A) or the 
CTG-containing strand radiolabeled (B) was incubated with S1 nuclease, a probe for 
single-stranded DNA. Reactions were performed with both free duplex (labeled in blue) 
and nucleosome (NCP, labeled in red) substrates. A region of reactivity (panel A, boxed 
region) is observed for HTT-CAG10 incorporated into a nucleosome (A), but once that 
DNA is removed from a nucleosomal context, the reactivity is no longer observed (C, 
NCP* indicates that the DNA was incorporated but was removed from the NCP before 
probing). The S1 nuclease reactions were electrophoresed along with an S1 marker and 
an HTT marker, consisting of the Maxam-Gilbert A/G sequencing reaction performed on 
S1a or the CAG-containing strand of HTT-CAG10. 
 



 77 

CGG repeat is also kinked, no cleavage by S1 nuclease was observed (Figure 2.22B). 

However, based on the hydroxyl radical footprinting, the CGG repeats complementary to 

the kinked region are facing in towards the histone core, making them inaccessible to the 

nuclease. Thus, the complementary strand may be kinked as well, but is undetectable by 

S1 nuclease.  

As a control, we incorporated the HTT-CAG10 substrate into a nucleosome, 

removed the proteins by performing a phenol:choloroform:isoamyl alcohol extraction and 

treated the freed duplex DNA with S1 nuclease. Upon removal of the DNA from the 

constraints of the histone core, no cleavage of DNA by the nuclease was observed, 

indicating that kinking is a reversible process (Figure 2.22C). 

 The region in which this kink occurs is distinguished by its overwinding. The 

CCG/CGG repeat in the HTT-CAG10 duplex is located in an area of the nucleosome that 

is locally overwound; the center of the (CCG)7 repeat falls in a trough on the translational 

positioning curve for the HTT-CAG10 nucleosome (Figure 2.15B). Furthermore, the 

entire flanking region possesses a global overwinding; the periodicity of the CCG repeat 

containing flanking sequence is much lower than the periodicities determined for any of 

the other flanking sequences (Table 2.4). It has previously been shown that super-helical 

location (SHL) 1.5 and 4.5 have a distinct bending of the DNA, but the kink does not 

form at these locations.170 The formation of the kink is likely due in combination to the 

high ΔG of bending for the CCG/CGG repeats and the overwinding necessary for 

bending around the histone core.190,211-213 Kinks have been observed in previous 

experiments with superhelically-stressed DNA and is considered a way of relieving some 

of this stress.238-240 We observe that once the CCG/CGG repeat is moved to a different 
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location in the nucleosome, kinks no longer form. In HTT-CAG20 the CCG/CGG repeats 

are shifted close to the end of the duplex such that it is likely more favorable to simply 

disassociate from the histone core than to kink the DNA. This is reflected in the Exo III 

footprint of HTT-CAG20 nucleosomes; Exo III shows strong digestion through the 

CCG/CGG repeat tract (Figure 2.9B). In HTT-CAG30 part of the CCG/CGG repeat is 

removed and no cleavage by S1 nuclease is observed. It is unknown whether cellular 

conditions will allow for kinking, yet this process of relieving the stress of bending 

around the histone core could have interesting consequences within the cell.  

 

Figure 2.23: S1 nuclease digestion reveals no single stranded regions in the S1 or FMR1 
DNA substrates. Radiolabeled DNA substrates were incubated with S1 nuclease, a probe 
for single-stranded DNA. Reactions were performed with both free duplex (labeled in 
blue) and nucleosome (NCP, labeled in red) substrates. Reaction with the S1 substrates is 
shown in panel A, while reaction with the FMR1 substrates are shown in panel B. In 
panel A, lanes 1 contain the S1 control, lanes 2 contain S1-CGG19, lanes 3 contain S1-
1AGGa, lanes 4 contain S1-1AGGb, and lanes 5 contain S1-2AGG. In panel B, lanes 1 
contain FMR1-CGG19, lanes 2 contain FMR1-1AGGa, lanes 3 contain FMR1-1AGGb, 
and lanes 4 contain FMR1-2AGG. In both panels, the marker lane consists of the 
Maxam-Gilbert A/G sequencing reaction performed on S1a. The location of the repeat 
tract and interruptions (arrows) are indicated on the right-hand side of the gel. 



 79 

We performed the same experiments using the S1- and FMR1-CGG DNA to 

investigate whether CGG/CCG repeats also form kinks in this context (Figure 2.23). We 

find no areas of increased reactivity to S1 nuclease in nucleosome samples containing 

these CGG/CCG repeats compared to the free duplex samples, indicating that they 

behave as canonical duplex when incorporated into the nucleosome. Notably, the 

CCG/CGG repeats in the HTT-CAG10 substrate were located towards the 3! end of the 

DNA, which placed the CCG/CGG repeats in a region of the nucleosome where the DNA 

was locally overwound. However, the CGG/CCG repeats in these substrates are located 

at the center of the DNA, which positions the CGG/CCG repeats in the region spanning 

the dyad axis where they are locally underwound. The difference in position within the 

DNA substrate places the repeats in different environments within the nucleosome, 

providing a probable explanation for the difference in behavior. 

 

2.4 CONCLUSIONS 

While CAG/CTG repeats are naturally strong nucleosome incorporation and 

positioning sequences, the effect of healthy-length repeats is moderated by the HTT 

flanking sequence. When placed within the S1 sequence, the CAG/CTG repeats are able 

to significantly increase incorporation with each addition of 10 repeats. However, when 

the repeats are flanked by the HTT gene sequence, each substrate showed a significant 

decrease in nucleosome incorporation compared to the corresponding S1 substrate. 

Twenty CAG/CTG repeats are sufficient to override the preferred positioning of the S1 

flanking sequence and adopt the orientation relative to the histone core most favorable for 

the CAG/CTG repeat tract. However, in the HTT gene sequence, 30 CAG/CTG repeats 
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are required to override the positioning effect of the HTT flanking sequence and adopt the 

most favorable position for the repeat tract. Interestingly, the only feature of the 

CAG/CTG repeats that is not influenced by the flanking sequence is their periodicity in 

the nucleosome; the periodicity is ~10.7 bps/turn in each substrate. Thus, while disease-

length CAG/CTG repeats will likely interact with the histone core in a manner dictated 

solely by the CAG/CTG repeat, CAG/CTG repeat tracts found in healthy individuals 

must balance the incorporation and positioning preferences of both the repeat and the 

flanking sequence, leading to different levels of nucleosome occupancy and forms of 

positioning between healthy- and disease-length repeat tracts, the consequences of which 

could alter the propensity for genomic expansion and manifestation of the disease state 

within the packaged genome. 

Furthermore, we find that while 19 CGG/CCG repeats themselves have no impact 

on incorporation of the 146 bp S1 duplex, a single AGG/CCT interruption significantly 

increases incorporation into the nucleosome. When the S1 flanking sequence is replaced 

by the FMR1 gene sequence, the changes induced by the addition of AGG/CCT 

interruptions are much smaller, primarily due to the overall barrier to incorporation 

presented by the FMR1 flanking sequence. Not only does the presence of interruptions 

alter the ability of the repeat tract to form a nucleosome, but once incorporated, also 

alters the rotational and translational positioning of the repeat tract around the histone 

core.  

It has been proposed that AGG/CCT interruptions play a protective role within the 

CGG/CCG repeat tract by destabilizing non-canonical secondary structures.60,241 The 

work presented here provides insight into an additional protective function; the presence 
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of AGG/CCT interruptions may alter the behavior of the repeat tract in the packaged 

genome. The ability to alter the behavior of the repeat tract in the nucleosome may 

partially explain the difference in expansion ability between an interrupted and 

uninterrupted repeat tract whose length falls within the so called “gray zone” of healthy-

length repeats, and why the loss of a single interruption can have such dire consequences. 

Combining their ability to destabilize non-canonical secondary structures and their ability 

to alter the behavior of the repeat tract within the packaged genome, the AGG/CCT 

interruptions clearly play an important role in maintenance of the CGG/CCG repeat tact 

in the FMR1 gene. 

Taken together, these results highlight the importance of understanding how 

healthy-length repeats behave in a nucleosome. In both HD and FXS, the healthy-length 

repeats behave differently than their disease-length counterparts when interacting with 

the histone core. Furthermore, small changes in the primary sequence of the repeat tract 

can lead to large consequences for both nucleosome incorporation and DNA positioning. 

Without understanding the changes that take place within the packaged repeat, we cannot 

fully understand any changes in the functional organization of these genes or the 

mechanisms of expansion within the packaged genome. 

Significance: these results demonstrate the differences between healthy and disease 

length repeats in the packaged genome. By understanding these differences it might be 

possible to design drugs that could either target the appropriate trans-acting factors to 

reverse any changes in functional organization associated with the disease state or 

directly target the expanded repeats with the intended purpose of modify the chromatin 

organization, allowing proper progression of the various polymerases. 
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Chapter 3 

Trinucleotide Repeat DNA Alters Structure to Minimize the Thermodynamic 

Impact of 8-Oxo-7,8-dihydroguanine2 

3.1 INTRODUCTION 

Cellular DNA is constantly bombarded with reactive oxygen species (ROS) from 

both intra- and extracellular sources.102 Of the four DNA nucleobases, guanine (G) has 

the lowest redox potential133 and is most readily oxidized by ROS. A commonly observed 

form of oxidatively damaged DNA is 8-oxo-7,8-dihydroguanine (8-oxoG) (Figure 1.4).147 

Interestingly, 8-oxoG is able to rotate about the glycosidic bond to convert from the 

canonical anti conformation to the syn conformation. When in the syn conformation 8-

oxoG can base pair with A via Hoogsteen bonding. Because of its ability to pair with A, 

8-oxoG is mutagenic and can cause G to T transversion mutations if this mispair is not 

repaired prior to replication. In order to maintain genetic integrity, 8-oxoG is removed 

from DNA by the repair protein 8-oxo-7,8-dihydroguanine glycosylase (OGG1), which 

recognizes the modified G and catalyzes cleavage of the N-glycosidic linkage to the 

sugar-phosphate backbone (Figure 1.5).156  

Surprisingly, while repair of DNA damage is usually beneficial, removal of 8-

oxoG by OGG1 has been implicated in the expansion of CAG/CTG trinucleotide repeat 

(TNR) sequences linked to Huntington’s Disease (HD).159,162,164 CAG/CTG repeats in 

exon 1 of the huntingtin gene are genetically unstable and their expansion provides the 

molecular basis for HD.22 Using a mouse model of HD, expansion at CAG/CTG repeat 

tracts was abrogated in mice lacking OGG1.159 Subsequent work in vitro lead to the 

                                                
2 Adapted from Volle, C. B. and Delaney, S. (2012) Biochemistry 51 52-62 
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proposal of a “toxic oxidation cycle” fueling the expansion of CAG/CTG repeats (Figure 

1.7).159,162 As part of this cycle, OGG1 removes 8-oxoG from duplex DNA and 

polymerase β performs strand-displacement synthesis, incorporating multiple nucleotides 

as part of a long-patch base excision repair (LP-BER) event. The formation of a non-

canonical structure by the displaced flap, a CAG hairpin, renders the DNA refractory to 

cleavage by flap endonuclease 1. Ligase incorporates the hairpin into the DNA, forming a 

three-way junction containing the CAG hairpin flanked on either side by duplex. 

Additionally, we have shown that the hairpin formed by the displaced flap is hyper-

susceptible to oxidation, and that OGG1 does not efficiently remove 8-oxoG from the 

hairpin loop.59,242 We proposed that this combination of susceptibility to oxidation and 

inefficient repair would exacerbate TNR expansion during LP-BER.242  

While we have previously shown that a TNR hairpin is more susceptible than 

duplex to oxidative damage, the effect of this damage on the structure and stability of the 

hairpin DNA has not been defined, either as an oligonucleotide or as a three-way 

junction. Indeed, no direct structural characterization of three-way junctions containing a 

CAG hairpin has taken place. Before we can investigate the effect of oxidative damage 

on hairpin formation or the effect of hairpin formation on other cellular processes, such 

as nucleosome incorporation and positioning, we must first understand the behavior of 

the hairpin itself within its biologically relevant DNA context; the three-way junction.  

Given the known propensity for damage to accumulate in the non-canonical 

structure formed by TNR sequences, it is necessary to define the structural and 

thermodynamic impact of this damage. Furthermore, in these experiments we provide a 

structural analysis of TNR DNA in a three-way junction, with and without the 8-oxoG 
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lesion. We find that TNR DNA has the ability to modulate its structure to accommodate 

8-oxoG, both in the context of a three-way junction and in single-stranded 

oligonucleotides. Furthermore, we show that this structural change minimizes the 

thermodynamic impact of the DNA lesion. 

 

3.2 EXPERIMENTAL PROCEDURES 

3.2.1 Oligonucleotide synthesis and purification 

 Oligonucleotides were synthesized using standard phosphoramidite chemistry on 

a BioAutomation DNA/RNA synthesizer. The oligonucleotides containing 8-oxoG were 

synthesized trityl-off (on instrument removal of the 5!-dimethoxytrityl group) and the 

oligonucleotides were deprotected in 1M β-mercaptoethanol in NH4OH at 55 °C for 24 h. 

Two rounds of HPLC purification were then carried out using a Dionex DNAPac PA100 

anion-exchange column (4 × 250 mm) using 10% acetonitrile (solvent A) and 0.8 M 

ammonium chloride in 10% acetonitrile (solvent B) as the mobile phases (gradient: 

solvent B was increased from 55% to 75% over 5 min, then 75% to 90% over 15 min, 

and 90% to 100% over 5 min; 1 mL/min).  

For the synthesis of oligonucleotides lacking 8-oxoG, the 5!-trityl group was 

retained to facilitate purification by HPLC. Purification of these oligonucleotides was 

performed on a Dynamax Microsorb C18 column (10 × 250 mm) using acetonitrile 

(solvent A) and 30 mM ammonium acetate (solvent B) as the mobile phases (gradient: 

solvent A was increased from 5% to 25% over 25 min; 3.5 mL/min). Following removal 

of the 5!-trityl group by incubation in 80% glacial acetic acid for 12 min at room 
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temperature, the oligonucleotides were subjected to a second round of HPLC purification 

(gradient: solvent A was increased from 0% to 15% over 35 min; 3.5 mL/min). The 

longer sequences used to construct the three-way junctions were purified as described 

above, but an additional gel purification step was performed after HPLC to ensure 

removal of longer failure sequences. Samples were suspended in denaturing loading 

buffer (80% formamide, 10 mM EDTA, 1% xylene cyanol), applied to a 14% denaturing 

polyacrylamide gel, and electrophoresed at 80 W until the dye had migrated 8 in. The 

DNA was then excised and eluted from the gel by crushing and soaking. The supernatant, 

containing the purified DNA, was collected and desalted using Sephadex G50 fine resin. 

2.2.2 Chemical probe analysis 

  Oligonucleotides were 5!-32P end-labeled using T4 polynucleotide kinase (New 

England Biolabs) following the manufacturer’s protocol. 10 pmol of labeled DNA were 

suspended in 100 µL of Tris buffer (20 mM Tris-HCl, 70 mM NaCl, 10 mM EDTA, pH 

7.5), heated to 90 °C for 5 min and slowly cooled to room temperature. Samples were 

then divided to 2 pmol per aliquot, mixed with 5 µg calf thymus DNA and brought to 100 

µL total volume before being incubated with either 1% DEPC (v/v) or 0.05% DMS in 

ethanol (v/v) for 5-30 min at 37 °C. Reactions were quenched by addition of 20 µL stop 

solution (1.5 M sodium acetate, 1 M β-mercaptoethanol, 250 µg/mL tRNA, pH 7.0), 

ethanol precipitated, and the pellet dried in vacuo. Samples were then treated with 10% 

piperidine (v/v) for 30 min at 90 °C before drying in vacuo. Samples were resuspended in 

denaturing loading buffer (80% formamide, 10 mM EDTA, 1% xylene cyanol, 1% 

bromophenol blue), incubated at 90 °C for 3 min before loading onto a 16% denaturing 

polyacrylamide gel (0.4 mm thick, 45 mm long). Samples were electrophoresed at 80 W 
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until 4 in separated the xylene cyanol and bromophenol blue dyes. The products were 

visualized by phosphorimagery, using a BioRad FX scanner and the accompanying 

Quantity One software. Histograms were generated by drawing a line through the lane 

corresponding to the 15 min time point and were background subtracted using the 

“rolling ball” technique with the radius set to 25.   

 Three-way junction constructs were formed by annealing 10 pmol of radiolabeled 

CAG16-TWJ or CAG16-8-TWJ with a 1.5-fold excess of the complementary sequence 

CTG6-TWJ. DEPC reactions on the three-way junction constructs were performed using 

2.5% DEPC (v/v) and incubated for 5-30 min at 37 °C. Sample work-up was the same as 

above except that samples were run on a 14% gel.  

3.2.3 Differential scanning calorimetry 

 Calorimetry was performed using a TA Instruments NanoDSC III. Oligonucleotides 

were suspended in 700 µL of 20 mM sodium phosphate, 70 mM NaCl, pH 7.5. All 

samples were de-gassed in vacuo for 12 min at 25 °C before analysis. Data were obtained 

by monitoring the excess power required to maintain the same temperature in both the 

sample cell and a reference cell filled with de-gassed buffer. Each cycle of the 

experiment consists of a forward scan, in which the temperature is raised from 10 °C to 

95 °C at a rate of 1 °C/min, a reverse scan, in which the temperature is decreased from 95 

°C to 10 °C at 1 °C/min, and an equilibration period of 10 min between each forward and 

reverse scan. The resulting thermograms display the excess heat capacity (Cp) as a 

function of temperature. Ten thermograms, consisting of both forward and reverse scans, 

were obtained for each DNA substrate. The thermograms were normalized for 

concentration, background corrected using a buffer-buffer scan, and a polynomial 
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baseline correction was performed using the NanoAnalyze software after fitting the linear 

portions of the pre- and post-transitional baseline. ΔH was determined by integrating the 

area under the excess heat capacity curve. ΔS was determined by plotting Cp/T against 

the temperature in K and integrating under the resulting curve. ΔG was calculated at 37 

°C using the values obtained for ΔH and ΔS and the equation ΔG = ΔH −TΔS where T is 

in K.  

 

3.3 RESULTS AND DISCUSSION 

3.3.1 Structural characterization of a TNR three-way junction  

A DNA three-way junction mimics a genomic repeat tract after an expansion has 

occurred, where there are more CAG repeats present than complementary CTG repeats. 

To determine the influence of 8-oxoG on these post-expansion TNR sequences, we used 

a chemical probe of nucleobase solvent accessibility to investigate the structure of three-

way junctions by revealing the presence of loops, bulges, or overhangs. These three-way 

junctions contain 16 CAG repeats, six of which base pair with a CTG repeat in the 

complementary strand, and the remaining ten are predicted to form a stem-loop hairpin. 

We have shown previously that a single strand containing 10 CAG repeats adopts a stem-

loop hairpin in which the loop contains four nucleobases and G/C base pairs and A•A 

mismatches comprise the stem (Figure 1.1).59,67,68 Here, the hairpin is flanked by duplex 

in order to form a three-way junction. Furthermore, the CAG/CTG repeats are bordered 

by a well-matched duplex comprised of a mixed sequence.  

The first three-way junction lacks 8-oxoG and was assembled using the sequences 

CAG16-TWJ and CTG6-TWJ (Table 3.1). In the second three-way junction, G8 in 
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CAG16-TWJ is site-specifically replaced by 8-oxoG, where G8 refers to the guanine in 

the eighth CAG repeat when counting from the 5!-end of the TNR sequence (CAG16-

TWJ-8OX). Due to the repetitive nature of the sequence in these three-way junctions, it is 

expected that the CAG stem-loop can position itself in several ways relative to the 6 

complementary CTG repeats.243,244 Indeed, such behavior was confirmed by structural 

analysis using the chemical probe diethyl pyrocarbonate (DEPC), a small molecule that 

reveals the solvent accessibility of purines, with preferential modification of adenines.245 

Upon incubation with DEPC, the CAG16-TWJ/CTG6-TWJ substrate shows hyper-

reactivity at A6 through A12 (Figure 3.1A, Figure 3.2A), though interestingly, we do not 

observe equal reactivity at these adenines, indicating that the CAG hairpin forms at six of 

the seven possible positions along the complement, but that each of these structures does 

not form in equal amounts. Based on the level of reactivity at A11 and A12, which 

exhibit the highest degree of modification by DEPC, the top structure in Figure 3.1A is 

most likely predominant within the population. The composition of the flanking mixed-

sequence duplex regions may skew the formation of hairpins; the two G/C base pairs 

flanking the first CAG repeat may limit the dynamics of the system and prevent the first 

CAG repeat from being part of the stem. 

Table 3.1: DNA sequences used to investigate the behavior of 8-oxoG in CAG repeats 
Name Nucleotide Sequence 
CAG16-TWJ 5'-(CCTTAGCTCC)(CAG)16(TAAGGGGAAC)-3' 
CAG16-8OX-TWJ 5'-CCTTAGCTCC)(CAG)7(CAGox)(CAG)8(TAAGGGGAAC)-3' 
CTG6-TWJ 5'-(GTTCCCCTTA)(CTG)6(GGAGCTAAGG)-3' 
CAG7 5'-(CAG)7-3' 
CAG10 5'-(CAG)10-3' 
CAG11 5'-(CAG)11-3' 
CAG15 5'-(CAG)15-3' 
CAG7-3!Overhang 5'-(CAG)2(CTTTTG)(CAG)3-3' 
CAG7-5!Overhang 5'-(CAG)3(CTTTTG)(CAG)2-3' 
CAG7-Blunt Stem 5'-(CAG)2(CTTTTTTTG)(CAG)2-3' 
CAG10-5OX 5'-(CAG)4(CAGox)(CAG)5-3' 
CAG10-6OX 5'-(CAG)5(CAGox)(CAG)4-3' 
CAG11-5OX 5'-(CAG)4(CAGox)(CAG)6-3' 
CAG11-6OX 5'-(CAG)5(CAGox)(CAG)5-3' 
Gox represents 8-oxo-7,8-dihydroguanine. 
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Figure 3.1 Autoradiogram of DEPC reactions with (A) CAG16-TWJ/CTG6-TWJ and (B) 
CAG16-TWJ-8OX/CTG6-TWJ. Lanes 1 are DNA alone, lanes 2 are piperidine-treated DNA, 
and lanes 3-5 are DNA treated with 2.5% (v/v) DEPC at 37 ºC for 5, 15 or 30 min 
respectively, followed by treatment with piperidine. Lanes A are a marker created by 
treatment of the single-stranded CAG16-TWJ or CAG16-TWJ-8OX substrate with 1% DEPC 
at 37 °C for 15 min. The proposed structures derived from the reactivity of each substrate are 
shown to the right of the autoradiogram. 
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Figure 3.2 Histograms displaying reactivity of TWJ substrates to DEPC. Histograms for 
CAG16-TWJ (A) or CAG16-TWJ-8OX (B) are derived from lanes five of Figure 1, in which 
the substrate was incubated with 1% (v/v) DEPC at 37 ºC for 30 m, followed by treatment 
with piperidine. 

 
Notably, based on reactivity towards DEPC, we propose that the CAG repeats 

form a stem-loop hairpin as part of the three-way junction, and not an open bulge in 

which there is no intra-strand hydrogen bonding between the CAG repeats. In a bulge, 

every adenine in the CAG repeat region would be unpaired and solvent accessible and 

thus highly reactive toward DEPC. Furthermore, since a bulge would be able to shift its 

position relative to the CTG repeats in the complementary sequence, A2 through A16 

would be equally accessible and modifiable by DEPC. Due to the lack of intense, 

ubiquitous DEPC reactivity at these adenines, we conclude that the CAG repeats in the 

three-way junction form a stem-loop hairpin, and not a bulge. This contrasts with 

previous EM data which shows these structures as open bulges; however EM is 

performed in low salt conditions which may influence the structure formation.   

Work using the fluorescent adenine analogue 2-aminopurine (2-AP), which 

exhibits increased florescence with increasing solvent exposure, has shown that a hairpin, 

and not an open bulge, is formed by 15 CAG repeats when part of a three-way junction.79 

Interestingly, 8 CAG repeats adopt an open bulge, not a structured stem-loop, in the 

context of a three-way junction, but form a structured stem-loop when the TNR sequence 

is not part of a three-way junction.78,246 Degtyareva and co-workers proposed that in the 
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shorter tract of 8 CAG repeats, folding into a stem-loop is disrupted by A•A mismatches 

in the stem and by base pairing in the flanking duplex regions.78 Indeed, we propose here 

that the flanking duplex regions influence the likelihood of formation of the CAG hairpin 

at various positions along the complementary CTG repeats.  

In order to determine the extent to which 8-oxoG alters the structure of the three-

way junction, we replaced a G in the CAG stem-loop with 8-oxoG. Importantly, when 8-

oxoG is introduced into the 8th repeat, in the center of the CAG repeats, the observed 

hyper-reactivity to DEPC is restricted to adenines A7 through A10 (Figure 3.1B, Figure 

3.2B). This pattern of reactivity corresponds to the formation of the stem-loop at three of 

the seven potential positions along the CTG complement. These results can be compared 

to those obtained in the absence of 8-oxoG, in which A6 through A12 were hyper-

reactive to DEPC and the CAG stem-loop formed at six of the seven potential positions 

along the CTG complement. Importantly, the loss of hyper-reactivity at certain adenines 

indicates that 8-oxoG is modulating the location where the hairpin forms within the 

repeat tract.  

Recently the behavior of shorter CAG repeat bulges was defined in a similar 

three-way junction substrate using DSC.243 CAG repeats were allowed to pair with CTG 

repeats in the complementary strand, giving rise to substrates capable of adopting 1, 3, or 

5 different structures, depending on the number of CAG and CTG repeats present in the 

substrate. The small CAG repeat bulges were able to freely roll across the CTG 

complement in a phenomenon termed “rolimerization”, giving rise to several 

energetically equivalent structures. However, the population could be biased towards an 

individual structure by the presence of an abasic site. In a more constrained system 
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designed to investigate the behavior of the bases located at the three-way junction itself, 

the bases were determined to be highly dynamic.244 Even when the position of the hairpin 

arm is locked in place, the bases in the junction have several different options for base 

pairing. Furthermore, the dynamics associated with the three-way junction were 

demonstrated to affect the repair outcome. 

Piperidine treatment of the three-way junction containing 8-oxoG results in a 

small amount of strand cleavage at the 8-oxoG (~2%) (Figure 3.1B, Figure 3.2B), 

however the 8-oxoG lesion is known to be refractory to piperidine.247,248 Therefore, the 

strand cleavage observed in piperidine-treaded DNA controls does not arise from 8-

oxoG. This piperidine sensitivity is likely derived from the oxidation of 8-oxoG during 

deprotection to form hyperoxidized guanine lesions, some of which are sensitive to 

cleavage by piperidine.249 It is not uncommon for such impurities to be present in 

synthesized oligonucleotides containing 8-oxoG, despite the presence of β-

mercaptoethanol during deprotection to reduce the propensity for further oxidation of 8-

oxoG. Using analysis by mass spectrometry a 10% impurity has been reported 

previously.248 Here, we observe ~2% of the 8-oxoG substrates reacting with piperidine. 

However, because the DEPC reactions are performed under single-hit conditions with 

only ~5% of the total DNA reacting with the chemical probe, strand cleavage of 

hyperoxidized substrates would appear as only 0.1% reactivity of the total DNA substrate 

and would not be above background. The percentage of strand cleavage at 8-oxoG is 

consistent in all the piperidine treated, lesion-containing substrates, and is not affected by 

the addition of the chemical probe. This observation indicates that the strand cleavage 

observed at 8-oxoG is due to piperidine and not reaction with the chemical probe. For this 
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reason the amount of strand cleavage at 8-oxoG does not reflect its solution accessibility 

and cannot be used in our structural analysis. Indeed, our structural predications are 

derived from the reactivity towards DEPC of the adenines and guanines in the substrates 

and not reactivity of 8-oxoG.  

When considering the amount of reactivity to DEPC at each adenine in CAG16-

TWJ-8OX/CTG6-TWJ, these structures seem to position the 8-oxoG either directly in the 

loop or in the base pairs nearest the loop, eliminating the structures where the lesion is 

positioned further down the stem (Figure 3.1B). We hypothesize that positioning the 

lesion at or near the loop within the three-way junction could decrease or eliminate the 

enthalpic penalty associated with 8-oxoG/C base pairing, as it is known that 8-oxoG base 

paired with C in a duplex confers an enthalpic destabilization to the structure.250-252 To 

better understand the behavior of the three-way junction, it is advantageous to study the 

behavior of the stem-loop component alone; this approach will allow us to better address 

the combination of structural and energetic influences 8-oxoG has on TNR DNA. 

3.3.2 Influence of 8-oxoG on the structure of an even-numbered TNR sequence 

Since we observed that the structure of the CAG16-TWJ-8OX/CTG6-TWJ 

sequence is modulated in order to position 8-oxoG in or near the loop, we wondered if 8-

oxoG would have a similar effect on the TNR sequence when removed from the three-

way junction. To investigate the inherent ability of 8-oxoG to impact the structure of 

TNR DNA outside the context of a three-way junction, we performed chemical probe 

experiments with CAG10 (Table 3.1), as this mimics the hairpin of the three-way 

junction.  
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 When incubated with DEPC, the CAG10 substrate shows reactivity at every A, 

with increased reactivity at A5 and A6, indicating their presence in a loop (Figure 3.3A). 

  

 

Figure 3.3 (A) Autoradiogram of DEPC reactions with CAG10, CAG10-5OX, and CAG10-
6OX. Lanes 1 are DNA alone, lanes 2 are piperidine-treated DNA, and lanes 3-5 are DNA 
treated with 1% (v/v) DEPC at 37 ºC for 5, 15 or 30 min respectively, followed by treatment 
with piperidine. Histograms of DEPC reactivity, derived from lanes 4, with (B) CAG10, (C) 
CAG10-5OX, and (D) CAG10-6OX. The dashed line in each histogram demarks the level of 
reactivity of adenines in the stem region, which serves as a baseline to establish hyper-
reactivity of the nucleobases in the loop. Proposed structures for CAG10, CAG10-5OX, and 
CAG10-6OX are shown next to the corresponding histogram. The closed wedge indicates 
hyper-reactivity to DEPC and the open wedge indicates moderate hyper-reactivity to DEPC. 
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A histogram displaying a graphical representation of the reactivity of CAG10 is provided 

in Figure 3.3B. Furthermore, when incubated with the chemical probe dimethyl sulfate 

(DMS), which reveals the solvent accessibility of guanines,253 reactivity is observed at 

every G with hyper-reactivity at G5 (Figure 3.4A,B), consistent with G5 being positioned 

in a loop. This pattern of reactivity to DEPC and DMS indicate the formation of a four 

nucleobase loop that includes A5, G5, C6, and A6 and a blunt-ended stem (Figure 3.3B). 

Interestingly, the two reactive adenines in the loop, A5 and A6, are not modified to the 

same extent by DEPC. This difference in reactivity may derive from differences in 

stacking interactions with the adjacent nucleobases, as we proposed in earlier work.67 The  

 
 
Figure 3.4 Reactivity of CAG10 substrates with DMS. (A) Autoradiogram of DMS reactions 
with CAG10, CAG10-5OX, and CAG10-6OX. Lanes 1 are DNA alone, lanes 2 are 
piperidine-treated DNA, and lanes 3-5 are DNA treated with 0.05% (v:v) at 37 ºC for 5, 15 or 
30 min respectively, followed by treatment with piperidine. Histograms derived from lanes 4 
are shown in (B) CAG10, (C) CAG10-5OX, and (D) CAG10-6OX. The dashed line demarks 
the level of reactivity of guanines in the stem region, which serves as a baseline to establish 
hyper-reactivity of nucleobases. 
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folding of CAG10 into a hairpin is consistent with the structures observed for several 

other TNRs, including those comprised of CAG, CTG, CGG, and CCG repeats, which 

have been shown to form hairpins in vitro.58-60,62-68,72,78,79,242,246,254,255 

It is important to note that while hyper-reactivity to chemical probes was observed 

at particular adenines and guanines, some level of reactivity was observed at every A and 

G in CAG10, consistent with the established reactivity patterns of DEPC and DMS. 

DEPC is known to modify unpaired adenines in loops, bulges, and overhangs, but not 

adenines in well-matched A-T base pairs.256,257 However, the adenines in the stem of the 

TNR hairpins are part of A•A mismatches, which are known to have increased dynamics 

relative to an A-T base pair,258 and therefore we would expect these adenines to be 

modified by DEPC, although to a lesser extent than the unpaired adenines in the loop 

region. DMS is known to modify guanines in G/C base pairs,253 and we observed 

modification of such guanines in the stem region; however unpaired guanines, such as 

those in the loop, are modified to a greater extent due to increased accessibility to DMS. 

Interestingly, we observe only slight modification by DEPC of the adenines in the stem 

of the three-way junctions, and only for the longest incubation time; the flanking duplex 

regions may minimize the dynamics of the stem, leading to less modification by DEPC. 

In order to determine the extent to which 8-oxoG influences the structure of 

CAG10, we site-specifically replaced G5 or G6 with 8-oxoG to form CAG10-5OX and 

CAG10-6OX, respectively. When an 8-oxoG is present in the CAG10 TNR sequence, the 

reactivity to DEPC and DMS indicate that the overall hairpin structure does not change, 

and that the position of the four nucleobase loop and the presence of a blunt-ended stem 

are maintained (Figure 3.3C,D, Figure 3.4C,D). However, while the overall hairpin 
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structure is maintained, there are subtle differences in the DEPC reactivity profile when 

8-oxoG is present; notably, we observe an increase in the reactivity of the adenine 5! to 

the 8-oxoG. In fact, of all the adenines in CAG10-5OX, A5 exhibits the highest reactivity 

to DEPC (Figure 3.3C), while A6 of the CAG10-6OX substrate exhibits the highest 

reactivity to DEPC (Figure 3.3D). The observation of differing levels of solvent 

accessibility near an 8-oxoG is consistent with the recent work of Singh and co-workers, 

which demonstrated that 8-oxoG has a disruptive effect on a base pair 5! of an 8-oxoG/C 

base pair.252 Our data indicate that 8-oxoG can exert a similar effect within a single-

stranded DNA loop.  

To confirm the presence of a blunt-ended stem in CAG10-5OX and CAG10-6OX, 

we performed DMS reactions to monitor the reactivity of G1 and G2. In particular, if the 

8-oxoG in CAG10-6OX were to be repositioned into the loop, a two repeat overhang 

would form at the 5! end, leading to greater reactivity to DMS of the guanines in those 

repeats. We observed no increase in DMS reactivity at G1 or G2, consistent with a blunt-

ended stem (Figure 3.4C,D). Thus, all three CAG10 substrates, regardless of the presence 

of 8-oxoG, form hairpins with a four nucleobase loop and a blunt-ended stem (Figure 

3.3B-D). Therefore, unlike the effects exhibited by 8-oxoG in the three-way junction, the 

presence of 8-oxoG in CAG10 results only in minor changes to the solution accessibility 

of the adjacent nucleobase and does not dramatically alter the overall structure adopted 

by the sequence.  

Recent work from our laboratory has indicated that single strands containing an 

odd number of CTG repeats, the complement of CAG, form populations composed of 

two structures, both with four nucleobase loops and either a 3! or a 5! overhang.68 We 
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hypothesized that if odd-numbered CAG repeats exhibit the same behavior, they may 

have the ability to reposition and better accommodate the lesion, which could provide a 

more accurate model of TNR behavior within a three-way junction. Therefore, we 

performed chemical probing experiments on CAG sequences with an odd number of 

repeats. 

3.3.3 Chemical probe analysis of odd-numbered, single-stranded TNR sequences lacking 

DNA damage 

 

 
Figure 3.5 Reactivity of CAG7, CAG11, and CAG15 with chemical probes. (A) Reactivity 
of CAG7, CAG11, and CAG15 with DEPC. Lanes 1 are DNA alone, lanes 2 are piperidine-
treated DNA, and lanes 3-5 are DNA treated with 1% (v/v) DEPC at 37 ºC for 5, 15 or 30 
min respectively, followed by treatment with piperidine. (B) Reactivity of CAG7, CAG11, 
and CAG15 with DMS. Lanes 1 are DNA alone, lanes 2 are piperidine-treated DNA, and 
lanes 3-5 are DNA treated with 0.05% (v:v) DMS. 
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 When CAG7, CAG11, and CAG15 were incubated with DEPC, reactivity at 

every A in the sequence was observed, but hyper-reactivity was observed at adenines in 

the center of each sequence (Figure 3.5).  Histograms displaying a graphical 

representation of the reactivity of each sequence are provided in Figure 3.6A and reveal 

that the adenines hyper-reactive towards DEPC are as follows: A3, A4, A5, and A7 in 

CAG7; A5, A6, and A7 in CAG11; and A7, A8, and A9 in CAG15. When each single-

stranded substrate was incubated with DMS, reactivity was observed at each G, with 

hyper-reactivity observed at the guanines in the center and at the ends of each sequence: 

G1, G3, G4, and G7 in CAG7; G1, G5, and G6 in CAG11; and G1, G7, and G8 in 

 

Figure 3.6 Histograms displaying 
reactivity of CAG7, CAG11, and 
CAG15 to (A) DEPC and (B) DMS. 
Histograms are derived from lanes 4 of 
the autoradiograms shown in 
Supporting Information Figure S3, in 
which the DNA was treated with the 
chemical probe at 37 ºC for 15 min. 
The dashed line demarks the level of 
reactivity of adenines or guanines in 
the stem region, which serves as a 
baseline to establish hyper-reactivity of 
nucleobases in the loop. The closed 
wedge indicates the greatest degree of 
hyper-reactivity to DEPC, the open 
wedge indicates moderate hyper-
reactivity to DEPC, and the arrow 
indicates hyper-reactivity to DMS. (C) 
Two potential scenarios for the 
structures of CAG7, CAG11, and 
CAG15 derived from their reactivity to 
DEPC and DMS. Structures containing 
a seven nucleobase loop and blunt-
ended stem are shown in C(i) while a 
population of two stem-loops each 
containing a four nucleobase loop and 
either a 5! or 3! overhang is shown in 
C(ii).  
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CAG15 (Figure 3.5, Figure 3.6B). The results obtained in the chemical probing 

experiments indicate the formation of hairpins by CAG7, CAG11, and CAG15, with the 

most highly modified adenines and guanines in either the loop region or at the base of the 

stem (Figure 3.6C). The remaining adenines and guanines in the sequences participate in 

A•A mismatches and G/C base pairs in the stem. However, there are two scenarios which 

could produce the chemical reactivity profiles we observed for CAG7, CAG11, and 

CAG15 and both would be consistent with a hairpin(s): (1) a homogeneous population of 

a single stem-loop with a 7 nucleobase loop and blunt-ended stem (Figure 3.6C i) or (2) a 

population consisting of two different stem-loop structures, each with loops containing 4 

nucleobases along with either a 5! or 3! overhang of one CAG repeat (Figure 3.6C ii).  

Relative to the other guanines in the stem, the increased reactivity toward DMS 

observed at G1 in CAG7, CAG11, and CAG15 argues for the presence of a 5! overhang, 

as G1 would be positioned in the stem in scenario (i), and would not be expected to have 

increased reactivity relative to G2. Since neither the hairpin with the 5! nor the 3! 

overhang should be favored, we would expect both species to be present; therefore, in 

addition to the 5! overhang indicated by hyper-reactivity to DMS at G1, we would also 

expect to observe a 3! overhang. A 3! overhang would be indicated by hyper-reactivity to 

DMS at G7, G11, and G15 for CAG7, CAG11, and CAG15, respectively. Indeed, hyper-

reactivity at G7 of CAG7 was observed (Figure 3.6B), which is consistent with CAG7 

forming a population of two stem-loop hairpins. However, due to the longer length of 

CAG11 and CAG15, we did not obtain sufficient electrophoretic resolution of the 

unmodified DNA from the fragment corresponding to cleavage induced by DMS at their 

respective 3! guanines; this prevented direct observation of a 3! overhang species for 
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these substrates. Note that we used DMS, and not DEPC, to confirm the presence of 

overhangs in CAG7, CAG11, and CAG15; this is because an A1 fragment is not retained 

on the gel. 

3.3.4 Structural characterization of ‘locked-loop’ hairpin standards 

To confirm that CAG7, CAG11, and CAG15 form a population of two hairpin 

structures as depicted in Figure 3.6C ii, we mimicked both the blunt-ended and overhang 

stem-loop hairpins using ‘locked-loop’ standards. We chose to derive the locked-loop 

standards from CAG7 as it possesses the same pattern of reactivity to chemical probes as 

the longer CAG11 and CAG15 substrates, but also allows for electrophoretic resolution 

of unmodified DNA from DNA that is modified at the terminal 3! repeat. In these 

standards, the nucleobases in the loop of the proposed CAG7 structure in either scenario 

(i) or (ii) are replaced by thymines, forcing the stem to adopt a 3! overhang (CAG7-

3!Overhang), a 5! overhang (CAG7-5!Overhang), or a blunt-ended stem (CAG7-Blunt  

 

Figure 3.7 (A) Proposed 
structures for CAG7-3!Overhang 
(left) and CAG7-5!Overhang 
(right) and (B) CAG7-Blunt 
Stem. Histograms displaying 
reactivity to DMS for (C) CAG7-
3!+5!Overhangs, (D) CAG7-
Blunt Stem, and (E) and CAG7. 
Histograms are derived from lane 
4 of the autoradiograms shown in 
Figure S4 and S5 where the DNA 
was treated with 0.05% (v/v) 
DMS at 37 ºC for 15 minutes. 
The arrow indicates hyper-
reactivity to DMS. 
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Stem) (Figure 3.7A, B). CAG7-3!Overhang and CAG7-5!Overhang were combined in 

equal amounts to replicate the proposed population of structures with overhangs (CAG7-

3!+5!Overhangs).  

When incubated with DMS, both G1 and G7 of CAG7-3!+5!Overhangs display 

hyper-reactivity compared to the guanines in the neighboring repeats, consistent with the 

increased reactivity expected for the solvent-exposed overhangs (Figure 3.7C). 

Interestingly, while G7 of CAG7-Blunt Stem is hyper-reactive to DMS, G1 reacts at the 

same level as G2 (Figure 3.7D). For this blunt-ended substrate, the hyper-reactivity 

observed at G7 is likely due to end fraying of the stem, since this nucleobase is part of the 

terminal base pair. The reactions with DMS (Figure 3.7, Figure 3.8) and DEPC (Figure 

3.9) confirmed the expected folding of all locked-loop standards.  

 
  

Figure 3.8 Reactivity of the CAG7 
locked-loop standards with DMS. 
Autoradiogram of DMS reactions 
with (left) CAG7, (center) CAG7-
3!+5!Overhangs, and (right) CAG7-
Blunt Stem. Lanes 1 are DNA alone, 
lanes 2 are piperidine-treated DNA, 
and lanes 3-5 are DNA treated with 
0.05% (v:v) DMS at 37 ºC for 5, 15 
or 30 min respectively, followed by 
treatment with piperidine. 
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Figure 3.9 Reactivity of the CAG7 locked-loop standards with DEPC. (A) Autoradiogram of 
DEPC reactions with CAG7, CAG7-3!+5!Overhangs, and CAG7-Blunt Stem. Lanes 1 are 
DNA alone, lanes 2 are piperidine-treated DNA, and lanes 3-5 are DNA treated with 1% 
(v/v) DEPC at 37 ºC for 5, 15 or 30 min respectively, followed by treatment with piperidine. 
Histograms derived from lanes 4 are shown in (B) CAG7, (C) CAG7-3!+5!Overhangs, and 
(D) CAG7-Blunt Stem. The dashed line in demarks the level of reactivity of adenines in the 
stem region, which serves as a baseline to establish hyper-reactivity of nucleobases. 
 

We then compared the reactivity of G1 and G7 toward DMS in the locked-loop 

CAG7 standards to the reactivity of the same nucleobases in CAG7. Since G1 and G7 of 

CAG7 display hyper-reactivity to DMS similar to that of the CAG7-3!+5!Overhangs 

standard (Figure 3.7C,E), and not that of CAG7-Blunt Stem (Figure 3.7B), we conclude 

that CAG7 and the other odd numbered repeat sequences, CAG11 and CAG15, form 

populations of two stem-loop hairpins with four nucleobase loops and either a 3! or 5! 

overhang (Figure 3.6C ii). Using enzymatic probes, other laboratories have proposed the 

presence of overhangs in structures formed by 15 CAG repeats.63  

3.3.5 Influence of 8-oxoG on the structure of an odd-numbered, single-stranded TNR 

DNA 
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The results discussed above demonstrate the adaptability of odd numbered CAG 

repeats compared to CAG10. Thus, to better address the impact of 8-oxoG on the 

structure of TNR DNA and provide a better mimic for the hairpin arm of the three-way 

junction, we performed chemical probe experiments with odd numbered substrates that 

contain 11 CAG repeats and in which a single G was site-specifically replaced by 8-

oxoG. We chose CAG11 as the model substrate since it has the same number of base 

pairs and mismatches in the stem as CAG10 and the hairpin arm of the three-way 

junction.  

The first substrate contains 8-oxoG in the fifth repeat (CAG11-5OX), and the 

second substrate contains 8-oxoG in the sixth repeat (CAG11-6OX) (Table 3.1). As 

described above, upon incubation with DEPC, CAG11 that lacks DNA damage shows the 

highest degree of reactivity at A5, A6, and A7 (Figure 3.10B). The CAG11-5OX 

substrate has increased reactivity toward DEPC at A5 and A6 when compared to the 

flanking adenines (Figure 3.10C). This result indicates that A5 and A6 are part of the 

loop, while the remaining adenines are in A•A mismatches in the stem. In order for these 

particular adenines to be present in the loop, one CAG repeat must overhang at the 3! end 

of the stem. In contrast to CAG11-5OX, in which A5 and A6 were most susceptible to 

modification by DEPC, CAG11-6OX displays increased reactivity at A6 and A7 (Figure 

3.10D). This result indicates that CAG11-6OX also forms a stem-loop structure with a 

four nucleobase loop, but unlike CAG11-5OX, the loop includes A6 and A7. In this case 

one CAG repeat must overhang the 5! end of the stem. As observed for CAG10, the two 

hyper-reactive adenines in CAG11-5OX and CAG11-6OX are modified by DEPC to 

different extents, which could be an effect of different stacking interactions with the 
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adjacent bases. Notably, in both CAG11-5OX and CAG11-6OX the 8-oxoG is in the loop 

region.   

 
 

We draw two conclusions from the chemical probing experiments of the CAG11 

substrates. First, stem-loop TNR DNA containing 8-oxoG adopts a structure different 

Figure 3.10 (A) Autoradiogram of 
DEPC reactions with CAG11, CAG11-
5OX, and CAG11-6OX. Lanes 1 are 
DNA alone, lanes 2 are piperidine-
treated DNA, and lanes 3-5 are DNA 
treated with 1% (v/v) DEPC at 37 ºC 
for 5, 15 or 30 min respectively, 
followed by treatment with piperidine. 
Histograms of DEPC reactivity, 
derived from lanes 4, with (B) CAG11, 
(C) CAG11-5OX, and (D) CAG11-
6OX. The dashed line in each 
histogram demarks the level of 
reactivity of adenines in the stem 
region, which serves as a baseline to 
establish hyper-reactivity of the 
nucleobases in the loop. Proposed 
structures for CAG11, CAG11-5OX, 
and CAG11-6OX are shown next to the 
corresponding histogram. The closed 
wedge indicates the greatest degree of 
hyper-reactivity to DEPC and the open 
wedge indicates moderate hyper-
reactivity to DEPC. 
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from TNR DNA lacking the damage. The presence of the 8-oxoG imposes a structural 

constraint that results in formation of a single hairpin, as compared to the CAG11 control 

that is a mixed population containing two species of hairpins. Second, the position of the 

8-oxoG within CAG11 determines the structure. Indeed, the hairpin adapts in order to 

position 8-oxoG in the loop. 

3.3.6 Calorimetric analysis of single-stranded TNR DNA lacking DNA damage 

To characterize further the structures adopted by the CAG7, CAG10, CAG11, and 

CAG15 sequences lacking 8-oxoG, we employed DSC to elucidate the thermal and 

thermodynamic parameters associated with the transition from the hairpin to the 

unstructured state. Representative thermograms for CAG7, CAG10, CAG11, and CAG15 

are shown in Figure 3.11. A DSC thermogram displays excess heat capacity as a function 

of temperature and the area under the curve is a direct measure of the enthalpy (ΔH) 

associated with the structural transition.259 Entropy (ΔS), free energy (ΔG), and melting 

temperature (Tm) can be obtained as described previously.259  

 

Figure 3.11 
Representative 
thermograms, both 
background corrected 
using a buffer-buffer scan 
and baseline corrected 
using a polynomial fit, for 
(A) CAG7 at 33.1 µM, 
(B) CAG10 at 30 µM, (C) 
CAG11 at 16.8 µM, and 
(D) CAG15 at 40 µM. All 
samples were suspended 
in buffer containing 20 
mM sodium phosphate, 
70 mM NaCl, pH 7.5. 
 



 

 108 

While there is an increase in the Tm between CAG7 and CAG10, and between 

CAG7 and CAG11, there is no significant difference in Tm between CAG10, CAG11, 

and CAG15 (Table 3.2). Previous work with CAG repeats, ranging in length from 6 to 25 

repeats, has shown that, while there may be some fluctuations in Tm, the there is no linear 

relationship between Tm and CAG repeat length.61,63  

Table 3.2: DSC-derived thermodynamic parameters  
 
Substrate 

 
Tm

a
 (°C) 

ΔHa,b  
(kcal/mol) 

ΔSa,b  

(cal/mol/K) 
ΔGa,c  
(kcal/mol) 

ΔΔH 
(kcal/mol) 

ΔΔS 
(cal/mol/K) 

ΔΔG 
(kcal/mol) 

CAG7 61.2 ± 1.3 23.7 ± 1.8 71.3 ± 5.2 1.72 ± 0.18 - - - 
CAG10 63.0 ± 0.5 33.8 ± 1.3 100.7 ± 4.0 2.63 ± 0.09 −10.1 ± 2.2d −29.4 ± 6.6d −0.9 ± 0.2d  
CAG11 63.3 ± 0.1 34.0 ± 2.0 101.1 ± 6.0 2.67 ± 0.15 −10.3 ± 2.7d −29.8 ± 7.9d −1.0 ± 0.2d 

CAG15 63.5 ± 0.7 51.4 ± 2.0 152.8 ± 6.1 4.00 ± 0.15 −27.7 ± 2.7d −81.5 ± 8.1d −2.3 ± 0.2d 

        
CAG10-5OX 60.2 ± 0.7 33.4 ± 1.1 100.1 ± 3.2 2.34 ± 0.16 N/Ae, f N/Ae, f N/Ae, f 

CAG10-6OX 61.1 ± 0.5 29.8 ± 0.9 89.1 ± 2.5 2.15 ± 0.10 4.0 ± 1.8e 11.6 ± 4.7e 0.5 ± 0.1e 

CAG11-5OX 59.5 ± 0.1 34.6 ± 2.7 104.1 ± 8.0 2.36 ± 0.18 N/Ae, f N/Ae, f N/Ae, f 

CAG11-6OX 59.5 ± 0.1 34.9 ± 2.6 104.9 ± 7.9 2.37 ± 0.19 N/Ae, f N/Ae, f N/Ae, f 

aDNA in 20 mM sodium phosphate, 70 mM NaCl, pH 7.5. The error represents the standard deviation derived from a minimum of 
three experiments. bValues derived by integration of the area under the excess heat capacity curve. cValues at 37 ºC. dWith respect to 
CAG7. eWith respect to the equivalent substrate lacking 8-oxoG. f Not statistically different. 
 

In contrast to the lack of linear relationship for Tm, we observed increasing ΔH 

values with respect to the length of the repeat sequence (Table 3.2), indicating that as 

repeat length increases, so too does the enthalpic stability of the structure. With respect to 

nucleic acids, both hydrogen bonding and base stacking interactions are reflected in the 

value of ΔH.259 Thus, the increase in ΔH observed here is rationalized by the increase in 

number of hydrogen bonds and base stacking interactions as the length of the stem 

increases. However, this increase in enthalpic stabilization as a function of TNR length is 

tempered by an increase in the entropic contributions. Nevertheless, ΔG increases with 

repeat length, indicating that the thermodynamic stability of the hairpins increases with 

length. These thermodynamic data are consistent with previously reported, DSC-derived 

values for similarly sized CAG repeats that lack DNA damage.63,65  

3.3.7 Analysis of damage-containing TNR structures by calorimetry 



 

 109 

All of the 8-oxoG-containing sequences, composed of either 10 or 11 CAG 

repeats, show a decrease in Tm of ~2-4 °C compared to their undamaged control 

substrates, regardless of whether 8-oxoG is positioned in the loop or the loop-closing 

base pair (Table 3.2). It is known that 8-oxoG is thermally destabilizing when base paired 

to C in a duplex,250-252,260,261 although this is an example where 8-oxoG decreases Tm 

when present outside the context of a well-matched duplex. The decrease in Tm is likely 

caused by a modest perturbation of the base stacking interactions in the loop when 8-

oxoG is present, as supported by our chemical probing experiments. 

With respect to the thermodynamic impact of 8-oxoG, we first considered its 

effects on the blunt-end CAG10 hairpin. Compared to the undamaged CAG10 control, 

we observed no difference in the ΔH associated with the transition from the hairpin to the 

unstructured sequence for CAG10-5OX, where 8-oxoG is positioned in the loop. When 

compared to the value for CAG10, there is a small but significant decrease in the ΔH for 

 

Figure 3.12 
Representative DSC 
thermograms, both 
background corrected 
using a buffer-buffer scan 
and baseline corrected 
using a polynomial fit, for 
(A) CAG10-5OX at 50.6 
µM, (B) CAG10-6OX at 
45.8 µM, (C) CAG11-
5OX at 23.4 µM, and (D) 
CAG11-6OX at 12.9 µM. 
All samples are in 20 mM 
sodium phosphate, 70 
mM NaCl, pH 7.5. 
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CAG10-6OX where the 8-oxoG is positioned in the loop-closing base pair (Table 3.2) 

(Figure 3.12). However, it is important to note that the ΔΔH of 4 kcal/mol observed for 

CAG10-6OX is much smaller than the values reported for 8-oxoG base paired to C in a 

duplex, where ΔΔH values ranging from 7.3 to 52.9 kcal/mol have been reported 

depending on sequence context and length of the duplex.250-252  

As observed for ΔH, ΔS is the same for CAG10 and CAG10-5OX, but there is a 

decrease in ΔS for CAG10-6OX compared to CAG10, indicating that the hairpin formed 

by CAG10-6OX is more disordered than its counterparts. These changes in ΔH and ΔS 

lead to a small but significant decrease in ΔG compared to CAG10, indicating that the 

structure formed by CAG10-6OX is thermodynamically less stable than the structures 

formed by either CAG10 or CAG10-5OX.  

For CAG11 we observed that 8-oxoG does not influence ΔH. The ΔΔH 

comparing the melting transitions of CAG11-5OX and CAG11-6OX with the CAG11 

control are nearly zero (Table 3.2). The proposed structures for CAG11, CAG11-5OX, 

and CAG11-6OX have the same number of base pairs and mismatches in the stem and, 

therefore, the same number of hydrogen bonds (Figure 3.10). Thus, the hydrogen bonding 

pattern is not expected to alter ΔH of the structures. 8-oxoG could potentially alter base 

stacking in the loop but given the similar ΔH values for the CAG11 substrates the 

contribution of base stacking to enthalpic stability must be similar for all substrates. 

Therefore, while our chemical probe data indicate that 8-oxoG alters base stacking in the 

loop, our thermodynamic data suggest that any alteration of stacking interactions caused 

by 8-oxoG in the loop of CAG11-5OX and CAG11-6OX is not sufficient to significantly 

alter the enthalpic stability of the hairpin. Since it is known that 8-oxoG is enthalpically 
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destabilizing when base paired with C in duplex,250-252 8-oxoG is likely positioned in the 

loop of these hairpin structures to avoid the enthalpic penalty associated with base 

stacking and/or hydrogen bonding that would occur if 8-oxoG were in the stem region.  

Here, we find that the positioning of 8-oxoG in the loop of TNR DNA decreases 

the Tm but does not affect ΔH. Another example where a modified nucleobase alters 

thermal but not enthalpic stability is 2-AP in a (CAG)6 hairpin.262 When 2-AP was 

positioned in the loop, there was an increase in Tm but there was no change in ΔH. Lee 

and co-workers proposed that the increase in thermal stability is a result of favorable base 

stacking interactions of 2-AP. 

As observed for ΔH, the ΔS describing the transition from the structured to the 

unstructured state is the same for all three CAG11 substrates. It is reasonable to expect 

that the proposed structures would have similar degrees of disorder as each structure has 

the same number of G/C base pairs, A•A mismatches, and unpaired nucleobases. Thus, 

the similar ΔS values observed here indicate that 8-oxoG in the loop makes no significant 

contribution to the entropy of the system. Lastly, since 8-oxoG does not influence ΔH or 

ΔS of the stem-loop structure adopted by CAG11, the introduction of 8-oxoG to CAG11 

does not affect the thermodynamic stability of the stem-loop hairpin. 

Recent work done in the context of TNR Ω-DNA focused on investigating the 

thermodynamics of the tetrahydrofuran (THF) abasic site analogue, both alone and in 

combination with 8-oxoG, can broaden our understanding of the impact that 8-oxoG has 

on the structure of CAG repeat DNA.75-77 The Ω-DNA is a three-way junction that 

contains an open bulge formed by 6 CAG repeats and is flanked on both sides by mixed-

sequence duplex. Based on a calorimetric analysis, Völker and co-workers concluded 
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that, because the Ω-DNA accommodates the THF abasic site without altering the 

thermodynamic parameters, the THF abasic site can alter the distribution of the structural 

microstates occupied by the Ω-DNA.75 In other work, the same authors proposed 

allosteric coupling between a 8-oxoG and/or a THF abasic site in the Ω-DNA.76,77 This 

finding again demonstrates the ability of these lesions to alter the microstates adopted by 

the Ω-DNA. Besides an abasic site, here we provide structural and thermodynamic data 

that supports the notion that the CAG repeats can also adapt their structure to 

accommodate the oxidatively damaged nucleobase 8-oxoG.  

 Our results demonstrate that when 8-oxoG replaces G5 or G6 of CAG10, there is 

no overall change in the hairpin structure. In contrast, when 8-oxoG replaces G5 or G6 of 

CAG11, the hairpin structure changes to accommodate 8-oxoG in the loop, an adjustment 

that we propose is enthalpically driven. Why then does CAG10-6OX not position the 8-

oxoG in the loop, and create a 5! overhang, if a position in the loop is favored for 8-

oxoG? If an overhang were to form, two base pairs in the stem would be lost, resulting in 

a decrease in ΔH ~10 kcal/mol, using nearest neighbor calculations.263 The 

thermodynamic consequence arising from the loss of those base pairs would be more 

detrimental to the stability of the hairpin than the benefit that would come from 

positioning the 8-oxoG in the loop (+ 4 kcal/mol). Thus the positioning of 8-oxoG in the 

TNR structure represents a thermodynamic balancing act; when there is the possibility of 

positioning 8-oxoG in the loop while still maintaining the base pairs and stacking of the 

stem, there is a significant favorability for 8-oxoG to occupy that position.  

Reactions performed with DEPC showed the three-way junction CAG16-TWJ-

8OX/CTG6-TWJ forms several unequivalent structures; the 8-oxoG occupies different 
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positions within the hairpin arm. Although DSC data obtained for the three-way junction 

could potentially yield thermodynamic parameters of the entire population, they cannot 

be used to determine the thermodynamic parameters of the individual structures. 

Importantly, we can use the thermodynamic information obtained for the CAG10 and 

CAG11 sequences to better understand the behavior of the hairpin arm of the three-way 

junction. Because substitution of 8-oxoG at either G5 or G6 of CAG11 leads to formation 

of a single structure, we are able to determine thermodynamic parameters and evaluate 

the impact of the lesion on the TNR DNA by comparing to the unmodified substrate. In 

contrast to the enthalpic destabilization observed in duplex DNA, we have shown that 8-

oxoG positioned in the loop of either a CAG10 or CAG11 hairpin conveys no enthalpic 

penalty to the structure, and an 8-oxoG positioned in the loop closing base pair, as 

observed in CAG10-6OX, shows only a minor decrease in enthalpy, suggesting that 

positions in or near the loop are enthalpically favorable. It is of note that the structures 

lost upon addition of 8-oxoG to CAG16-TWJ/CTG6-TWJ are those that position the 

lesion furthest from the loop, where the lesion is expected to have the largest 

enthalpically destabilizing effect.  

 

3.4 CONCLUSIONS  

Analysis via chemical probing revealed the ability of 8-oxoG to alter the 

population of structures formed by a three-way junction containing 16 CAG repeats. To 

better understand the innate ability of CAG repeat sequences to adapt to the presence of 

8-oxoG, we performed the same chemical probe analysis on CAG10, which is identical in 

sequence to the hairpin arm of the three-way junction, as well as two CAG10 substrates 
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containing 8-oxoG. We observed that 8-oxoG did not alter the structure of CAG10, and 

positioned 8-oxoG in either the loop or loop-closing base pair depending on the location 

of the lesion within the sequence. However, when 8-oxoG was introduced into CAG11, 

we observed a structural modification; 8-oxoG was positioned in the loop of both the 

CAG11-5OX and CAG11-6OX structures. The ability of the CAG11 sequence to adapt 

its structure to accommodate the 8-oxoG lesion is likely due to the enthalpic penalty 

associated with the formation of an 8-oxoG/C base pair in the stem region.  

The formation of hairpins has been proposed to play a key role in mediating 

expansion by ligation of a structured flap into the repeat tract during LP-

BER.59,159,162,164,242 If 8-oxoG is present in the repeat tract as these structures form in the 

genome, they may form such that the 8-oxoG is positioned at or near the loop. 

Furthermore, if 8-oxoG forms within a hairpin, the structure may rearrange to position 

the 8-oxoG in the loop. Additionally, if oxidation occurs after formation of the hairpin, 

the 8-oxoG will likely remain in the loop rather than re-arranging to form an 8-oxoG/C 

bp in the stem. Importantly, our previous work has shown that 8-oxoG is inefficiently 

repaired when positioned in the loop of a hairpin,59 thus 8-oxoG would persist and allow 

another round of the “toxic oxidation cycle” to occur. These results underscore the 

importance of understanding repeat structure and how the interplay with DNA damage 

can influence expansion of TNR regions in the genome. 

Significance: these results clearly indicate that once an 8-oxoG has formed in the loop, it 

will remain in that location rather than forming a base pair in either the stem or the 

flanking duplex. Thus it may be possible to exploit differences between the lesion in a 

base pair and in the loop to target hairpins and prevent expansion. 
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Chapter 4 

The Presence of a CAG Repeat Hairpin Decreases Affinity for the Histone Core and 

Modifies the Local Rotational Position of DNA in a Nucleosome 

4.1 INTRODUCTION 

 As described in the previous chapters, the number of trinucleotide repeats (TNRs) 

associated with various neurodegenerative disorders can be highly variable.17-20,198 

Furthermore, the number of repeats associated with a given gene is not fixed within an 

organism; the number varies based on age and cell type. Many TNRs have the potential 

to undergo both genomic expansions and contractions; processes controlled by various 

factors.  

Most TNR expansion events occur in a polymerase-mediated fashion, through the 

formation of non-canonical secondary structures such as hairpins. A common cause of 

expansion in somatic cells is the formation of non-canonical structure during DNA 

replication.71,95,264-266 Expansion of the TNR tract can occur during replication fork 

stalling and subsequent reversal (Figure 1.3).20,57,93-95 As DNA replication reaches the 

repeat tract, the repeat on the lagging strand will be positioned in the transiently single 

stranded Okazaki initiation zone (OIZ), allowing the possible formation of secondary 

structure, which causes the replication fork to stall. The fork then reverses, forming a 

four-way junction in which a single stranded repeat tract is present off the 3! end of the 

leading strand. This repeat can also form a non-canonical secondary structure, which will 

be incorporated into the genome once fork progression resumes. If the excess DNA is not 

removed, the expansion is fixed in the genome after a second round of replication. 
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Recently, hairpin formation in the lagging strand during DNA replication of CAG and 

CTG repeats has been characterized in vivo using zinc-finger nucleases.80  

While a DNA replication dependent mechanism provides an explanation for 

expansion in proliferative cells, many of the cells where these neurodegenerative 

disorders manifest are non-proliferative. Expansion of the CAG/CTG repeats in the HTT 

gene is readily observed in the neurons of both HD patients and HD mice,24-26,159,164,267 

yet these terminally differentiated neurons are not undergoing DNA replication and cell 

division. Thus, another metabolic process must be responsible for the expansions that can 

accumulate over time in non-proliferative cells. In HD, these expansions arise from repair 

of oxidative damage within the repeat tract.155,159,162,164,242,268 During base excision repair 

(BER) of the oxidative lesion 8-oxo-7,8-dihydroguanine (8-oxoG) located within the 

repeat tract, polymerase β can perform a multi-nucleotide addition creating a 5! single 

stranded flap, in a process called long-patch base excision repair (LP-BER). Since the 5! 

flap is composed of repeats, it can fold into a hairpin, making it refractory to cleavage by 

flap endonuclease 1. The hairpin is then ligated into the newly repaired strand, 

incorporating the expansion into the genome. While expansion likely occurs during repair 

of several different TNRs, the only repeats currently confirmed to expand during LP-

BER are CAG159 and CGG268 repeats. 

Importantly, while both of these processes involve the formation of hairpin 

structures, little is known about how those structures respond to nucleosome packaging. 

As chromatin compaction is the next step in the cell cycle after DNA replication, it is 

important to understand how any hairpins formed during replication might behave within 

a nucleosome. Furthermore, hairpins are predicted to form as chromatin undergoes 
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subsequent levels of condensation, making their interaction with the histone core a 

potentially important aspect of correct genomic compaction.269 Additionally, previous 

research indicates that LP-BER can occur within a nucleosome, though at reduced 

efficiency.270-274 Should LP-BER mediated expansion occur in a repeat tract that is 

packaged in a nucleosome, what would be the effect of hairpin formation on nucleosome 

structure? 

Here we investigate the ability of a 246 bp DNA duplex, with and without a 

(CAG)10 hairpin, to form nucleosomes. Furthermore, we examine how the presence of a 

hairpin might alter the position of the DNA once incorporated. These results will help 

define the behavior of CAG hairpins formed within the genome and how they might 

influence the functional organization of a repeat tract. 

 

4.2 EXPERIMENTAL PROCEEDURES 

4.2.1 Oligonucleotide synthesis and purification 

 The oligonucleotides used to construct the substrates used in these experiments 

were synthesized by standard phosphoramidite chemistry as described previously. The 

oligonucleotides were synthesized dimethoxytrityl (DMT)-on and were deprotected in 

NH4OH at 55 °C for 24-36 h. In the first round of HPLC purification, the sample was 

applied to a Polymer Labs Reverse Phase column (4.6 × 250 mm) and elution was carried 

out at 90 °C using 100 mM triethyl ammonium acetate (TEAA) in 99% acetonitrile:1% 

water (solvent A) and 100 mM TEAA in 1% acetonitrile:99% water (solvent B) as the 

mobile phases (gradient: solvent A was increased from 5% to 25% over 25 min; 1 

mL/min). Following removal of the 5!-DMT group by incubation in 80% glacial acetic 
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acid for 12 min at room temperature, the oligonucleotides were dried, and then subjected 

to a second round of HPLC purification (gradient: solvent A was increased from 0% to 

25% over 40 min; 1 mL/min). 

4.2.2 Oligonucleotide ligation and purification 

 After purification of all 33 individual oligonucleotides (Figure 4.1), ligations were 

performed to generate the single stranded components of the S2 substrates. First, each 

piece of the S2 substrate was phosphorylated at the 5!-end using T4 polynucleotide kinase 

(PNK, New England Biolabs). The piece containing the eventual 5! end of the ligation 

product (S2_1, S2_6) was phosphorylated with 32P, following the manufacturer’s 

instructions. The remaining pieces involved in the ligation (S2_2, S2_3_C, S2_3_HP, 

S2_CAG6_3_C, S2_CAG6_3_HP, S2_4, S2_5, S2_7, S2_8, S2_CTG6_7, S2_CTG6_8, 

S2_9, S2_CTG6_10) were phosphorylated under the same conditions, but the reaction 

was run in T4 DNA ligase buffer (50 mM Tris-HCl, 10 mM MgCl2, 1 mM ATP, 10 mM 

DTT, pH 7.5), to provide ATP for the phosphorylation. The phosphorylated DNA, in a 

1.1:1 molar ratio of phosphorylated DNA to the appropriate scaffolds, was re-suspended 

to a final volume of 100 µL in Tris buffer (10 mM Tris-HCl, 100 mM NaCl, pH 7.5), 

heated at 95 °C for 5 min and slowly cooled to 25 °C at a rate of 1 °C/min to form 

duplex.  

 After annealing was complete, the volume was increased to 170 µL with water 

and 20 µL fresh 10X ligase buffer was added. 10 µL of T4 DNA ligase was added to the 

annealed DNA, and the reaction was allowed to proceed at 16 °C, overnight. The ligase  
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Figure 4.1 Primary sequences of the individual DNA oligonucleotides and schematic 
representations of the assembly process used to create the single stranded substrates used in 
these studies. Each oligonucleotide is color-coded; the color of the primary sequence matches 
the color in the schematic. Each S2 substrate was constructed by annealing the appropriate 
oligonucleotides with DNA scaffolds and ligating the individual pieces. 
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was heat inactivated by incubation at 65 °C for 20 minutes, and then the reaction was 

dried under vacuum. 

 The entire ligation reaction was then applied to a 6% denaturing polyacrylamide 

gel and electrophoresed for 3 h at 65 W (0.4 mm thick, 45 mm long). The full-length 

ligated product was then excised from the gel, crushed, soaked overnight in buffer (10 

mM Tris, 1 mM EDTA, pH 7.5), centrifuged, and the supernatant collected. The pelleted 

gel was checked for radioactivity, and resuspended for another overnight soak. The 

second supernatant was also collected and pooled with the first. Samples were then 

lyophilized for ~24 h, resuspended in 2 mL of 10 mM Tris buffer, and placed in dialysis 

tubing (MWC 8 kDa). These samples were dialyzed against 2 L of 10 mM Tris for at 

least 24 hours, with one change of buffer. 

 After dialysis, samples were transferred to eppendorf tubes and dried in vacuo. 

Samples were resuspended in 48 µL of NEB buffer 3 (100mM NaCl, 50mM Tris-HCl, 

10mM MgCl2, 1mM DTT, pH 7.9) and 2 µL of Calf Intestinal Phosphatase (CIP). 

Samples were de-phosphorylated overnight at 37 °C. The enzyme was deactivated by 

incubation at 90 °C for 10 min. The de-phosphorylated samples were then cleaned using 

Qiagen QIAquick PCR purification kit. Treatment with CIP removed ~90% of the 

radiolabel from each DNA substrate. After elution from the QIAquick spin column, the 

total amount of ligated product was determined using a NanoDrop spectrophotometer. 

4.2.3 Competitive nucleosome incorporation assay 

 Ligated oligonucleotides were 5!-32P end-labeled using T4 PNK following the 

manufacturer’s protocol. Radiolabeled DNA, along with a 1.5-fold excess of its 

complement, was resuspended to a final volume of 60 µL in Tris buffer (10 mM Tris-
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HCl, 100 mM NaCl, pH 7.5), heated at 95 °C for 5 min and slowly cooled to 25 °C at a 

rate of 1 °C/min to form duplex (Figure 4.2). 

 
 
Figure 4.2 Schematic representations of the duplex DNA substrates used to investigate the 
affect of hairpin formation on chromatin packaging. Each of the ligated constructs was 
annealed with its complement to form the duplex substrates used in the competitive 
nucleosome exchange assays and the enzymatic footprinting. The location of the S1 
positioning sequence is shown in green and CAG/CTG repeats are shown in purple. 
 
 Competitive nucleosome incorporation reactions were performed as described 

previously, except that the exchange buffer was changed to 5 mM Tris, pH 7.5, and due 

to the low incorporation of the hairpin containing DNA, the amount of competitor calf-

thymus DNA was reduced to 1 µg. 30 µL of the final incorporation reaction was mixed 

with 6 µL non-denaturing dye (15% ficoll, 0.25% bromophenol blue (w:v), 0.25% xylene 

cyanol (w:v)), and 15 µL was applied to a 5% native polyacrylamide gel (8 mm thick, 16 

cm long). The samples were electrophoresed at 150 V for 4 hours in 4 °C and the 

products were visualized by phosphorimagery. The ratio of incorporated DNA to free 

DNA was determined by comparing the number of counts in each band. 
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4.2.4 Enzymatic probing reactions 

 Exo III and DNase I reactions were carried out as described in the previous 

chapter, with a few small changes. Briefly, the histone core was exchanged onto the S2 

DNA duplexes in exchange reactions containing 25 µg of NCPs for the S2_C and 

S2_CAG6_C DNA substrates and 75 µg of NCPs for the S2_HP and S2_CAG6_HP 

DNA substrates. The samples were incubated with either 50 units of Exo III (New 

England Biolabs) or 0.4 units of DNase I (New England Biolabs) for 5 min at 37 °C. The 

reaction was quenched by the addition of 0.1 M EDTA and the samples were 

immediately applied to a native polyacrylamide gel. After recovering the DNA, 6000 

counts per sample were electrophoresed at 65 W for 2.5 h in a 6% denaturing 

polyacrylamide gel (0.4 mm thick, 65 cm long). After drying, the gel was used to expose 

a phosphor plate for 120 h. Reactions were also performed on free duplex, as described 

previously. 

 

4.3 RESULTS AND DISSCUSSION 

4.3.1 CAG hairpins reduce the level of nucleosome formation 

 To determine the effect of hairpin formation of chromatin assembly, we first 

performed competitive nucleosome incorporation assays, in which radiolabeled substrate 

and unlabeled competitor DNA are exchanged onto nucleosomes isolated from chicken 

erythrocytes.208,275 The amount of radiolabeled substrate incorporated into a nucleosome 

is then determined and compared to the amount that remains as free duplex. These values, 

called the incorporation ratio, can be compared across different samples and provide 

information on how well a given substrate forms a nucleosome.  
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The first set of substrates, S2_C and S2_HP, contain the nucleosome positioning 

sequence S1209,210 in the center of the 246 bp construct (Figure 4.2). Like the S1 

sequence, the S2 sequence is also derived from the pD89 sequence, which comes from 

the GLN3 promoter. Based on previous characterization of the S1 positioning sequence 

shown in chapter 2, the (CAG)10 hairpin was placed in the center of the duplex, where it 

was predicted to extend away from the histone core in a nucleosome formed at the S1 

positioning sequence. Interestingly, when S2_C is used in the competitive nucleosome 

exchange assay, nucleosomes form at two positions along the duplex, evidenced by the 

appearance of two distinct higher order products; the slower migrating species is labeled 

CS and the faster migrating species CF (Figure 4.3). The electrophoretic mobility of  

 

Figure 4.3 Nucleosome incorporation ratios for the four S2 substrates. The incorporation 
ratio for each substrate is shown in the chart with a representative incorporation performed in 
the absence (−NCPs) and presence of NCP (+NCPs) shown above. The amount of DNA 
associated with the faster migrating band (bottom, CF) is shown in blue and the amount of 
DNA associated with the slower migrating band (top, CS) is shown in red. 
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nucleosomes is determined by the location of the histone core relative to the center of the 

associated DNA; when the histone core is located toward the center of the DNA, the 

nucleosome has a slower electrophoretic mobility, while a histone core located toward 

either end of the DNA yields a nucleosome with a faster electrophoretic mobility.276 

Thus, S2_C forms nucleosomes with at least two different translational positions.  

While S2_C is composed entirely of well-matched base pairs, S2_HP contains a 

(CAG)10 hairpin in the center of the construct, forming a three-way junction (Figure 4.2). 

When the S2_HP substrate is used in a competitive nucleosome incorporation assay, 

there is a dramatic decrease in the amount of radiolabeled substrate incorporated into a 

nucleosome (Figure 4.3). While two clear NCP bands appear in the S2_C competitive 

nucleosome incorporation assay, the NCPs formed with the S2_HP DNA barely form a 

single distinct band; they run almost as a tail off the duplex band. However, this region of 

radioactivity is not present in the assay performed in the absence of nucleosomes, thus 

this region of slower migration must be due to the interaction of the S2_HP DNA with a 

histone core. 

We have previously investigated the behavior of a (CAG)10 hairpin in a similar 

context.70 The previous construct, described in chapter 3, was formed by annealing an 

oligonucleotide containing a (CAG)16 with an oligonucleotide containing a (CTG)6, 

forming a three-way junction where 6 of the CAG repeats are in well matched base pairs 

and the remaining 10 CAG repeats form a hairpin. Due to the repetitive nature of the 

DNA, the CAG hairpin can form at many positions along the complementary CTG 

repeat, providing some flexibility in the location of the hairpin within the three-way 

junction. Thus, we were interested in determining what effect that added flexibility would 
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have on the ability of the hairpin containing DNA to form a nucleosome. Starting from 

the S2 sequence, we replaced the center-most bases with 6 CAG/CTG repeats, creating 

the S2_CAG6_C substrate (Figure 4.2). We then added an additional 10 CAG repeats to 

the CAG-containing stand, creating the S2_CAG6_HP substrate. 

When the S2_CAG6_C substrate was used in the competitive nucleosome 

incorporation assay, there is a significant increase in the amount of incorporation 

observed compared to S2_C (Figure 4.3). This increase is due to the presence of the 6 

CAG/CTG repeats, the only difference between the S2_C and S2_CAG6_C substrates. 

We have previously observed increased incorporation ratios for 146 bp duplexes 

containing as few as 10 CAG/CTG repeats, and the increase in incorporation ratio 

observed here is likely due to similar forces.275 Interestingly, the majority of the observed 

increase in nucleosome formation seems to come specifically from formation of the 

slower-migrating species, CS, the species that contains the histone core at the center of 

the DNA. This species likely places the CAG/CTG repeats at the dyad axis, a region of 

the nucleosome for which CAG/CTG repeats posses a high affinity, as discussed in 

chapter 2. Thus it seems quite likely that the increase in nucleosome formation in the 

S2_CAG6_C substrate is primarily due to the affinity of the CAG/CTG repeats for the 

dyad axis. 

Despite the observed increase in incorporation ratio for the S2_CAG6_C substrate 

due to the presence of the short CAG/CTG repeat tract, there is no increase in the 

incorporation ratio for the S2_CAG6_HP substrate compared to the S2_HP substrate 

(Figure 4.3). Even though the CAG/CTG repeats that benefit nucleosome formation in 

S2_CAG6_C DNA are also present in the S2_CAG6_HP substrate, the presence of the 
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hairpin must destabilize the nucleosome complex to such an extent that the addition of 

the CAG/CTG repeats provides no benefit to nucleosome formation. Thus we can 

conclude that, even given the presence of the beneficial CAG/CTG repeats and the ability 

of the (CAG)10 hairpin to adopt multiple positions relative to the 6 CTG repeats, the 

presence of the hairpin itself remains extremely disruptive to nucleosome formation. As 

CAG/CTG repeats prefer to associate with the histone core,275 formation of a CAG 

hairpin within the repeat tract may translate to the unpacking of CAG/CTG repeats that 

would normally be packaged in a nucleosome, altering the functional organization of the 

repeat tract. 

While no previous work has specifically investigated the incorporation of hairpin 

containing DNA into nucleosomes, analysis of nucleosome formation in the genome by 

another non-canonical DNA structure, the G-quadruplex, has been performed.277-279 A G-

quadruplex is a stacked series of rings, called a G-quartet, composed of four guanines 

each forming four hydrogen bonds with its neighboring guanines. G-quadruplexes are 

proposed to form throughout the genome, primarily at telomeres and gene promoters.279 

Genome-wide computational analyses of several sets of genomic nucleosome occupancy 

data indicate that regions conducive to forming G-quadruplexes are mostly found outside 

of nucleosomes, likely because the G-quadruplex would destabilize the interaction 

between the DNA and histone core.277,278 Thus, it is likely that hairpins will exhibit the 

same behavior within the packaged genome and would be much less likely to form a 

nucleosome, consistent with the competitive nucleosome incorporation data presented 

here. 
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4.3.2 While the presence of 6 CAG/CTG repeats does not alter the translational 

positioning of DNA in a nucleosome, the presence of a (CAG)10 hairpin does 

  While the migration of nucleosome samples through a native gel provides general 

information about the position of the histone core, Exo III can provide more detail about 

the translation positioning of the DNA. As Exo III digests the DNA, it pauses when it 

encounters DNA interacting with the histone core, leading to an area of intense strand 

cleavage.228-230 As expected, when Exo III digests free duplex, there is reactivity along 

the entire duplex (Figure 4.4, 4.5). However, there is a clear change in reactivity once the 

free duplex is incorporated into a nucleosome.  

 When the S2_C DNA is incorporated into a nucleosome, it forms a population of 

at least two nucleosomes with different translational positions (Figure 4.3). However, as 

the Exo III digests away the DNA flanking the histone core, the two species of 

nucleosomes become homogenized, and what were previously two distinct populations of 

nucleosomes begin to migrate together in the native gel. Thus, the sample applied to the 

denaturing gel represents a combination of Exo III reaction on both species of 

nucleosome. However, using both the migration of each undigested species in the native 

gel and the location of Exo III pause sites, we can assign the position of the histone core 

in both species.  

The slower-migrating species of S2_C nucleosome (S2_CS) has a histone core 

positioned in the center of the DNA, and the pattern of Exo III pause sites is consistent 

with the histone core occupying the S1 positioning sequence, located in the middle of the 

S2_C duplex, the center of which is indicated by a black bar (Figure 4.4A). Based on the  
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Figure 4.4 Exonuclease III digestion reveals the translation position of the DNA around the 
histone core. Exo III digestion of the S2_C (C) and S2_HP (HP) substrates is shown in panel 
A, while digestion of the S2_CAG6_C (C) and S2_CAG6_HP (HP) substrates is shown in 
panel B. In these reactions, the complementary strand of the duplex is radiolabeled. Reactions 
were performed on both free duplex and nucleosome (NCP) samples. The marker lane (M) 
consists of the Maxam-Gilbert A/G sequencing reaction performed on single stranded S2_C, 
and the dark line next to the marker lane indicates the position of the hairpin. The blue ovals 
indicate the position of the histone core for each substrate. Panel C shows the migration of 
the S2_HP NCP and free duplex in the native gel after Exo III treatment. 
 
migration of the faster-migrating species of S2_C nucleosome (S2_CF), the histone core  

is positioned toward one end of the DNA, but it is not clear from the migration which end 

contains the nucleosome. However, there appears to be significant digestion from the 3! 
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end to almost the center of the DNA duplex in the Exo III-treated S2_C sample applied to 

the denaturing gel in Figure 4.4. In order to observe Exo III digestion this far into the 

duplex, the 3! end of the DNA must be readily accessible to the enzyme in some  

 

Figure 4.5 Exonuclease III digestion reveals the translation position of the DNA around the 
histone core. Exo III digestion of the S2_C (C) and S2_HP (HP) substrates is shown in panel 
A, while digestion of the S2_CAG6_C (C) and S2_CAG6_HP (HP) substrates is shown in 
panel B. In these reactions, the C or HP strand of the duplex is radiolabeled. Reactions were 
performed on both free duplex and nucleosome (NCP) samples. The marker lane (M) consists 
of the Maxam-Gilbert A/G sequencing reaction performed on single stranded S2_C, and the 
dark line next to the marker lane indicates the position of the hairpin. The blue ovals indicate 
the position of the histone core for each substrate. 
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population of nucleosomes. Thus, it is likely the S2_CF species which produces the 

extended digestion pattern, indicating that the histone core is positioned near the 

radiolabel, which in these substrates is located on the 5!-end of the complementary strand 

(Figure 4.4A). The assigned locations of the histone core for the S2_CS and S2_CF 

nucleosomes are consistent with the Exo III digestion observed when the S2_C strand is 

radiolabeled (Figure 4.5A).  

 As observed for the incorporated S2_C DNA, the S2_CAG6_C DNA also forms 

two species of nucleosomes, and like the S2_CS and S2_CF species, they cannot be 

distinguished in the native gel after Exo III treatment. However, using the same analysis 

applied to the S2_C nucleosome species, we can determine the position of the histone 

core in both the slower migrating S2_CAG6_CS nucleosome and the faster migrating 

S2_CAG6_CF nucleosome. The histone core associated with the S2_CAG6_CS species is 

positioned in the center or the DNA, and again the Exo III digestion suggests it is located 

at the S1 positioning sequence (Figure 4.4B). Furthermore, by placing the CAG/CTG 

repeats at the dyad axis, this positioning best explains the increase in incorporation ratio 

between the S2_C and S2_CAG6_C substrates.  

When the complementary strand is radiolabeled, the Exo III treated S2_CAG6_C 

sample also shows extensive digestion from the 3! end, as observed for the S2_C 

substrate (Figure 4.4). The digestion is consistent with a histone core positioned near the 

radiolabel, at the same location as observed for the S2_CF substrate. The proposed 

nucleosome positions for S2_CAG6_CS and S2_CAG6_CF derived from Exo III 

digestion of samples in which the complementary strand is radiolabeled are consistent 

with the Exo III digestion of samples where the S2_CAG6_C strand is radiolabeled 
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(Figure 4.5B). Thus, the two species of nucleosome formed by the S2_CAG6_C DNA 

occupy the same positions as the nucleosomes formed by the S2_C DNA, indicating that 

the presence of the 6 CAG/CTG repeats does not affect the translational positioning of 

ether nucleosome species. 

While it was difficult to resolve S2_HP and S2_CAG6_HP DNA incorporated 

into a nucleosome from DNA that remained as free duplex during the competitive 

nucleosome incorporation assay, by increasing the amount of donor nucleosomes and 

removing the competitor DNA, we were able to better distinguish between the two bands 

(Figure 4.4C). Interestingly, the S2_HP and S2_CAG6_HP nucleosome species also 

display extended Exo III digestion from the 3! end when the complementary strand is 

radiolabeled, similar to Exo III digestion assigned to the S2_CS and S2_CAG6_CS 

nucleosomes (Figure 4.4). Here it is beneficial to initially consider digestion of samples 

where the complementary strand is radiolabeled, due to the difference in length between 

the S2_C and S2_HP strand, which can make interpretation of the Exo III digestion 

pattern more complex. The location of the hairpin is indicated by the presence of a black 

bar, marking the bases that flank the hairpin arm in the three-way junction. Because of 

the similarities in the amount and location of Exo III digestion, it is likely that the S2_HP 

and S2_CAG6_HP DNA forms nucleosomes at the same location found in the S2_CF and 

S2_CAG6_CF nucleosomes, positioning the hairpin at the 5! end of the 146 bps forming 

the nucleosome, near the edge of the ~20 bps that have only transient contact with the 

histone core, suggesting that the hairpin containing DNA can form a nucleosome, but the 

translational position must be such that the hairpin is not in tight contact with the histone 

core. Thus, even though we designed these substrates to position the hairpin at the dyad 
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axis, with the hairpin facing away from the histone core, formation of a nucleosome at 

that location is very much disfavored. 

In a small population of S2_HP and S2_CAG6_HP nucleosomes, there is 

additional digestion of the duplex, with a pause site occurring just 3! to the (CAG)10 

hairpin, the location of which is indicated by the black bar in Figure 4.4. The pause site is 

less pronounced in the S2_CAG6_HP nucleosomes; this lack of clear reactivity may be 

due either to the difference in sequence context or to the ability of the hairpin to adopt 

multiple positions relative to the (CTG)6 in the complementary strand. When the S2_HP 

or S2_CAG6_HP strand is radiolabeled there is also evidence that some population of 

nucleosomes give rise to additional digestion at the 5! edge of the hairpin, the location of 

which is indicated by the black line in Figure 4.5. The increased ability of Exo III to 

digest this sub-population of the S2_HP and S2_CAG6_HP nucleosomes indicates that 

the interaction between the region of the DNA containing the hairpin and the histone core 

is not always stable and may in fact induce additional unwrapping of the DNA from the 

histone core. These nucleosomes would be far more dynamic than those formed by 

simple duplex DNA, providing a possible explanation for why the incorporation ratio is 

low for the hairpin containing substrates, and for why these nucleosomes do not migrate 

as a clear band in the competitive nucleosome exchange assay. 

4.3.3 The presence of a (CAG)10 hairpin alters the rotational position of DNA in a 

nucleosome 

While digestion with Exo III allows us to determine the translational positioning 

of the DNA in a nucleosome, we can also use the enzyme DNase I to investigate the 

rotational position of the DNA in a nucleosome.219-222 While DNase I does not possess 
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any strict sequence preference, it does prefer some stretches of DNA to others, based 

mainly on minor groove width223,224 and DNA flexibility.225,226 Thus, when free duplex is 

treated with DNase I, we do not observe equal reactivity along the entire duplex (Figure 

4.6, Figure 4.7, Duplex). However, as observed with the Exo III reactions, when the 

duplex is incorporated into a nucleosome there is a clear change in reactivity: upon 

incorporation there is an oscillation to the reactivity in which regions with high levels of 

cleavage are followed by regions with little or no reactivity (Figure 4.6, Figure 4.7, 

NCP). As discussed previously, where the DNA backbone faces out into solution, the 

DNase I can recognize and cleave the DNA, but where the DNA backbone faces toward 

the histone core, the DNA is inaccessible to the enzyme, thus mapping the rotational 

position of the DNA. 

Unlike treatment with Exo III, when the S2_C nucleosomes are treated with 

DNase I, it is possible to resolve the two separate species of nucleosome formed by the 

DNA substrate. This is because the two enzymes have a different mechanism of action; 

the Exo III digests the DNA from the 3! end, removing multiple nucleotides in 

succession, whereas the DNase I cleaves the DNA backbone, inducing only a single 

strand break. The presence of a single strand break does not alter the migration of the 

nucleosome in a native gel, and thus the two species can be analyzed separately. When 

the S2_C nucleosomes are treated with DNase I it becomes apparent that the S2_CS and 

S2_CF species have slightly different rotational positions, as judged from the regions of 

the DNA that are highly reactive to the enzyme (Figure 4.6A, compare the pattern of 

reactivity in NCP lane CS and CF). The differences in rotational position are also apparent  
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Figure 4.6 DNase I digestion reveals the rotational positioning of the S2 substrates in the 
nucleosome. DNase I cleavage of the S2_C and S2_HP substrates is shown in panel A, while 
digestion of the S2_CAG6_C and S2_CAG6_HP substrates is shown in panel B. The data 
shown in panel B are from two separate images. Reactions were performed on both free 
duplex and nucleosome (NCP) substrates. In these reactions, the complementary strand of the 
duplex is radiolabeled. The inserts consist of a magnified view of the region surrounding the 
hairpin. While the image is taken from the same data, the contrast has been increased to 
highlight the cleavage pattern. The marker lane (M) consists of the Maxam-Gilbert A/G 
sequencing reaction performed on single stranded S2_C, and the dark line next to the marker 
lane indicates the position of the hairpin. 
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Figure 4.7 DNase I digestion reveals the rotational positioning of the S2 substrates in the 
nucleosome. DNase I cleavage of the S2_C and S2_HP substrates is shown in panel A, while 
digestion of the S2_CAG6_C and S2_CAG6_HP substrates is shown in panel B. The data 
shown in panel B are from two separate images. Reactions were performed on both free 
duplex and nucleosome (NCP) substrates. In these reactions, the C or HP strand of the duplex 
is radiolabeled. The inserts consist of a magnified view of the region surrounding the hairpin. 
While the image is taken from the same data, the contrast has been increased to highlight the 
cleavage pattern. The marker lane (M) consists of the Maxam-Gilbert A/G sequencing 
reaction performed on single stranded S2_C, and the dark line next to the marker lane 
indicates the position of the hairpin. 
 
in the histograms shown in Figure 4.6C, which are derived from the gel shown in Figure 

4.6A. The dashed lines indicate where the DNA backbone of the S2_CS substrate exhibits 

the highest amount of cleavage by DNase I, marking the regions where the DNA 

backbone faces out into solution. Shifts in the rotational position can be observed by 



 

 136 

comparing the maxima of DNase I reactivity of the other substrates to these dashed lines. 

Interestingly, the S2_HP nucleosome appears to possess an overall rotational position 

more similar to the S2_CS nucleosome, even though they do not share the same 

translational position. However, upon examination of the region directly surrounding the 

hairpin, it becomes apparent that the areas of the DNA duplex with heightened reactivity 

to DNase I are slightly different in all three nucleosome species, indicating that the 

(CAG)10 hairpin locally alters the rotational position of the DNA in the S2_HP 

nucleosome (Figure 4.6A NCP, magnified insert). The changes in rotational position are 

modeled in Figure 4.8. The position of the base on the complementary strand in the base 

pair immediately 5! to the hairpin is shown as a black line, relative to the histone core. In 

substrate the base is facing out into solution. Importantly, the S2_HP nucleosome 

possesses a high level of reactivity with the DNase I in the complementary strand slightly  

 
Figure 4.8 Alteration of rotational position in the nucleosome by the (CAG)10 hairpin. The 
black line indicates the base on the complementary strand (S2_comp) in the base pair 
immediately 5! to the hairpin. The position of this base relative to the histone core (blue) is 
different in each substrate. Importantly, the rotational position of the S2_HP substrate places 
the hairpin (purple) in a location where it faces away from the histone core. 
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3! to the hairpin (Figure 4.6A, magnified insert), indicating that the hairpin is facing 

straight out from the histone core, in what is likely the most favorable position (Figure 

4.8). Interestingly, this position could make the loop of the hairpin readily accessible to 

oxidants, and possibly initiate or continue the toxic oxidation cycle. 

Previous research has used well-matched double-stranded flaps and hairpins 

placed in the Xenopus 5S positioning element as barriers to chromatin remodeling 

enzymes such as SWI/SNF and Mi-2.280,281 The hairpin substrates were placed near the 

center of the DNA incorporated into the nucleosome, placing the hairpin at the dyad axis, 

and designed such that the hairpin faced away from the histone core upon assembly. 

DNase I and/or hydroxyl radical footpinting were used to investigate the rotational 

position of the DNA in the nucleosome. These hairpins showed no ability to alter the 

rotational position of the DNA. Thus the observed alteration of rotational positioning by 

the (CAG)10 hairpin may be a feature of CAG repeat hairpins, or a hairpin within the S2 

DNA context. 

 When the S2_CAG6_C and S2_CAG6_HP nucleosomes are reacted with DNase 

I, the same oscillating pattern of reactivity occurs. However, the DNase I does not react 

strongly with CAG/CTG repeats, making the region surrounding the hairpin difficult to 

interpret. Indeed, due to the poor reactivity we are unable to determine whether the 

hairpin locally alters the rotational position in this context. Yet based on the reactivity of 

DNase I with the non-CAG/CTG repeat DNA, it is possible to determine that the 

S2_CAG6_CS, S2_CAG6_CF, and S2_CAG6_HP nucleosomes have the same overall 

rotational position, though they do not necessarily share the same translational position 

(Figure 4.6B, compare lanes NCP, CS, CF, and HP). This may be due to the positioning 
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effect of the 6 CAG/CTG repeats. We have previously demonstrated that as few as 10 

CAG/CTG repeats positioned at the dyad axis can exert an effect over the positioning of 

DNA in a nucleosome, and it is possible that the 6 CAG/CTG repeats are exerting the 

same effect in this system.275  

 

5.4 CONCLUSIONS 

 In this work we demonstrate how destabilizing a hairpin can be to nucleosome 

assembly. When a (CAG)10
 hairpin is included in the S2 sequence, there is a dramatic 

decrease in the ability of the DNA to form a nucleosome. Even if an additional 6 

CAG/CTG repeats replace the DNA flanking the hairpin, a change which provides an 

increase in nucleosome formation for the well-matched duplex control, the amount of 

nucleosome formation by the hairpin containing substrate is still quite low. Using 

enzymatic probing to characterize the structure of the nucleosomes formed, we find that 

the addition of a hairpin to the S2_C or S2_CAG6_C substrates alters the translational 

positioning of the DNA; while the S2_C and S2_CAG6_C substrates form nucleosomes 

with two different translational positions, the hairpin-containing substrates occupy only a 

single translational position, eliminating the translational position where the hairpin is 

placed at the dyad axis. The translational position of the hairpin-containing substrates 

indicates that the hairpin prefers to occupy a location where it has transient interaction 

with the histone core, even though the alternative is to occupy a favorable positioning 

sequence. Furthermore, the hairpin is able to alter the local rotational position of the 

DNA such that the hairpin faces out into solution. While it seems likely that within the 

genome, DNA containing a hairpin will behave much like G-quadruplexes, excluding the 
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histone core from the region, should a CAG hairpin form while the DNA is already in a 

nucleosome, as might occur during LP-BER in a CAG/CTG repeat tract, the newly 

formed CAG hairpin may be able to alter the position of the DNA within the nucleosome, 

altering the functional organization of the repeat tract. Furthermore, since the hairpin will 

likely face out into solution, the histone core will provide little protection from oxidative 

damage and it is possible that the loop will be readily oxidized as part of the toxic 

oxidation cycle. Thus the formation of a hairpin within the CAG/CTG repeat tract could 

have a significant effect on both expansion and the functional organization of the HTT 

gene. 

Significance: these results define the behavior of CAG repeat hairpins within the 

packaged genome. Furthermore, as these hairpins will be accessible within the packaged 

genome, either because they are positioned between nucleosomes during DNA packaging 

or face away from the histone core if formed by LP-BER, it might be possible to target 

them for removal.  
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Chapter 5 

Future Directions and Ongoing Research: Investigating the Effects of Oxidative 

Damage on DNA Packaging and the Ability of TNRs to Modify Di-Nucleosome 

Structure 

5.1 FUTURE DIRECTIONS 

The results presented in the previous chapters provide a strong foundation for 

further exploration of TNRs within biological contexts. However, there are many more 

facets of both the expansion process and nucleosome packaging that have yet to be 

explored. We conducted the initial experiments on nucleosome formation using DNA 

substrates limited to 146 bps, the minimal length necessary to form a nucleosome, to 

ensure formation of a uniform population. However, it will be beneficial to conduct 

further experiments using longer DNA substrates, such as the S2 sequence used in 

chapter 4. Furthermore, in all of the substrates investigated here, the repeat was placed in 

the center of the DNA, providing placement at the dyad axis of the nucleosome. It will 

now be important to investigate the behavior of repeat tracts positioned off the dyad axis. 

Additionally, while we have so far focused on the DNA component of the nucleosome, it 

will also be beneficial to consider the histone components along with other epigenetic 

factors, such as DNA methylation. In the following sections, we describe new areas of 

research currently underway. 

 

5.2 INVESTIGATING THE EFFECT OF 8-OXOG ON NUCLEOSOME 

FORMATION 
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  Previous research has shown that the repair of the oxidative lesion 8-oxo-7,8-

dihydroguanine (8-oxoG) within the CAG repeat tract is an initiating event for expansion 

within the cell.159,162,164 Some research is available on how 8-oxoG272,282 and other 

lesions270,271,273,274 repaired by the base excision repair (BER) pathway are repaired in a 

packaged context, but no information is available on how the lesion itself might alter the 

interactions between the histone core and the DNA. Thus, we have begun performing 

experiments meant to elucidate how the presence of an 8-oxoG lesion might alter the 

behavior of DNA in a nucleosome. 

5.2.1 DNA substrate preparation 

  
 
Figure 5.1 Primary sequences of the individual DNA oligonucleotides and schematic 
representations of the assembly process used to create the single stranded substrates used to 
investigate the effects of the 8-oxoG (Gox) on nucleosome formation. Each oligonucleotide is 
color-coded; the color of the primary sequence matches the color in the schematic. 
 
 The oligonucleotides used to create the 146 bp S1 positioning sequence are the 

same as those used in creating the S2 DNA, described in chapter 4 (Figure 5.1). Each 

sequence was synthesized and purified as described previously (Chapter 4). To include 
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the 8-oxoG lesion in the final 146-mer, the most 5! G in S1_2 was replaced with the 8-

oxoG lesion. This substrate was synthesized and purified as described previously 

(Chapter 3). These sequences were ligated as described in chapter 4 to create the single 

stranded S1_C, S1_8oxoG, and S1_comp strands (Figure 5.1). Each S1 substrate was 

constructed by annealing the appropriate oligonucleotides with DNA scaffolds and ligating 

the individual pieces. 

 S1_C and S1_8oxoG were each radiolabeled and annealed with an excess of the 

S1_comp strand. These DNA samples were then used for competitive nucleosome 

exchanges and hydroxyl radical footprinting as described previously. To observe 

reactivity to the hydroxyl radical on the complementary strand, S1_comp was 

radiolabeled and annealed with an excess of either the S1_C or S1_8oxoG strand. 

5.2.2 Competitive nucleosome incorporation assay 

 Competitive nucleosome incorporations were performed as described in chapter 2. 

When the incorporation ratios for each substrate were compared, it is apparent that the 8-

oxoG decreases the affinity of the S1 DNA for the histone core (Figure 5.2). Based on 

previous characterization of the S1_C DNA, the 8-oxoG lesion is predicted to be in a 

Figure 5.2 Nucleosome 
incorporation ratios for the S1_C 
and S1_8oxoG substrates. The 
incorporation ratio for each 
substrate is shown in the chart with 
a representative incorporation 
performed in the absence (−NCPs) 
and presence of NCP (+NCPs) 
shown above. 
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region of the DNA facing away from the histone core. However, without knowing how 

the presence of the 8-oxoG might alter the position of the DNA in the nucleosome, it is 

difficult to determine to what this decrease might be due. 

5.2.3 Hydroxyl radical footprinting 

 Hydroxyl radical footprinting was carried out as described previously, except the 

incubation time for free duplex was shortened to 2 min and the incubation time for NCPs 

shortened to 5 min. Preliminary evidence suggests that the 8-oxoG has a localized, 

disruptive effect on the position of the S1 DNA in a nucleosome, as judged from the 

deviations in the local maxima and minima of reactivity with the hydroxyl radical 

between the two substrates. This change in reactivity indicates that the lesion not only 

lowers the affinity for the histone core, in this context an 8-oxoG lesion appears to alter 

the positioning of DNA in a nucleosome, though these experiments have not yet been 

repeated (Figure 5.3). Furthermore, the hydroxyl radical footprinting data indicates that 

the lesion is located in a region that faces away from the histone core. We predicted that  

 

Figure 5.3 Hydroxyl radical footprinting reveals the position of the S1 DNA around the 
histone core. Reactions were performed on S1_C (red) and S1_8oxoG (blue) DNA substrates 
incorporated into nucleosomes. The location of the 8-oxoG is indicated with the orange 
diamond. The dashed lines indicate the maxima of the S1 substrate. 
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this position was likely to be the least disruptive to nucleosome formation, due to the lack 

of contact between the lesion and the histone core. However, the lesion is located near the 

H3 tail, which may account for changes in affinity for and positioning around the histone 

core. In addition to repeating the hydroxyl radical footprinting on the substrate described 

here, it will also be beneficial to investigate the results of lesion incorporation at other 

positions relative to the histone core. Luckily, the next two guanines in the S1_C 

sequence are located 2 and 6 bases away, providing a location where the lesion should be 

positioned midway between the histone core and the environment and a location where 

the lesion should face in toward the histone core. Further experiments should also include 

substrates containing CAG/CTG repeats, to determine how the lesion might affect the 

functional organization of the repeat tract. 

 

5.3 ASSEMBLING DI-NUCLEOSOMES TO INVESTIGATE HIGHER ORDER 

CHROMATIN STRUCTURES 

 While it is important to understand the behavior of TNRs in a single nucleosome, 

the genes that contain the repeat tracts will not be occupied by only a single nucleosome. 

While the healthy-length repeat tract may occupy a single nucleosome, the entire gene 

will occupy many nucleosomes and will be further packaged into higher order chromatin 

structures. Furthermore, modification of a repeat tract in a yeast mini-chromosome has 

induced changes in nucleosome location that are not restricted to the region containing 

the repeat.196,197 To determine how packaging of the repeat tract might affect higher order 

chromatin formation, we have begun development of a plasmid-based system that will 

allow us to generate di-nucleosomes, and eventually multi-nucleosome arrays. 
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5.3.1 Oligonucleotide synthesis and purification 

 The S1 duplex and the respective primers was synthesized and purified as 

described in chapter 2. In order to insert two S1 sequences into the pUC19 vector, 

forward and reverse primers containing the appropriate restriction sites were designed for 

either end of the S1 duplex (Figure 5.4). In addition, to provide adequate distance 

between the two S1 sequences, 22 nucleotides were added to the BamHI 1 and BamHI 2 

primers, so that the S1 sequences would be separated by 50 nucleotides, with the BamHI 

restriction site in the center.  

 

Figure 5.4 Primer design for construction of a di-nucleosome positioning sequence. Using 
the S1 positioning sequence (red), we constructed two sets of primers for PCR amplification 
(blue). The EcoRI and BamHI 1 primers were used in the first step of construction, inserting 
a S1 sequence into the pUC19 vector. The BamHI 2 and SphI primers were used to insert a 
second S1 sequence flanking the first. In order to provide sufficient space between the two S1 
sequences, each BamHI primer contacted and additional 22 nucleotides of random sequence. 
 
5.3.2 Inserting the first S1 sequence into the pUC19 vector 

 To create a di-nucleosome positioning sequence, S1 was first PCR amplified 

using the EcoRI and BamHI 1 primers. After PCR clean up with a Qiagen QIAquick PCR 

purification kit, both the S1+ (S1 plus the additional 22 nucleotides added to the BamHI 

1 primer) insert and the pUC19 vector were digested with EcoRI and BamHI (NEB) 

overnight at 37 °C in NEB buffer 3 (100mM NaCl, 50mM Tris-HCl, 10mM MgCl2, 1mM 

DTT, pH 7.9). After heat inactivation at 65 °C, the insert and vector were cleaned again 

to remove the restriction enzymes. The vector was then de-phosphorylated with calf 
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intestinal phosphatase (CIP, NEB) at 37 °C for 2 hours. After cleaning the vector to 

remove the CIP, the vector and insert were mixed at a 1:3 molar ratio and ligated 

overnight at 16 °C. 5 µL of the ligation was transformed into 50 µL of DH5-α cells, 

plated on LB plates containing 100 µg/mL ampicillin, and incubated overnight at 37 °C. 

Individual colonies were selected for overnight growth in 5 mL liquid LB plus 100 

µg/mL ampicillin. These cultures were used in a QIAprep Mini-Prep Kit to isolate the 

vector now containing the S1+ insert. To ensure that the S1+ insert had been properly 

incorporated into the vector backbone, a diagnostic PCR was performed using the EcoRI 

and BamHI 1 primers. Constructs that have successfully incorporated the S1+ insert are 

now labeled pCBV_S1+ (Figure 5.5). 

 

Figure 5.5 Plasmid map of pCBV_S1+. The S1 sequence (red) is inserted between the EcoRI 
and BamHI restriction sites within the multiple cloning site (MCS) of the pUC19 vector 
(blue). 
 
5.3.3 Inserting the second S1 sequence into the pCBV_S1+ vector 

 First, S1 was PCR amplified using the BamHI 2 and SphI primers. After PCR 

cleanup, the insert and pCBV_S1+ construct were digested with BamHI and SphI at 37 
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°C overnight in NEB buffer 4 (50mM Potassium Acetate, 20mM Tris-acetate, 10mM 

Magnesium Acetate, 1mM DTT, pH 7.9). From this point forward, the de-

phosphorylation, ligation, and transformation were carried out in the same manner as for 

the construction of the pCBV_S1+ construct. After isolating the plasmid from the 

overnight culture, diagnostic PCR was performed using the EcoRI and SphI primers. 

However, since these primers will bind with both the S1 sequences individually, 

diagnostic PCR was also performed with primers specific to the region of the pUC19 

backbone directly flanking the S1+S1 insert: forward primer 5!- 

GTAAAACGACGGCCAGTGAATTC-3! and reverse primer 5!-

GATTACGCCAAGCTTGCATGC-3!. Constructs containing the full S1+S1 insert were 

named pCBV_S1+S1 (Figure 5.6). 

 

Figure 5.6 Plasmid map of pCBV_S1+S1. The second S1 sequence (red) is inserted between 
the BamHI and SphI restriction sites within the multiple cloning site (MCS) of the pUC19 
vector (blue). 
 
5.3.4 Nucleosome exchange 

 To generate a radiolabeled DNA substrate, either the pUC19 forward or reverse 

primer was 5! radiolabeled using 32P following the manufacturers instructions. After PCR 
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amplification, the amplified DNA was electrophoresed in a 1% agarose gel. Bands 

containing the S1+S1 DNA were extracted from the gel using a Qiagen QIAquick Gel 

Extraction Kit. Samples were then quantitated using a NanoDrop spectrophotometer. 

A 50 µL incorporation reaction consisting of 100 ng of radiolabeled S1+S1 

duplex, 25 µg isolated nucleosomes, 1 M NaCl, and 10X exchange buffer (EB) (1X EB; 

5 mM Tris, pH 7.5) and an equivalent reaction lacking NCPs were incubated at room 

temperature. Donor nucleosomes were isolated as described previously and the exchange 

reaction followed the same procedure described in chapter 2. After the exchange was 

complete, samples were run in a 4% native polyacrylamide gel at 150 V for 4 hours at 4 

°C. The gel was then dried and used to expose a phosphorplate overnight. After exposure, 

the plate was then imaged using a BioRad Pharos phosphorimager. 

In order to determine if the S1+S1 substrate was indeed capable of forming di-

nucleosomes, we performed the salt-dialysis exchange reaction under saturating 

conditions, such that there would be ample histone cores available for each S1 sequence. 

Upon analysis by native PAGE, the reaction performed in the absence of donor 

nucleosomes runs as a single band, indicating both the purity of the PCR amplified 

sample and the migration of the free duplex. In the presence of donor chromatin, almost 

all of the S1+S1 substrate was found in a slower migrating species, indicating that the 

S1+S1 substrate forms nucleosomes (Figure 5.7).  

Figure 5.7 The PCR amplified 
S1+S1 sequence forms nucleosomes. 
An incorporation performed in the 
absence of chicken nucleosomes 
(NCP) (−NCP) and an incorporation 
performed in the presence of NCP 
(+NCP) are shown. 
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However, we cannot determine whether the S1+S1 substrate forms mono- or di-

nucleosomes from analysis of the native gel. We can only determine that the S1+S1 

sequence is interacting with the core histones, but not how many histone cores are present 

on the substrate. Previous research using other positioning sequences suggests that the 

presence of a saturating amount of histone cores is sufficient to drive formation of multi-

nucleosome complexes.283-285 However, to further investigate the composition of the 

incorporated S1+S1 substrate, it is best to evaluate the exchanged DNA with enzymatic 

probes. 

5.3.5 Exonuclease mapping 

 To determine if both nucleosome-positioning sequences are occupied in the 

S1+S1 incorporated DNA, Exonuclease III (Exo III) was used to map the position of the 

interacting nucleosomes. Nucleosomes were exchanged onto 500 ng of S1+S1 DNA in 

the manner described above. After the exchange was complete, an Exo III reaction was 

carried out as described in chapters 2 and 4. Following electrophoresis in a 4% native 

polyacrylamide gel, nucleosome samples were excised. After recovering the DNA, 1000 

counts per sample were loaded into a 4% denaturing polyacrylamide gel (0.4 mm thick, 

65 cm long). After electrophoreses at 65 W for 2.5 h, the gel was dried and used to 

expose a phosphorplate for 120 h.  

When Exo III encounters DNA interacting with the histone core, it pauses, 

leading to areas of increased strand cleavage. These areas of intense cleavage can be used 

to mark the position of the histone core relative to the end of the DNA duplex. When the 

S1+S1 free duplex is incubated with Exo III, there is unequal reactivity along the entire 

DNA substrate (Figure 5.8, - NCPs). However, once the DNA is incorporated into a  
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nucleosome, there is a change in the reactivity pattern. Where the Exo III digestion runs 

the full length of the free duplex, the digestion is limited to the 3! end of the incorporated 

DNA (Figure 5.8, + NCPs).  The Exo III digests through the pUC19 primer and into the 

first S1 sequence. If the digestion pattern of just the S1 sequence is compared with 

previous Exo III experiments performed on S1 in a mono-nucleosome (Figure 2.5, NCP, 

lane S), we find the reactivity is nearly identical, indicating that this S1 sequence contains 

a well-positioned nucleosome. When these reactions were carried out with the 

complementary strand radiolabeled (Figure 5.9), we observe the same change in Exo III 

Figure 5.8 Exonuclease III digestion 
reveals the translation position of the 
DNA around the histone cores. 
Reactions were performed on both 
free duplex (-NCPs) and nucleosome 
(+NCPs) samples. The marker lane 
(M) consists of single stranded 
S2_HP, a 276 nucleotide long 
sequence discussed in chapter 4. The 
blue ovals located to the right of the 
image indicate the position of the 
histone core and the red lines indicate 
the location of the S1 positioning 
sequences. 
 

Figure 5.9 Exonuclease III digestion reveals the 
translation position of the DNA around the 
histone cores. Reactions were performed on both 
free duplex (-NCPs) and nucleosome (+NCPs) 
samples. The blue oval located to the right of the 
image indicates the position of the histone core 
and the red line indicates the location of the S1 
positioning sequence. 
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reactivity, indicating that both S1 sequences contain well-positioned nucleosomes and 

thus we have successfully created di-nucleosomes. We can now use these techniques to 

construct DNA containing a wide variety of both healthy- and disease-length repeats.  
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Chapter 6 

Conclusions: Small Changes in Sequence, Structure, and Length can Have Large 

Effects on Nucleosome Formation 

 In the work presented in the previous chapters, we have investigated the behavior 

of several TNRs in different biological contexts, particularly that of the nucleosome core 

particle. In order to investigate the behavior of healthy-length CAG/CTG repeats 

associated with HD within the packaged genome, we designed 146 bp DNA duplexes 

containing various lengths of CAG/CTG repeats. Our results demonstrate that, like their 

disease-length counterparts, healthy-length repeats have an increased affinity for the 

histone core, though that affinity is moderated by the presence of the HTT flanking 

sequence. Furthermore, healthy-length CAG/CTG repeats alter the position of DNA in a 

nucleosome in a length-dependent manner. As the repeats expand across the healthy 

range, both the translational and rotational positioning change until the repeat tract is 20-

30 repeats in length. At this length the CAG/CTG repeats dictate the position of the DNA 

in the nucleosome, regardless of the flanking sequence. Interestingly, the periodicity of 

the CAG/CTG repeats was consistently ~10.7 bp/turn regardless of length or flanking 

sequence. This periodicity matches the preferred periodicity adopted by DNA around the 

~30 bp region surrounding the dyad axis, a difficult region of the histone core for the 

DNA to accommodate, which may explain why CAG/CTG repeats are preferentially 

located at this region. These results highlight the changes in DNA packaging that take 

place as the repeat tract expands and importantly illustrate a key difference between 

healthy- and disease-length repeats; while healthy-length repeats must balance the 

competing effects of the CAG/CTG repeats and the flanking sequence on both affinity for 
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the histone core and DNA position in the nucleosome, disease-length CAG/CTG repeats 

are the dominant force in both nucleosome formation and positioning, regardless of the 

flanking sequence, as the disease-length repeat tract is itself able to occupy the DNA in 

closest contact with the histone core, leaving the flanking sequence in the regions that 

only transiently interact. Further expansion within the disease range, increasing the repeat 

number over 49, will produce nucleosomes that are fully occupied by CAG/CTG repeats. 

We next investigated the behavior of healthy-length CGG/CCG repeats in the 

nucleosome. Here we were interested in a particular feature of the healthy-length repeat 

tract associated with FXS; healthy-length repeats contain AGG/CCT interruptions every 

9-10 repeats and an interrupted repeat tract is less likely to expand than an uninterrupted 

repeat tract.42-48 We first determined that, unlike their disease-length counterparts, which 

decrease the levels of nucleosome formation, 19 CGG/CCG repeats had little effect on 

nucleosome incorporation and the presence of a single interruption actually increased 

affinity for the histone core. Furthermore, not only did the presence of the uninterrupted 

19 CGG/CCG repeats alter the rotational and translational position of the DNA, but the 

addition of the AGG/CCT interruptions further altered the position of DNA in a 

nucleosome. When we measured the periodicity of the interrupted and uninterrupted 

CGG/CCG repeats, we found that the presence of an interruption increases the periodicity 

of the repeat tract, indicating that interrupted CGG/CCG repeat tracts are better able to 

accommodate bending around the histone core, particularly at the dyad axis. We again 

demonstrated the effects of flanking sequence on the behavior of the repeat tract; not only 

does the FMR1 flanking sequence decrease affinity for the histone core, but it also 

allowed the formation of a heterogeneous population of nucleosomes. Interestingly, these 
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results may provide insight into the protective role played by the AGG/CCT 

interruptions; the presence of an interruption may alter the interaction between the repeat 

tract and the histone core in the packaged genome, which could partially explain the 

difference in expansion ability between an interrupted and uninterrupted repeat and why 

the loss of a single interruption can have such immediate consequences. 

Before we could investigate the effect of hairpin formation on chromatin 

packaging, we needed to characterize the behavior of a CAG hairpin in the DNA alone. 

Building from oligonucleotide systems previously characterized in the lab,59,242 we 

demonstrated that the 8-oxoG lesion is able to restrict the location of the CAG hairpin 

arm in a three-way junction, such that the lesion is positioned at or near the loop, where 

repair would be inefficient. We then demonstrated that the ability to alter the structure of 

the three-way junction is driven by the thermodynamic properties of the 8-oxoG lesion 

within the CAG hairpin. Furthermore, these results indicate that during the toxic 

oxidation cycle, upon oxidation of the G in the hairpin loop, the resulting 8-oxoG will 

remain within the loop rather than shifting to a location in the hairpin stem or flanking 

duplex, where the lesion might be more easily repaired. 

Finally, we addressed the behavior of the three-way junction in the packaged 

genome. Using a slightly longer DNA construct, we determined that the presence of a 

(CAG)10 hairpin significantly decreases the affinity of the DNA duplex for the histone 

core, regardless of whether the hairpin is in a fixed position or can move relative to the 

complementary strand. However, using enzymatic footprinting, we determined that the 

hairpin has the ability to alter both the translational position of the DNA as well as locally 

alter the rotational position of the DNA around the histone core, which could have 
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profound effects on the functional organization of the repeat tract if a hairpin was to form 

on a packaged CAG repeat during the toxic oxidation cycle. 

Thus we have established a systematic and thorough exploration of the behavior 

of several healthy-length TNRs in various contexts, both packaged and unpackaged and 

both hairpin and canonical duplex. These results describe the behavior of healthy length 

repeats within the packaged genome, revealing that even relatively small changes in 

length, sequence context, and structure can have profound effects on the functional 

organization of genes containing TNRs. Importantly, these results also highlight the 

differences in genomic packaging between healthy- and disease-length repeats, providing 

a reminder that, in order to understand how the expansion process occurs within the 

packaged genome, we cannot assume that healthy- and disease-length repeats behave in 

the same manner; there will likely be significant differences between the two 

classifications in both the affinity for the histone core and the position of the DNA in a 

nucleosome. By performing experiments using TNRs incorporated into nucleosomes, 

both as single NCPs and higher order chromatin structures, we can investigate the 

behavior of TNRs in the packaged genome with a high level of control, looking for small 

changes that might influence the expansion of the repeat tract. Using the NCP as our 

substrate, we can better understand every facet of expansion and how it occurs the 

packaged genome. 
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Appendix A: Protocols 

Isolation of Nucleosome Core Particles  

Nucleosome core particles (NCPs) are composed of 146 base pairs of DNA wrapped 

around the core histone octamer. The histone core is described as two dimers of dimers: 

histones H3 and H4 form a dimer and then dimerize with a second H3/H4 dimer; histones 

H2A and H2B form a dimer and the H3/4 dimer recruits two H2A/H2B dimers to form 

the histone core. The NCP is the most basic unit of chromatin packaging in cells. In the 

cell NCPs are further packaged using an additional histone protein, the linker histones 

H1/H5 (H5 is only found in avian erythrocytes). 

 

We can isolate chromatin from natural sources, replace the native DNA with our DNA of 

interest, and use these constructs to ask questions about our DNA of interest in a more 

cellular context. In the Delaney lab, we isolate NCPs from chicken red blood cells (which 

are nucleated, unlike their mammalian counterparts), but these methods would need only 

minimal modification for other biological sources. This protocol is written such that the 

entire yield of isolated nuclei is used for NCP isolation, but the isolated nuclei can be 

aliquoted, stored at -20°C, and used as needed. Just make sure to adjust the volumes of 

each added solution accordingly. 

 

Materials: 

500 mL Chicken Blood (Pel Freeze Biologicals, comes stored in sodium citrate) 

Buffer A (pH 7.5): 

 15 mM Tris HCl 
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 60 mM KCl 

 15 mM NaCl 

 0.15 mM spermine 

 0.5 mM spermidine 

Solution X (pH 7.5): 

 Buffer A 

340 mM sucrose 

 *0.2 mM phenylmethylsulfonyl fluoride (PMSF) 

 *1 mM benzamidine 

 2 mM EDTA 

 0.5 mM EGTA 

 *15 mM β-mercaptoethanol 

 (* added fresh before use) 

Solution L (pH 7.5): 

 Solution X 

 0.1% (v:v) Nonidet P40 

Solution N (pH 7.5): 

 Buffer A 

 340 mM sucrose 

 *0.2 mM phenylmethylsulfonyl fluoride (PMSF) 

 *15 mM β-mercaptoethanol 

 (* added fresh before use) 

Solution R (pH 8): 
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 10 mM Tris 

 0.2 mM EDTA 

 *0.2 mM phenylmethylsulfonyl fluoride (PMSF) 

 (* added fresh before use) 

Solution S (pH 7.5): 

 630 mM NaCl 

 20 mM Tris 

 0.2 mM EDTA 

 *0.2 mM phenylmethylsulfonyl fluoride (PMSF) 

 (* added fresh before use) 

Solution D (pH 7.5): 

 10 mM Tris 

 0.2 mM EDTA 

 *0.2 mM phenylmethylsulfonyl fluoride (PMSF) 

 (* added fresh before use) 

4 M NaCl 

Micrococcal nuclease 

1 M CaCl2 

100 mM EDTA 

2 heavy-duty centrifuge bottles 

Large capacity centrifuge (Cane lab) 

Bench top centrifuges  

Concentrators 
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Tall glass chromatography column 

Sepharose 4B 

20% ethanol 

4-20% tris-gycine SDS-PAG (Invitrogen) 

1X tris-glycine running buffer (pH 8.3) 

 10X from Invitrogen 

 25 mM Tris 

 250 mM Glycine 

 0.1% (w/v) SDS 

2X SDS loading buffer 

Coomassie Brilliant Blue  

 0.25 g Coomassie brilliant blue 

 50 mL methanol 

 40 mL H2O 

 10 mL glacial acetic acid 

Coomassie Destain 

 50 mL methanol 

 40 mL H2O 

 10 mL glacial acetic acid 

 

PART A: Isolation of Nuclei 

1. Pour chicken blood into two heavy-duty centrifuge bottles. 

2. Centrifuge for 12 minutes; 6000 rpm, 4°C. 
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3. Discard supernatant (plasma) and resuspend each pellet in 250 mL cold solution X 

4. Repeat steps 2 and 3 until the supernatant is clean (2-3 rounds). 

5. Resuspend each pellet in 250 mL of cold solution L to lyse the cell membranes 

(but not the nuclear membranes). 

6. Centrifuge for 5 minutes, 6000 rpm, 4°C. 

7. Discard supernatant and resuspend each pellet in 250 mL cold solution X. 

8. Repeat steps 6 and 7 three times, or until all the hemoglobin is washed away and 

the pellet (washed nuclei) is white. 

9. Resuspend each pellet in 250 mL of cold solution N. 

10. Centrifuge for 5 minutes, 6000 rpm, 4°C. 

11. Discard the supernatant and either resuspend each pellet in 50 mL solution N (100 

mL total; for immediate use) or 50 mL 50% solution N, 50% glycerol (100 mL 

total; for storage at -20°C). 

 

PART B: Isolation of Nucleosome Core Particles  

1. If the nuclei are coming out of the freezer, add 400 mL solution N and re-pellet 

(centrifuge for 5 minutes, 6000 rpm, 4°C) the nuclei to remove the glycerol; 

resuspend both pellets in 100 mL (total) solution N. If the nuclei have not been 

frozen skip this step. 

2. Place resuspended nuclei in an Erlenmeyer flask. 

3. Add 1 M CaCl2 to the nuclei to a final concentration of 1 mM (~100 µL). 

4. Incubate at 37°C for 10 minutes.  

5. Add micrococcal nuclease to 200 U/mL; digest for 5 minutes at 37°C. 
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6. Quench digestion with 100 mM EDTA to a final concentration of 2 mM (~2 mL) 

7. Pour digested nuclei into centrifuge bottles. 

8. Centrifuge for 12 minutes; 6000 rpm, 4°C. 

9. Discard supernatant and resuspend the nuclei in 50 mL solution R (the low salt 

concentration of solution R lyses the nuclear membrane). 

10. Let the suspension shake overnight in the cold room to bring the digested 

chromatin into solution. You should be able to see the nuclei lyse and the 

chromatin come out from the nucleus; the nuclei are very sticky and will clump 

together (it will look a bit like boogers) and the chromatin looks like fluff 

surrounding the sticky, nuclear mess. 

11. Make sure the Sepharose column is equilibrated with solution S. The column is 

either stored dry, in which case it needs to be filled with Sepharose or contains 

washed Sepharose. In either case, the 20% ethanol that the Sepharose is stored in 

needs to be removed. Flush the column through with at least 300 mL of solution 

S. The column can then be stored overnight at 4°C. 

 

PART C: Purification of Nucleosome Core Particles  

1. Pour the lysed nuclei into centrifuge bottles. 

2. Centrifuge for 12 minutes; 6000 rpm, 4°C. 

3. SAVE THE SUPERNATANT, which contains the digested chromatin, and 

discard the pellet, which contains the remaining nuclear components. 

4. Using the 25 mL Amicon filters, concentrate the chromatin to less than 5 mL. 

5. Measure the volume of the chromatin solution and store the flask at 4°C. 



 

 199 

6. Add 4 M NaCl dropwise to a final concentration of exactly 0.65 M. The solution 

should turn clear to cloudy to clear. This dissociates the linker histones from the 

NCP. 

7. Apply the solution to a Sepharose 4B column pre-equilibrated solution S, using 

the flow adaptor. Collect and save the flow through. DO NOT LET THE 

COLUMN RUN DRY!!!!!!! Once all the chromatin has been applied to the 

column, run the column with solution S, collecting a 20 mL fraction, then 20 5 

mL fractions, then at least 2 more 20 mL fractions. Store the fractions at 4°C. 

8. Clean the column by flushing it with at least 300 mL of 20% ethanol or, if the 

column will not be needed for a while, run the column dry and remove the 

Sepharose. Save the Sepharose since it can be used again; store it at 4°C in 20% 

ethanol. 

 

PART D: Analysis of Column Fractions 

1. Remove 500 µL from as many fractions as you can fit on an Invitrogen pre-

poured 4-20% SDS-PAGE gel. Make sure to get good coverage across the 

fractions. Use the small Amicon concentrators to reduce the volume to ~20 µL 

(centrifuge at 14000 rpm, 25 minutes). 

2. Mix sample with an equal volume SDS loading buffer. 

3. Place gel in chamber and make sure it is properly sealed. Fill the entire gel rig 

with 1X tris-glycine buffer. 

4. Load 20 µL into each well. Remember to leave a well for a size marker. 

5. Run the gel at 125 V for 1.5 to 2 hours. 
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6. Remove the gel from the plastic casing and place in coomassie stain. Place in 

shaking incubator at 37 °C for ~5 hours to overnight.  

7. Place gel in destain. Let shake overnight. 

8. Image gel. Store in water.  

9. Analyze column fractions for presence of histones H2A, H2B, H3, H4, and H5. 

 

Figure 1: SDS-PAGE analysis of column fractions. Core histones run around 14 kD, while linker histones 

run at 21.5. Remember that nucleosomes come off the column early because the column is under native 

conditions. The chromatin is very large compared to the dissociated linker histones and other cellular 

proteins. 

 

PART E: Second Chromatin Digest  

1. Combine the fractions that contain only the core histones and concentrate them in 

the Amicon concentrators. 

2. Repeat the micrococcal nuclease digestion (Part B, steps 3-6). 

3. Reapply the digested chromatin to the pre-equilibrated Sepharose column. 

4. Repeat the fraction collection and analysis process. 

 

PART F: Storage of Nucleosomes 
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1. Combine all column fractions that contain only the core histones (no linker 

histones). 

2. Dialyze against solution D. 

3. Concentrate the sample using an Amicon concentrator. 

4. Perform a Bradford assay to determine the mg/mL concentration of NCPs. The 

concentration should be 1 mg/mL or higher. 

5. Store at 4°C. 
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Agarose and SDS-Agarose Gel Electrophoresis 

Another form of electrophoresis used to separate DNA uses agarose in the gel matrix. 

This electrophoretic method is primarily used to separate larger pieces of DNA, usually 

PCR products and digested fragments isolated from plasmids. It can also be used to 

separate the DNA component from the protein component of nucleosome core particles, 

when the denaturant sodium dodecyl sulfate (SDS) is added to the loading dye. DNA will 

separate based on its size and then a chemical intercalater can be used to visualize each 

band. 

 

Materials: 

Agarose 

1X TBE (National Diagnostics) 

Agarose gel apparatus (horizontal electrophoresis unit) 

Loading dye 

 SDS loading dye (Invitrogen) 

 Non-denaturing dye (See native PAGE protocol) 

Appropriate size marker (10 bp, 100 bp, or 1 kb) 

10% SDS 

Visualization intercalater (Both used in lab are light sensitive; make sure they are covered 

in aluminum foil) 

 Sybr gold (10 µL stock in 100 mL 1X TBE) 

 10 mg/mL Ethidium Bromide stock 
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Caution!!! Use proper personal protective equipment (gloves and goggles) when working 

with the DNA intercalaters. They are potential carcinogens (they intercalate into DNA; 

you don’t want them to intercalate into yours). 

 

PART A: Agarose matrix preparation 

1. Measure out agarose for the correct percentage gel (we use a 1% gel: 1 g per 100 

mL). Pour into an Erlenmeyer.  

2. Add 100 mL 1X TBE to agarose. 

3. Heat in microwave until matrix just begins to boil. 

4. If you plan to stain with ethidium bromide add 5 µL now, and swirl to mix. DO 

NOT add Sybr Gold to the gel matrix. 

5. Pour the matrix into the gel tray, sealed in the electrophoresis rig. 

 

PART B: Running the gel 

1. Once the gel has hardened, turn the gel such that the wells are at the negative 

electrode (the DNA backbone is negatively charged and will migrate toward the 

positive electrode). 

2. Mix equal volumes of sample and dye. 

a. If the sample is resuspended in SDS dye (nucleosome samples), it needs to 

be heated at 90°C for ~10 minutes before loading. 10% SDS will need to 

be added to an aliquot of the ladders as well (1% SDS in the final sample) 

and heated as well. 

3. Load sample into well. 
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4. Electrophorese samples at 100 V. The time will depend on the individual sample 

(~45 minutes for nucleosome samples). Once the samples are properly separated, 

the gel is ready for imaging. 

 

PART C: Visualization  

1. If the sample has been run with ethidium bromide, it can be placed directly in the 

UV light box and imaged. 

2. If the sample needs to be stained with Sybr Gold, pour the dilution into an empty 

P1000 tip box. Cover with aluminum foil. 

a. Remove the gel from the tray and place it directly into the Sybr Gold. 

b. Place it on a shaking table for ~1 hour. 

c. Remove the gel from the Sybr Gold and place it in the UV light box. 

3. Turn on the UV light and camera. 

a. Make sure the door is closed properly, or the UV light won’t come on. 

4. Adjust the camera settings (on the light box, not the camera) so that the gel is 

properly exposed and capture and save an image. 

 

Figure 1: Semi-denaturing agarose gel of an isolated NCP fraction. The DNA runs at ~200 base pair, 

which is about the length associated with one NCP. 
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Competitive Exchange of DNA into Nucleosome Core Particles 

To determine the relative efficiency of DNA incorporation into the nucleosome, we 

perform a competitive nucleosome exchange. This is just like the regular exchange 

procedure, but now there is calf thymus DNA added as a competitor. 

 

 

 

Materials: 

Purified NCPs 

Radiolabeled 146-mer duplex 

1 mg/mL CT-DNA 

100 µL 10X Exchange Buffer (EB, pH 8.0), 50 mM Tris can also be used 

 200 mM Tris  

10 mM EDTA 

10 mM β-mercaptoethanol 

 4 M NaCl 

Amicon micro-concentrators 

5% native gel 
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PART A: NCP exchange 

1. Prepare 4 reactions per DNA sample: 1 duplex control where no NCPs are added 

to the reaction and 3 replicates with NCPs added. 

2. Mix a 50 µL exchange reaction. Incubate 1 hour at room temperature. 

a. 12.5 µL 4 M NaCl 

b. 5 µL radiolabeled duplex (~2 pmol or 50 ng) 

c. 2.5 µL CT-DNA (1 mg/mL) 

d. 5 µL 10X EB 

e. 25 µL digested NCPs or buffer for duplex control. 

3. Add 16.5 µL 1X EB. Incubate 1 hour RT. 

4. Add 16.5 µL 1X EB. Incubate 1 hour RT. 

5. Add 17 µL 1X EB. Incubate 1 hour RT. 

6. Add 100 µL 1X EB. Incubate 15 min RT. 

7. Add 100 µL 1X EB. Incubate 15 min RT. 

8. Add 100 µL 1X EB. Incubate 15 min RT. 

9. Add 100 µL 1X EB. Incubate 1 hour 37°C. 

10. Concentrate samples, 30 min, 14000 rpm. 

11. Add 1/6th the total volume of 6X non-denaturing dye. 

12. Load ~ 12 µL of each sample into a small 5% native gel; run 4 hrs at 100V.  

13. Disassemble gel and place it in a cassette for ~30 minutes. 

14. Image. 
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a. Since these will be used for quantification, it’s important that it not be 

over-exposed. 

 

PART B: Quantification  

1. Use the box quantitation method to draw boxes around the duplex and NCP. 

Make sure to include a background box. Copy and paste the boxes so that they are 

all the same size. 

a. Repeat for all samples. 

2. Export the counts in each box as a text file. 

3. Open the file in Excel. 

4. Calculate the ratio of DNA in the NCP band to the DNA remaining as free duplex 

for each sample. Then calculate the standard deviation. 

a. To get the most accurate results, it’s best to repeat this experiment on a 

second and third day. Then calculate the standard error for all of the 

experiments. 
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Hydroxyl Radical Footprinting 

Hydroxyl radical footprinting is a technique that allows reaction along a DNA backbone, 

except where a protein is bound, which protects the DNA backbone from cleavage. This 

allows us to map exactly where a protein contacts the DNA backbone. The hydroxyl 

radical is generated by the Fenton reaction, in which [Fe(II)(EDTA)]2- reacts with H2O2 

producing the (•OH), (-OH), and [Fe(II)(EDTA)]1-. Sodium ascorbate is added to the 

reaction to reduce the [Fe(II)(EDTA)]1-. 

 

Figure 1: Hydroxyl radical footprinting creates a strand break through hydrogen abstraction from the C5'. 

 

Hydrogen atom abstraction can occur at either of the hydrogens at C5'. In a minority of 

reactions, it can also occur at C4'. During the reaction, 90% of the strand breaks will form 

the strand break indicated in the figure above. It’s important to note that the radiolabeled 

fragment visualized during phosphorimagery is 1 nucleotide shorter than the position 

where the reaction occurred (reaction at nucleotide 50 will result in a 49 nucleotide 

fragment). 

Unfortunately, the process of optimizing the footprinting reaction for a new substrate can 

be quite difficult. The protocol that follows is a good place to start, but may need some 

tweaking. 
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Materials: 

Radiolabeled DNA/protein complex in Sodium Phosphate or 10 mM or less Tris buffer 

 (reaction will not occur efficiently in buffers more than 10 mM Tris)  

Radiolabeled DNA without protein bound 

(NH4)2Fe(SO4)2•6H2O 

EDTA 

Labeled aluminum foil caps (these are labeled with reagent names; do not discard them) 

Sodium ascorbate 

H2O2 

Thiourea 

1 mg/mL CT-DNA 

10% SDS 

Phenol:chloroform 

3 M sodium acetate 

Ethanol 

Denaturing polyacrylamide gel and accompanying supplies 

 

PART A: Reagent preparation 

1. Iron(II)EDTA 

a. Prepare a 20 mM Fe(II) stock by dissolving 40 mg (NH4)2Fe(SO4)2•6H2O 

in 5 mL H2O. 

b. Mix equal volumes of the 20 mM iron(II) stock and 40 mM EDTA. 
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c. Dispense aliquots into Eppendorf tubes covered in aluminum foil 

(Fe(II)EDTA is light sensitive) and store them at -20°C.  

d. Use a fresh tube each day you perform reactions. 

e. Make a 1:10 dilution for use in the reactions. 

2. Sodium ascorbate 

a. Prepare a 10 mM solution by dissolving 20 mg in 10 mL of water. 

b. Dispense aliquots into Eppendorf tubes covered in aluminum foil (sodium 

ascorbate is light sensitive) and store them at -20°C. 

c. Use a fresh tube each day you perform reactions. 

3. H2O2 

a. Prepare a 0.6% (w:v) by mixing 98 µL water with 2 µL 30% H2O2. This 

can be made fresh before starting the reactions. 

4. Stop solution 

a. Prepare a 100 mM thiourea solution by dissolving 7.6 mg in 1 mL of 

water. 

b. Store at 4°C. 

 

PART B: Hydroxyl radical footprinting of protein binding 

1. Prepare samples for footprinting reaction. Make sure to perform the experiments 

on both free duplex and protein bound samples. 

a. Control reaction, with no footprinting reagents added to the sample, and 3 

experimental reactions incubated for 1, 2, or 5 minutes. 

b. 9.5 µL DNA in each Eppendorf tube; add 0.5 µL 1 mg/mL CT-DNA. 
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2. To initiate the reaction, spot 1 µL of the Fe(II)EDTA, sodium ascorbate, and 0.6% 

H2O2 individually on the wall of the Eppendorf tube. Use a pipette tip to mix all 

the drops together and immediately vortex the sample to add the reagents to the 

DNA solution. 

3. Incubate the reaction at room temperature for the appropriate amount of time. 

4. Quench the reaction with 1 µL of thiourea. 

5. Add 1.5 µL 10% SDS and heat at 90°C for 5 minutes. 

6. Add 50 µL phenol:chloroform and vortex thoroughly (the mixture should turn 

white). 

7. Centrifuge 1 minute at max speed. 

8. Remove the aqueous phase (should be on top) being careful not to collect any of 

the insoluble layer or the organic phase.  

a. Check both fractions for radioactivity; the radiolabeled DNA should be in 

the aqueous phase. 

b. For most samples one round of phenol chloroform extraction is sufficient, 

but if you are concerned about carry over from the insoluble layer or 

organic phase, the process can be repeated. 

9. Add 1.5 µL 3 M sodium acetate to the DNA. Vortex. 

10. Add 500 µL ethanol and place in dry ice for at least 20 minutes. 

11. Centrifuge 14,000 rpm, 5 minutes, 4°C. 

12. Remove the supernatant, being careful not to disturb the pellet. 

13. Dry the DNA. It is now ready to be counted, resuspended in denaturing dye and 

run out in a denaturing gel. 
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An excellent protocol was written by Jain and Tullius in Nature Protocols.1 The 

footprinting reactions on NCPs can be found in the Ober and Lippard papers.2,3 

(1) Jain, S. S.; Tullius, T. D.; Nat Protoc 2008, 3, 1092. 

(2) Ober, M.; Lippard, S. J.; J Am Chem Soc 2007, 129, 6278. 

(3) Ober, M.; Lippard, S. J.; J Am Chem Soc 2008, 130, 2851.  
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Hydroxyl Radical Footprinting of DNA Within the Nucleosome 

Hydroxyl radical footprinting is a technique that allows reaction along a DNA backbone, 

except where a protein is bound, which protects the DNA backbone from cleavage. This 

allows us to map exactly where a protein contacts the DNA backbone. The hydroxyl 

radical is generated by the Fenton reaction, in which [Fe(II)(EDTA)]2- reacts with H2O2 

producing the (•OH), (-OH), and [Fe(II)(EDTA)]1-. Sodium ascorbate is added to the 

reaction to reduce the [Fe(II)(EDTA)]1-. 

 

Figure 1: Hydroxyl radical footprinting creates a strand break through hydrogen abstraction from the C5'. 

 

Hydrogen atom abstraction can occur at either of the hydrogens at C5'. In a minority of 

reactions, it can also occur at C4'. During the reaction, 90% of the strand breaks will form 

the strand break indicated in the figure above. It’s important to note that the radiolabeled 

fragment visualized during phosphorimagery is 1 nucleotide shorter than the position 

where the reaction occurred (reaction at nucleotide 50 will result in a 49 nucleotide 

fragment). 

Unfortunately, the process of optimizing the footprinting reaction for a new substrate can 

be quite difficult. The protocol that follows is a good place to start, but may need some 

tweaking. 
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Materials: 

Radiolabeled Duplex 

NCPs 

4 M NaCl 

50 mM Tris 

5 mM Tris 

0.5 mL and 15 mL Amicon concentrators  

Footprinting reagents 

 See previous HRF protocol for preparation 

50% glycerol 

100 mM EDTA 

1 mg/mL CT-DNA 

5% native gel and accompanying supplies 

Phenol:Chloroform 

100% Ethanol 

7.5 M ammonium acetate 

8% Denaturing polyacrylamide gel and accompanying supplies 

 

PART A: Nucleosome preparation 

1. Prepare exchange reaction 

a. 12.5 µL 4M NaCl 

b. 25 µL 1 mg/mL NCPs 

c. 5 µL 50 mM Tris  
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d. 7.5 µL radiolabeled duplex (10-100 pmol) 

2. Incubate 1 h at room temperature.  

3. Add 16.5 µL 5 mM Tris. Incubate 1 h at room temperature. 

a. Repeat step 3 twice more, adding a total of 50 µL 5 mM Tris, bringing the 

reaction volume to 100 µL 

4. Add 100 µL 5 mM Tris. Incubate 10 min at room temperature. 

a. Repeat step 4 twice more, bringing the reaction volume to 400 µL 

5. Add 100 µL 5 mM Tris. Incubate 1 h at 37 °C. 

a. This brings the final reaction volume to 500 µL 

6. Transfer each reaction to a 0.5 mL concentrator 

a. Centrifuge at maximum speed, 30 min, 4 °C 

 

PART B: HRF reactions on nucleosomes 

1. Transfer 52.5 µL of the exchanged nucleosomes to a clean eppendorf tube  

2. Add 7.5 µL of each reagent to the side of the eppendorf tube; do not mix 

3. Vortex the sample; this will mix both the reagents and the sample, starting the 

reaction 

4. Incubate at RT for 5 minutes 

5. Quench with 8 µL 100 mM EDTA and 8 µL 50% glycerol 

6. Immediately run your entire sample in an 8 mm, 5% native gel 

a. 150 V, 3 h 

7. Expose the gel for ~20 minutes; use the image to identify your nucleosome band 

8. Excise the nucleosomes and crush and soak them overnight at 37 °C 
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9. Centrifuge the crush and soak, collecting the supernatant 

10. Concentrate the supernatant using a 15 mL amicon concentrator 

a. 3220 × g, 50 min, leaves ~0.5 mL of recovered nucleosomes 

11. Add SDS to 0.01%; heat at 90 °C for ~10 min 

12. Extract samples twice with 400 µL of phenol:chloroform 

13. Ethanol precipitate the DNA with 50 µL 7.5 M ammonium acetate and 700 µL 

ethanol 

14. Samples are now ready for evaluation in an 8% denaturing gel 

 

PART C: HRF reactions on free duplex 

1. Bring 5 pmol of free duplex to 52.5 µL  

2. Add and mix the HRF reagent as described for the nucleosome samples  

3. Incubate at RT for 2 minutes 

4. Quench with 8 µL 50% glycerol and 8 µL 1 mg/mL CT-DNA 

5. Ethanol precipitate the DNA with 50 µL 7.5 M ammonium acetate and 500 µL 

ethanol 

6. Samples are now ready for evaluation in an 8% denaturing gel 

 

PART D: Evaluating the reactions 

1. Pour a long, 8% denaturing gel (pour it the day you are going to use it) 

a. The long gels leak. A lot. Make sure to have at least 100 mL of matrix 

even though the gel only takes about 40 mL. 

2. Pre-run the gel at 80 W 
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3. Count your samples 

a. Prepare each sample at 5000 counts/µL in 100% formamide  

4. Load 15,000 counts per well (3 µL) 

a. You’ll only be able to run ~10 samples per gel. The first two lanes on 

either side won’t migrate properly 

5. Run at 65 W for 2.5 hours (146-mers) 

a. This will put the parent band just below the filter paper used in the gel 

dryer 

6. Dry the gel 

a. Using saran wrap, pull the gel off the glass plates 

b. Cut a piece of filter paper in half along the long axis 

c. Align the filter paper with the bottom edge of the gel and place flat against 

the gel 

d. Cut off the top of the gel (the area not covered by the filter paper) 

i. Check for radioactivity and discard 

e. Trim the edges of the filter paper and place in the gel dryer 

7. Use the gel to expose a phosphor plate for 4 days 

 

PART E: Processing the Data 

1. Import the gel file into the ImageLab software. 

2. Define each lane, then each band within the lane. 

a. To make sure you get the area under the curve you’ll have to adjust the 

band manually using the lane profile. 



 

 218 

3. Export the intensity of each band as an excel file.  

4. Using the marker lane, determine which band corresponds to which base number. 

5. Apply a moving average with a window of five to the data. This is the data that 

will be imported into Origin to determine the periodicity, as well as the 

translational and rotational positions. 

 

PART F: Determining the Periodicity 

1. Import the data into Origin and generate a graph. This should appear as an 

oscillating line. 

2. Using the background subtraction feature, straighten the oscillating line by 

aligning the troughs. 

3. Using the non-linear curve fitting function, fit a sine wave to the data start with a 

best guess of ~ 10 and allow the software to refine the fit until the chi-squared 

stops changing. You may also have to refine some of the other parameters of the 

fit to get a reasonable result. 

 

PART G: Determining the Position of the Dyad Axis 

1. Using the peak finder function in Origin, determine the base with maximal or 

minimal reactivity for each period; these may have to be adjusted based on your 

own analysis of the data. 

2. Determine the number of nucleotides between two consecutive maxima (y = 

maxn − maxn−1) and plot that value against the average value of the maxima [x = 

(maxn + maxn−1)/2]. Apply a moving average of 2 or 3. 
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3. Use these points to construct the curve, the highest peak of which will be the 

location of the dyad axis. 

 PART H: Determining the Rotational Position 

1. Export the background subtracted data back into Excel. 

2. Overlay the data from both strands of the duplex, with one strand displayed in the 

5! to 3! direction and the other in the 3! to 5! direction. 

3. Using the maxima from the 5! to 3! strand, determine the closest maxima from the 

3! to 5! strand. This is the location of the minor groove. 
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Enzymatic Reactions of DNA Within the Nucleosome 

While chemical footprinting of nucleosomes provides the most detailed analysis of DNA 

behavior, it is often beneficial to perform a more general analysis using enzymes such as 

DNase I and Exo III. DNase I is an endonuclease that creates single-strand nicks. While 

DNase I does not possess strict sequence dependency, it does cleave preferentially at 

some sequences, mainly depending on minor groove width and DNA flexibility. DNase I 

will only be able to cleave areas of the DNA facing away from the histone core, leading 

to a pattern similar to that of the hydroxyl radical, but complicated by the sequence 

preference of the enzyme. Exo III is a 3' to 5' exonuclease, which digests duplex DNA. 

When the enzyme encounters DNA that is interacting with the histone core it pauses, 

which results in intense strand cleavage. These locations of intense strand cleavage map 

the translational position of the DNA. Like with the hydroxyl radical footprinting, 

separate experiments should be carried out with free duplex and nucleosomal substrates 

and with each complementary strand of the duplex radiolabeled. 

While reaction with S1 nuclease does not produce a footprint, the methodology is the 

same as the footprinting enzymes. S1 nuclease recognizes and cleaves single stranded 

DNA. 

 

Materials: 

Radiolabeled Duplex 

NCPs 

4 M NaCl 

50 mM Tris 
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5 mM Tris 

0.5 mL and 15 mL Amicon concentrators  

Enzyme and enzyme buffer 

DNase I buffer (100 mM Tris, 25 mM MgCl2, 5 mM CaCl2, pH 7.6), NEB1 buffer 

(100 mM Bis Tris propane-HCl, 100 mM MgCl2, 10 mM DTT, pH 7.0), or S1 

nuclease buffer (500 mM sodium acetate, 2.8 M NaCl, 45 mM ZnSO4, pH 4.5) 

50% glycerol 

100 mM EDTA 

1 mg/mL CT-DNA 

5% native gel and accompanying supplies 

Phenol:Chloroform 

100% Ethanol 

7.5 M ammonium acetate 

8% Denaturing polyacrylamide gel and accompanying supplies 

 

PART A: Nucleosome preparation 

1. Prepare exchange reaction 

a. 12.5 µL 4M NaCl 

b. 25 µL 1 mg/mL NCPs 

c. 5 µL 50 mM Tris  

d. 7.5 µL radiolabeled duplex (10-100 pmol) 

2. Incubate 1 h at room temperature.  

3. Add 16.5 µL 5 mM Tris. Incubate 1 h at room temperature. 
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a. Repeat step 3 twice more, adding a total of 50 µL 5 mM Tris, bringing the 

reaction volume to 100 µL 

4. Add 100 µL 5 mM Tris. Incubate 10 min at room temperature. 

a. Repeat step 4 twice more, bringing the reaction volume to 400 µL 

5. Add 100 µL 5 mM Tris. Incubate 1 h at 37 °C. 

a. This brings the final reaction volume to 500 µL 

6. Transfer each reaction to a 0.5 mL concentrator 

a. Centrifuge at maximum speed, 30 min, 4 °C 

 

PART B: Enzymatic reactions on nucleosomes 

1. Transfer 45-x µL of the exchanged nucleosomes to a clean eppendorf tube (x is 

the amount of enzyme needed) 

2. Add 5 µL of the appropriate buffer (total reaction volume is 50 µL) 

3. Add the optimized amount of enzyme (0.4 units DNase I (New England Biolabs), 

50 units Exo III (New England Biolabs), or 42.5 units S1 nuclease (Promega) 

a. To get 0.4 units of DNase I you’ll need a 1:10 dilution of the stock from 

NEB 

4. Incubate at 37 °C for 5 minutes 

5. Quench with 5 µL 100 mM EDTA and 5 µL 50% glycerol 

6. Immediately run your entire sample in an 8 mm, 5% native gel 

a. 150 V, 3 h 

7. Expose the gel for ~20 minutes; use the image to identify your nucleosome band 

8. Excise the nucleosomes and crush and soak them overnight at 37 °C 
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9. Centrifuge the crush and soak, collecting the supernatant 

10. Concentrate the supernatant using a 15 mL amicon concentrator 

a. 3220 × g, 50 min, leaves ~0.5 mL of recovered nucleosomes 

11. Add SDS to 0.1%; heat at 90 °C for ~10 min 

12. Extract samples twice with 400 µL of phenol:chloroform 

13. Ethanol precipitate the DNA with 50 µL 7.5 M ammonium acetate and 700 µL 

ethanol 

14. Samples are now ready for evaluation in an 8% denaturing gel 

 

PART C: Enzymatic reactions on free duplex 

1. Bring 5 pmol of free duplex to 45-x µL (x is the amount of enzyme needed) 

2. Add 5 µL of the appropriate buffer 

3. Add the optimized amount of enzyme (0.04 units DNase I (New England 

Biolabs), 50 units Exo III (New England Biolabs), or 42.5 units S1 nuclease 

(Promega) 

a. To get 0.04 units of DNase I you’ll need a 1:100 dilution of the stock from 

NEB 

4. Incubate at 37 °C for 2 minutes 

5. Quench with 5 µL 100 mM EDTA and 5 µL 1 mg/mL CT-DNA 

6. Ethanol precipitate the DNA with 50 µL 7.5 M ammonium acetate and 500 µL 

ethanol 

7. Samples are now ready for evaluation in an 8% denaturing gel 
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PART D: Evaluating the reactions 

1. Pour a long, 8% denaturing gel (pour it the day you are going to use it) 

a. The long gels leak. A lot. Make sure to have at least 100 mL of matrix 

even though the gel only takes about 40 mL. 

2. Pre-run the gel at 80 W 

3. Count your samples 

a. Prepare each sample at 5000 counts/µL in 100% formamide (except for S1 

reactions, you’ll only need about 1000 counts/µL) 

4. Load 15,000 counts per well (3 µL) 

a. You’ll only be able to run ~10 samples per gel. The last two lanes on 

either side won’t migrate properly 

5. Run at 65 W for 2.5 hours 

a. This will put the parent band just below the filter paper used in the gel 

dryer 

6. Dry the gel 

a. Using saran wrap, pull the gel off the glass plates 

b. Cut a piece of filter paper in half along the long axis 

c. Align the filter paper with the bottom edge of the gel and place flat against 

the gel 

d. Cut off the top of the gel (the area not covered by the filter paper) 

i. Check for radioactivity and discard 

e. Trim the edges of the filter paper and place in the gel dryer 

7. Use the gel to expose a phosphor plate for 4 days 


