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ABSTRACT OF DISSERTATION 

 

The Biomechanical Basis of DNA Breakage in Chronic Myelogenous Leukemia 
 

by 

 

Chi-Chiang Tu 

 

Doctor of Philosophy in Chemical Engineering 

 

University of California, San Diego, 2010 

 

Professor Lanping Amy Sung, Chair 

Professor Pao Chau, Co-Chair 

 

Chronic myelogenous leukemia, a cancer of white blood cells, is characterized 

by a chromosome translocation between ABL and BCR due to their close proximity 

during BCR replication. Twenty seven DNA breakpoints are within a major breakpoint 

cluster region (M-BCR), but why these breakpoints are clustered remains unclear. 

Initially, a Monte-Carlo algorithm calculating the sequence-dependent bending energy 



  

xx 

was used to position nucleosomes simultaneously in M-BCR. MNase digestion 

followed by adapter-mediated PCR was then used to map experimentally the 

nucleosome boundaries. The discrepancy prompted the development of a replication-

directed (RD) algorithm predicting nucleosome positions from the replication origin, 

one after another, each at the local minimum of bending energy. The better agreement 

confirms the spatial and temporal importance in nucleosome assembly in vivo. 

Therefore, a stepwise model for coupled nucleosome disassembly/reassembly across a 

replication fork was proposed: Unwinding of DNA by helicases may generate positive 

superhelical tension to facilitate the disassembly of downstream nucleosomes, which 

in turn may facilitate the reassembly of upstream nucleosomes. The latter may include 

a DNA loop formation followed by a sequential closing of two DNA arms around 

each histone core. Chromatin conformation capturing PCR, involving cross-linking, 

AluI digestion, re-ligation and PCR, preserved the core DNA conformation in 3-D and 

confirmed a 292-bp nucleosome-excluded region (A-rich region) containing a stretch 

of 17 consecutive A (17-A). Nineteen breakpoints are upstream from this region: 6 are 

clustered immediately upstream to the 17-A, and 10 out of 13 further upstream ones 

are spread in 4 nucleosome cores. It is likely that (1) the long A-rich region may 

extrude from the chromatin fiber or form an empty loop or other unusual secondary 

structures, which may experience greater mechanical stress locally without the 

“protection” of a histone core; (2) DNA in the newly reassembled nucleosome cores 

upstream to the A-rich region may lose histone cores under mechanical stress or in a 

stalled replication. These mechanisms may account for most of the M-BCR 
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breakpoints and at least two other diseases caused by chromosome translocation, 

suggesting a functional role for the histone core as a “uniform curvature controller” to 

minimize the DNA breakage. 



1 

5’ 3’M-BCR
(5.8 kb)

5’ 3’c-ABL
(230 kb)

5’ 3’M-BCR
(5.8 kb)

5’ 3’c-ABL
(230 kb)

Introduction 

Chronic myelogenous leukemia (CML) is a clonal myeloproliferative 

expansion of transformed, primitive hematopoietic progenitor cells. It has an annual 

incidence of 1 to 2 cases per 100,000 people and accounts for 15 percent of leukemia 

in adults (Faderl et al., 1999). Most CML cases are diagnosed in the chronic phase 

which presents fatigue, weight loss, abdominal fullness, bleeding, purpura, 

splenomegaly, leukocytosis, anemia, and thrombocytosis (Faderl et al., 1999). Three 

to five years after onset, CML progresses from the chronic phase to an accelerated and 

fatal blast crisis phase where hematopoietic progenitor cells fail to mature (Sawyers, 

1999). 

 

 (a)                                                                               (b) 

 

 
                                                                (c) 

 

 
Figure I-1. Ph’ chromosome, proto-oncogene, and fusion protein. (a) c-ABL gene is translocated from 
chromosome 9 to BCR on chromosome 22 to form Ph’. (b) The major BCR region (M-BCR, 5 exons) 
and c-ABL region (11 exons) are reciprocally translocated. Boxes refer to exons. Arrows refer to 
examples of breakpoints. This figure is not to scale. (c) The resulting BCR-ABL fusion protein. 

 

Over 90% CML cases exhibit Philadelphia (Ph’) chromosome (Rowley, 1973). 

It is a fusion chromosome resulting from a reciprocal translocation (de Klein et al., 

1982) between 5’ BCR gene and 3’ c-ABL gene (Figure I-1a & I-1b). Depending on 

DNA breakpoint locations, Ph’ chromosomes of different sizes produce BCR-ABL 

Normal                    CML
9 22          9q+ Ph’

(22q-)

c-ABL

BCR
BCR

c-ABL

Normal                    CML
9 22          9q+ Ph’

(22q-)

c-ABLc-ABL

BCR
BCR

c-ABL

BCR-ABL
fusion protein BCR    ABL
BCR-ABL
fusion protein BCR    ABL
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fusion mRNA of different lengths (Sawyers, 1999; Faderl et al., 1999; Laurent et al., 

2001). The resulting BCR-ABL fusion protein (Figure I-1c), an un-regulable tyrosine 

kinase, causes massive myeloid expansion in the bone marrow and morphological 

abnormalities such as hyper/hyposegmentation, abnormal lobulation and ring-shaped 

nuclei of the leukocytes (Faderl et al., 1999; Clarkson et al., 2003). 

 

 

 

 

 

 

 

Figure I-2. Precisely mapped breakpoints in BCR and ABL genes. The gene map is generated by 
pDRAW32 (Acaclone Software). Twenty seven breakpoints are mapped in M-BCR and 17 in ABL. 
Each breakpoint is labeled with the ID from the original articles. 
 

Since the finding of Ph’ chromosome, extensive studies have been conducted 

in attempts to characterize the leukemogenetic mechanisms (Sawyers, 1999; Faderl et 

al., 1999; Jeffs et al., 1998; Laurent et al., 2001; Abeysinghe et al., 2003; Fisher et al., 

2005). The clonal origin of CML is suggested to be the progenitor of blood cells 

(Fialkow et al., 1977). The sequential organizations of BCR and ABL have been 

scanned for clues to the aberrant chromosomal translocation. DNA breakpoints are 

found to cluster in certain regions of BCR, such as the major breakpoint cluster region 

(M-BCR, Figure I-2) and more scattered in their counterparts in ABL (Groffen et al., 
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1984; Heisterkamp et al., 1985; Sowerby et al., 1993; Chissoe et al., 1995; Zhang et 

al., 1995; Jeffs et al., 1998). Sequence analysis reveals an Alu homology of about 40% 

for BCR and ABL genes, respectively (Chissoe et al., 1995). However no consistent 

breakpoint features are immediately apparent (Chissoe et al., 1995; Jeffs et al., 2001). 

It is suggested that Alu sequences have an affinity for the BCR–ABL recombination 

process. Sequence motifs similar to IgH switch pentamers and Translin binding sites 

presenting on 3’ M-BCR recombination sites may also be involved in the translocation 

(Jeffs et al., 1998). Recent investigations show that GC-rich nucleotide sequences are 

preferred for translocation breakpoints to occur, especially in the high GC content 

regions of BCR (Abeysinghe et al., 2003; Fisher et al., 2005). Therefore, Ph’ 

translocations may not be random but rather favored by certain nucleotide 

compositions. On the other hand, studies using fluorescence in situ hybridization 

(FISH) show that in hematopoietic cells, intergenic distances between BCR and ABL 

vary periodically during the cell cycle (Kozubek et al. 1997; Neves et al., 1999; 

Anastasi et al., 1999). A significant association of ABL with BCR is seen at the 

transition between S and G2 phases (Neves et al., 1999). Further study shows BCR 

and ABL even merge at the time when BCR seems to be replicating (Anastasi et al., 

1999). It is therefore proposed that BCR/ABL translocation could be a replication error 

in BCR. This is indirectly supported by the fact that a very low level of Ph’ 

chromosome is exhibited in blood of some healthy individuals (Biernaux et al., 1995), 

meaning the replication error occurs more frequently than just by chance. Our immune 

surveillance seems to prevent us from the emergence of CML. The current 
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understanding in molecular biology of CML has led to one effective treatment against 

the Ph’ translocation product, BCR-ABL fusion protein. A specially designed BCR-

ABL inhibitor, Gleevac, has shown promising results in patients in chronic phases 

whose blood cell responses are much higher than those treated with traditional 

chemotherapeutic agents (Huntly et al., 2003). However, there is a high relapse rate 

with this agent and it is less impressive for patients in blast crisis phase (Huntly et al., 

2003). Although CML is probably one of the most characterized cancerous diseases in 

molecular biology, the exact mechanism by which Ph’ translocations initiate remains 

unclear. 

 

   (a)                                                                      (b) 

 

 

 

 

 
 

Figure I-3. Structure of nucleosomes. (a) Structural organization of the nucleosome. A nucleosome 
consists of 147 bp of core DNA wrapping around a disk-like histone core octamer, and averagely 54 bp 
of linker DNA connecting to the adjacent nucleosome. (b) The core region of a nucleosome by Davey 
et al., 2002. Molecules in the center are histone core proteins, H2A, H2B, H3, and H4. Numbers along 
the double helical DNA refer to the nucleotide distances to the dyad (0, the center of a symmetrical 
wrapping). Only the molecules on the front side are shown for clarity. 

 

It is hypothesized that changes of chromatin structure may increase the 

probability of a translocation during G1 and S (G2) stages of the cell cycle (Kozubek 
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et al., 1997). Studies have also revealed the close connection between chromosomal 

stability and DNA double-stranded breakages (DSB) (Richards, 2001; van Gent et al., 

2001; Freudenreich, 2007). In eukaryotic cells, chromosomal organization is built up 

from millions of repeating units – nucleosomes. A nucleosome is composed of a core 

region and a linker region (Figure I-3a). A nucleosome core is made of averagely 147 

base pairs (bp) of double stranded DNA (core DNA) wrapping around histone 

octamers by 1.7 times. A linker region is averagely 54 bp of linear DNA connecting 

two adjacent nucleosome cores (Figure I-3b, Davey et al., 2002). Core DNA is 

subjected to substantial and uneven bending (Luger et al., 1997). DNA binding 

affinity along the superhelix location (wrapping location along the histone core) is also 

uneven (Luger and Richmond, 1998), implying an uneven stress distribution along the 

core DNA. Crystallographic study (Schalch et al., 2005) has resolved the structure of a 

tetranucleosome array, compacted by four nucleosomes in a zigzag fashion. It implies 

that each chromosome is compressed from a chromatin fiber of stacked nucleosome 

arrays (Figure I-4). Therefore, nucleosome positions (histone core binding sites) 

pinpoint the first feature of chromosome structure. Nucleosome positions have been 

thought to play important roles in regulating gene expression (Segal et al., 2006; 

Schones et al., 2008). The preferred nucleosome positions, if any, are thought to be 

determined by DNA flexibilities and preoccupied DNA binding proteins (Alberts et al., 

2003a). Different nucleotide compositions may affect the level of DNA bending, 

which significantly influence nucleosome positioning (Drew and Travers, 1985; 

Widom, 2001). 
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Figure I-4. Tetranucleosome array. Two nucleosome stacks (N1-N2 stack and N1’-N2’ stack) are 
rotated by an angle and adjacent nucleosomes along the nucleotides are connected by a linker section of 
DNA. N: nucleosome. 

 

Theoretical and experimental methods have been developed to predict or map 

nucleosome positions in vitro and in vivo. Predictive tools such as the RECON web 

server (Levitsky, 2004) and a bioinformatics prediction (Segal et al., 2006) are based 

on the occurrence frequencies of different dinucleotides. Other predictive methods are 

based on selected aspects of DNA structure and/or deformability (Sivolob and 

Khrapunov, 1995; Kiyama and Trifonov. 2002). Most predictive methods have not 

considered the effect of preoccupied DNA binding proteins that determined available 

DNA space, much less the effect of possible time sequences in which nucleosomes are 

assembled along the gene. On the other hand, traditional nucleosome mapping 

methods involve radioactive Southern hybridization and are time-demanding (Thoma, 

1996; Flaus et al., 1996; Wellinger et al., 1998).  Recent mapping methods with tiling 

microarrays have higher throughput (Dennis et al., 2007; Schones et al., 2008), but 

they are pricey and insufficient for nucleotide-level resolution. Together, it is in desire 

to overcome current weakness in predictive methods, and to balance cost and quality 

in experimental methods. Nevertheless, nucleosome mapping studies have revealed 

that nucleosome positions are generally dynamic (Pennings et al., 1991; Luger, 2003; 

Li and Widom, 2004), but in actively expressed genes nucleosome positions are found 

N2’

N1’
N2

N1
N2’

N1’
N2

N1
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to be highly stable (Schones et al., 2008). A study shows that BCR is ubiquitously 

expressed among many human cell types including hematopoietic cells (Collins et al., 

1987). It is thus possible that nucleosome positions in BCR are relatively stable when 

DNA breakages occur. It implies chromosome structure of BCR may play a role in the 

mechanism for DNA breakages in CML. 

Major chromatin assembly is coupled to DNA replication (Gasser et al., 1996; 

Krude, 1999; Lucchini et al., 2001). Nucleosomes are disassembled in front of the 

replication fork and reassembled behind the fork (Sogo et al., 1986; Gruss et al., 1993; 

Gasser et al., 1996; Krude, 1999; Groth et al., 2007). The unwrapping of nucleosomes 

gives parental DNA the access to the replication machinery. The duplex parental DNA 

is then separated by DNA helicases, a leading enzyme in the machinery, into two 

single stranded structures. Each parental strand is replicated by DNA polymerases into 

a daughter duplex DNA, which in turn rewrapped into nucleosomes (Tyler, 2002). 

Biochemical studies have proposed stepwise mechanisms of nucleosome disassembly 

and assembly, respectively (Levchenko et al., 2005; Mazurkiewicz et al., 2006). How 

chromatins are assembled on replicating DNA in vitro has also been proposed 

(Almouzni et al., 1990; Smith and Stillman, 1991). It is known that as the replication 

fork advances to unwind the parental DNA, positive torsional stress is generated in 

front of the fork and may diffuse to the daughter DNA behind the fork (Sogo et al., 

1999; Peter et al., 1998; Postow et al., 1999). Also, single-stranded DNA is exposed 

right behind the fork. Studies have proposed mechanisms to connect defects in DNA 

replication to chromosomal damages (Lemoine et al., 2005; Freudenreich, 2007). 
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However, the detail changes of structure and topology on replicating DNA and how 

this is coordinated with replication and chromatin assembly were not addressed. These 

changes may cause stresses or damages on replicating chromatins. Therefore, an 

illustrative model of this process is in desire to find out possible mechanisms for DNA 

breakage. 

This study aims to find connections between replicating chromosome structure 

and DNA breakage in M-BCR since BCR replication was suspected the occasion of 

chromosome translocation. DNA breakpoints are well characterized in CML, so this 

study takes advantage of this knowledge and plans to resolve chromosomal feature of 

each breakpoint. A stepwise nucleosome disassembly/reassembly model at the 

replication fork is then proposed to elaborate detail chromosomal structure changes. 

By incorporating the chromosomal features of M-BCR breakpoints into this model, the 

goal of this study is to propose detail mechanisms for DNA breakage in CML. 

Mechanical stress and structure dynamics of the chromosome in breakpoint regions 

are analyzed in the mechanisms. The knowledge gained from this study should 

provide better understanding of how chromosomal structure may play a role in DNA 

breakage and chromosome translocation, and offer more insight in the oncology of all 

cancers. 



  

9 

Chapter 1 Nucleosomal Organization of M-BCR 

 

1.1 Rationale 

CML is unique in that many DNA breakpoints in CML were previously 

mapped to the nucleotide level (Heisterkamp et al., 1985; Chissoe et al., 1995), so this 

study would like to take advantage of this finding. Both theoretical and experimental 

methods would be applied to resolve the exact chromosomal feature of each 

breakpoint, specifically the nucleosomal organization. The results may provide 

answers to questions such as: Is there a fixed chromosomal feature for each breakpoint? 

Do these breakpoints share a common feature in their nucleosomal organization, such 

as in the core or in the linker regions? If they are all distributed in the core region, do 

they share a particular superhelix position (such as the dyad or inner/out minor 

groove)? If so, could we find a mechanism from this common feature to account for 

DNA breakage? The nucleosomal organization of breakpoints also reveals whether 

nucleosome assembly is random or coupled with DNA replication, which is crucial for 

DNA breakage in CML. In short, the nucleosomal organization of each breakpoint 

will pave ways for analysis of the mechanical stress and elucidation of DNA breakage 

mechanisms. 

Current theoretical algorithms predict nucleosome positions in a simultaneous 

manner. Independent nucleosome positions are predicted all at once for a given 

sequence. In fact, nucleosome assembly is not an isolated event but tightly coupled to 

DNA replication (Russev et al., 1982; Fotedar et al., 1989; Gasser et al., 1996; Krude, 
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1999; Lucchini et al., 2001). Behind the replication fork, (H3-H4)2 tetramer 

complexes are able to recognize the same nucleosome positioning signals as the intact 

nucleosomes (Dong and van Holde, 1991; Hayes et al., 1991), so nucleosome 

positions are likely to be conserved through replications. As the replication initiates 

from the origin and as the fork advances, nucleosomes are assembled one after another 

along the DNA right behind the fork (Figure 1-1). Consequently, not only the direction 

of nucleosome assembly follows that of replication, the available space for new 

nucleosome formation is also constrained by both the upstream, newly formed 

nucleosome cores and the downstream replication fork. 

 

 

 

 

 

 

 

 
Figure 1-1. Replication-coupled nucleosome assembly. This figure is modified from Lucchini et al., 
2001. Nucleosomes are drawn as short cylinders. DNA is drawn as a line. A section of un-replicated 
chromatin is shown on the top. A time course of this chromatin during replication is shown on the 
bottom as three time steps. Newly formed nucleosomes in each time step are shown in white. The 
drawing is not to scale. 

 

To improve current predictive algorithms and gain more insight into 

nucleosome positions in M-BCR, two key factors that take place in DNA replication, 

the direction of nucleosome assembly and pre-occupied DNA binding proteins 
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(presumably histones), would be incorporated into a modified algorithm. It is hoped to 

better mimic the nucleosome assembly in vivo. This new algorithm is proposed as 

“replication-directed” (RD) algorithm since the temporal and spatial sequences of 

nucleosome assembly are directed by replication. Having nucleosome positions 

accurately predicted by this algorithm, we not only can verify the coupling of 

replication in nucleosome assembly, but also can offer more perspectives for the 

upcoming prediction algorithms in the future. Moreover, the verified RD algorithm 

connects DNA replication and DNA structural changes, opening up a mechanism to 

explain previous observations that BCR replication coincided with chromosome 

translocation in CML. 

 

1.2 Specific Aim 

The specific aim here is to resolve the nucleosomal organization of previously 

mapped breakpoints on M-BCR in order to obtain the distribution of mechanical stress 

each breakpoint may experience and to find connection between nucleosomal 

organization and DNA replication. 

 

1.3 Experimental Design 

As mentioned above, nucleosome positioning mostly depends on intrinsic 

DNA flexibility and DNA binding proteins. It takes energy for DNA to bend and fold 

into nucleosome cores (Camerini-Otero and Felsenfeld, 1977). Free energy of core 

DNA bending (bending energy) depends on its sequence composition and has been 



 12  
 

used to successfully predict in vitro nucleosome positions (Sivolob and Khrapunov, 

1995). Therefore, to evaluate the feasibility of nucleosome formation in M-BCR, 

bending energy was chosen as an index to predict preferred nucleosome positions. To 

verify the prediction, established methods were adapted to experimentally map 

nucleosome positions in M-BCR. For a relatively small scale mapping in this study 

which required the quality of high resolution, adapter ligation-mediated PCR (Pfeifer 

et al., 1993; Teng et al., 2001) and automated sequencing was chosen to map 

nucleosome positions precisely. At the end, to verify the connection between 

nucleosome positioning and DNA replication, these two events were coupled in a 

modified algorithm to improve the prediction accuracy of nucleosome positions. 

 

1.4 Materials and Methods 

1.4.1 Human Genomic Sequence 

The human genomic sequence of M-BCR (HGNC ID: 1014) was obtained 

from Ensembl database website (http://www.ensembl.org/Homo_sapiens/Info/Index). 

 

1.4.2 Calculation of Core DNA Bending Energy in M-BCR 

The bending energy of DNA around a histone core was calculated based on the 

algorithm from Sivolob and Khrapunov, 1995. The free energy GΔ  is given by: 

                                                   ( )∑
=

=
N

i
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where k is the Boltzmann’s constant (1.38 × 10-23 J/K), T is the absolute temperature 

(310 K), d is the distance between neighboring base-pair (0.34 nm), R is the radius of 

the curvature folding into a nucleosome (4.3 nm from Richmond et al., 1984), and N is 

the number of base-pair steps in the core DNA (N = 146). The subscript i refers to the 

individual base-pair step in a DNA section with N steps, and Lip  is the persistence 

length (in nm) for a given base-pair step that occurs at the ith position. The 

experimentally determined persistence lengths correlate well with the melting 

temperature and thus are sequence-dependent (for more detail, see Sivolob and 

Khrapunov, 1995). The calculation was programmed in MATLAB (The MathWorks 

Inc., Natick, MA). 

 

1.4.3 Prediction of Nucleosome Positions with MC algorithm 

An established Monte-Carlo (MC) algorithm (Sivolob and Khrapunov, 1995) 

was adapted in this study for nucleosome position predictions. Briefly, the core DNA 

bending energy was used as a preference index for nucleosome formation. At the 

beginning of each prediction, 14 nucleosomes were given to be placed in the 2,800 bp 

sequence covering M-BCR (from the 109,369th bp in BCR). Each nucleosome was 

randomly placed within one of the non-overlapping 200 bp sections. Starting from the 

initial configuration, a randomly chosen nucleosome was then displaced either up- or 

downstream by a random distance in each trial. The trials proceeded until equilibrium 

was reached so that the total bending energy of all positioned nucleosomes stabilized 

at a minimum. The total number of trials was 20,000 while typical equilibrium was 
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reached below 10,000 trials (Sivolob and Khrapunov, 1995). The simulation was 

programmed in MATLAB. 

 

1.4.4 Design of RD Algorithm 

Mimicking what happens in vivo, the position of the first nucleosome core was 

predicted immediately downstream from the replication origin (RO) within a limited 

length of sequence (a nucleosome-free window). The consensus sequence of human 

replication origin is WAWTTDDWWWDHWGWHMAWTT, where W = A or T; D = 

A, G or T; H = A, C or T, and M = A or C (Dobbs et al., 1994). It was used to search 

for replication origins in the predicted genes. From there on, positions of the following 

nucleosomes are predicted one after another in a 5’ to 3’ direction, each in a 

nucleosome-free window that was moving in the same direction. Within each window, 

the preferred starting position of the nucleosome core was chosen to be the local 

minimum of bending energy where a nucleosome core was most easily positioned. 

There was no need for each nucleosome to search for an optimal position, which was 

the case in the MC algorithm, since there was only one nucleosome to be placed in 

that window at a given time. Therefore, whichever position was energetically favored 

would be the predicted position in the window. 

The nucleosome-free window was initially set downstream from the replication 

origin, extending from the first available base pair to a designated distance (see below). 

After the first and each nucleosome prediction thereafter, the window moved to the 

first base pair downstream to the newly predicted nucleosome position. For example, 
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if the first nucleosome core was predicted to occupy the base pair 1 – 147 downstream 

from the origin, then the window for the second nucleosome prediction would start 

from the base pair 148. The designated length of the window remained the same 

throughout the region of predictions. According to previous studies (Sogo et al., 1986; 

Gasser et al., 1996), the distance from the fork to the first nucleosome core was about 

255 bp (225 ± 145 in leading strands and 285 ± 120 in lagging strands). Three 

nucleosome-free window lengths were therefore chosen: 225 bp, 255 bp, and 285 bp 

to conduct the predictions. To observe extreme conditions, short and long window 

lengths (80 bp and 405 bp) were also used for predictions. The predictions were 

programmed in MATLAB. 

 

1.4.5 Prediction of Nucleosome Positions with RD Algorithm 

For a given region of the gene, we first used the consensus sequence to search 

for replication origin(s) near the nucleosomes. If multiple origins were found near the 

region of interest, only the one in the shortest distance to nucleosomes on either end of 

the region was used as the start site of predictions. The prediction results from 

indicated window lengths were aligned with the mapped nucleosome and other protein 

binding sites, if any, along the base position defined in the references. 

 

1.4.6 HL-60 Cell Culture 

A well-studied leukemogenesis model, HL-60 cell line (Gallagher et al., 1979; 

Breitman et al., 1980; Collins, 1987) was used as the source of leukocyte 
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chromosomes. Cells (ATCC, Manassas, VA) were maintained as described 

(Yalcintepe et al., 2005). Briefly, cells were cultured in RPMI 1640 medium 

(Mediatech, Manassas, VA) containing 10% FBS (Mediatech, Manassas, VA), with 

100 U/ml penicillin, 100 μg/ml streptomycin (Invitrogen, Carlsbad, CA) and 2 mM L-

glutamine (Invitrogen, Carlsbad, CA). All cultures were grown at 37°C in a 

humidified incubator (Thermo Series II, Waltham, MA) purged with 5% CO2 / 95% 

air. 

 

1.4.7 Isolation of Nuclei 

Nuclei of HL-60 cells were isolated as described previously (Meyer and 

Radsak, 2000) with minor modifications. Cells (1.2 × 107) were washed once with 1 

ml of cold PBS (138 mM NaCl, 2.7 mM KCl, 1.76 mM KH2PO4, 10.1 mM Na2HPO4, 

pH 7.4), pelleted (150 ×g for 5 min at 20oC) and resuspended in 2 ml of cold TKM 

buffer (50 mM Tris–HCl, pH 7.5, 25 mM KCl, 5 mM MgCl2) at 4oC and kept for 5 

min prior to the addition of 2 ml of TKM containing 1% NP-40. The mixture was 

incubated with occasional vortexing for 5 min on ice. The nuclei pellet was then 

sedimented at 2100 ×g for 20 min through a 2 ml cushion of 1.62 M sucrose in TKM. 

The integrity of extracted nuclei was examined under an optical microscope (Zeiss 

Axiovert 25, Thornwood, NY) with 100 × magnifications. 

 

1.4.8 Limited Micrococcal Nuclease Digestion 

The micrococcal nuclease (MNase) digestion procedure was modified from 
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Yalcintepe et al., 2005. Nuclei pellet was gently re-suspended in 392 µl of MNase 

digestion buffer (0.1 M NaCl, 10 mM Tris-HCl pH 8.0, and 1 mM EDTA) prior to the 

addition of 8 µl of 0.1 M CaCl2 (final concentration 2 mM). The nuclei was gently 

resuspended and incubated at 37oC for 5 min. A 100 µl aliquot from the nuclei 

solution were added to a 1.5 ml microcentrifuge tube containing 1 µl of 1, 2, or 4 units 

of MNase (USB, Cleveland, OH), or 1 µl of distilled water. A 100 µl aliquot of naked 

DNA was added to a separate tube containing 4 units of MNase as a control. Each 

digestion was incubated at 37oC for 5 min. Reaction was then stopped by adding to 

each sample 100 µl of 25 mM EDTA, 1% SDS, and 2 µl of 20 mg/ml proteinase K 

(Fermentas, Glen Burnie, MA) immediately prior to an incubation for 16 h at 55oC. 

Samples were then phenol/chloroform extracted and ethanol precipitated. Finally, each 

sample was dissolved in 100 µl of TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) 

and quantified by a spectrophotometer (Beckman DU640, Fullerton, CA) with a ratio 

of 260/280 at ~1.8. The final DNA concentration for each sample was usually ~200 

ng/µl. To monitor the quality of digestion, digestion products were resolved by a 1.2% 

agarose gel electrophoresis (Gibco, Carlsbad, CA). 
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(a) 

 

 
 
(b) 

 

 

(c) 

 

 

 
 
Figure 1-2. The adapter ligation-mediated PCR procedure. (a) Primary PCR. Multiple dCTP are ligated 
to the 3’ end of the genomic DNA as primary PCR templates. A primary gene specific primer (GSP1) 
and an abridged anchor primer (AAP) are used to amplify the template in the primary PCR. (b) 
Secondary PCR. A secondary gene specific primer (GSP2) and an abridged universal amplification 
primer (AUAP) are used to amplify the primary PCR product. (c) Final product for sequencing. The 
secondary PCR product is sequenced by using GSP2 as a primer. The final sequence includes a 5’ 
genomic DNA and a 3’ oligo-C section. Small arrows indicate the direction of amplification. 
 

1.4.9 Adapter Ligation-mediated PCR and Sequencing 

After extraction from MNase digestion, about 15 to 20 nucleotides of dCTP 

(oligo-C) were added to the 3’ ends of core DNA fragments using terminal 

deoxynucleotidyl transferase (USB, Cleveland, OH), according to the manufacturer’s 

manual. Oligo-C attached MNase digested fragments were directly served as templates 

for a primary PCR (Figure 1-2a), where a primary gene-specific primer (GSP1), an 

abridged anchor primer (AAP: 5’-GGCCAGGCGTCGACTAGTACGGGIIGGGIIG-

GGIIG-3’), Accuprime Taq polymerase (Invitrogen, Carlsbad, CA) and the 

corresponding buffer were included. A secondary PCR (Figure 1-2b) then followed 
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with the same setup except: (1) 10% diluted primary PCR products was used as 

templates; (2) a nested secondary gene-specific primer (GSP2) replaced GSP1, and (3) 

an abridged universal amplification primer (AUAP: 5’-GGCCACGCGTCGACTAGT-

AC-3’) replaced AAP. The primary and secondary PCR programs were identical 

according to the manufacturer’s manual (Invitrogen, Carlsbad, CA). The secondary 

PCR products were resolved on a 1.5% agarose gel by electrophoresis. The smallest 

sharp band in each reaction was excised from the gel, extracted (Qiagen, Valencia, CA) 

and sequenced (Fisher SeqWright, Houston, TX). GSP2 was used as the sequencing 

primer (Figure 1-2c). The results were analyzed by FinchTV (Geospiza Inc., Seattle, 

WA). A regular sequencing result contained a genomic sequence section at the 5’ end 

and an oligo-C section at the 3’ end. The junction of these two sections indicates the 

cutting site of MNase on the genomic sequence, preferentially the boundary of a core 

region. To be statistically significant, each reaction was repeated for over 10 times, 

and a nucleosome boundary was considered significant if its occurrence is 1 standard 

deviation over the average occurrence. The amplified region covered a 2.6kb section 

of M-BCR, where 27 breakpoints have been reported. 

All gene specific primers were designed and optimized using FastPCR 

(Institute of Biotechnology, Helsinki, Finland), and searched against the public 

database (http://www.ncbi.nlm.nih. gov) to confirm unique amplification products. 

GSP2 were designed to be nested to the corresponding GSP1, and the overlapping 

sequences between the two primers were minimized in order to increase specificity. 

We intended to design all primers from the core regions which were preserved after 
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MNase digestion. Since the nucleosome positions in the M-BCR has not been fully 

resolved, the first set of primers were chosen at a location about 200 base pairs (the 

length of one nucleosome) upstream to the most 5’ breakpoint (ID 0319129), in the 

hope that at least one nucleosome can be mapped upstream to the first breakpoint. The 

rest of the primers were then designed based on the nucleosome mapped immediately 

upstream. Upstream forward primers were used to reveal the 3’ boundary within the 

nucleosome core (Figure 1-4b), while the immediate downstream reverse primers to 

reveal the 5’ boundary of the same nucleosome core. The primer sequences are listed 

in Table 1-1. 
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Table 1-1. Primers for PCR amplifications in M-BCR. Primers are named by its direction of 
amplification (F: forward; R: reverse) followed by their starting locations downstream from 109369th bp 
in BCR. FP-84 and FP-46 are two exceptions since they are upstream to 109369th bp in BCR by the 
indicated distance. 
 

GSP1 GSP2 5' to 3' sequence 

FP-84  TGCACCTCTTTTCCAACCTCCCAGG 
 FP-46 TCCCTGACATCCGTGGAGCTGCAGA 
FP120  CCTGTTAGCACTTTTGATGGGACT 
 FP139 GGACTAGTGGACTTTGGTTCAGAAG 
FP502  ACCCCCTCTGCTGTCCTTGGAACC 
 FP531 ACACTTCGAGTCACTGGTTTGCCTG 
FP703  TGTCACCTGCCTCCCTTTCCCGGG 
 FP724 GGGACAACAGAAGCTGACCTC 
FP901  CATCGGGCAGGGTGTGGGGAAACAG 
 FP928 AGGTTGTTCAGATGACCACGGGAC 
FP1206  CTCTGTCGAGCTGGATGGATACTAC 
 FP1255 CCTTTCCCTCTAAGTGGGGGTCTCC 
FP1755  GGTGAGAGCAGTGTCGTG 
 FP1777 GACTGTGGTGCTGTTTGCGCTCAC 
FP1976  TGTCTGTGAGCAATACAGCGTGAC 
 FP1990 ACAGCGTGACACCCTACGCTGC 
FP2184  AAGCCAGAAACCGTGGTCTG 
 FP2222 TGCCATTCTCCATCAGTGAGGC 
 RP25 CGGAATGCTGTGGACAGTCTGGAGT 
RP49  CCCACCTTCCTTATTGATGGTCAGC 
 RP178 CAAGCATAGCTCTTCCTTCTGAACC 
RP192  ACAAGAGGCCCTAACAAGCATAGC 
 RP255 ACCCAGCAGCAGCCACTCAGGGAGA 
RP272  CGTGCATCTCCTCAACCACCCAGCA 
 RP600 TGATTTCTGTCTTGGGGATCTCAGG 
RP640  CAAGGTAAGCCAGTGTCATGGGCCA 
 RP786 CCATAGAGCCCCGGAGACTCATC 
RP816  GTGGCTGAGTGGACGATGACATT 
 RP1023 CCGGGAAAAACAATTCCACACCCAG 
RP1047  CTAGGGGAGAGGGCAGAGGCCACTC 
 RP1310 CTTCACTGTTCTGACAGCTCCAG 
RP1335  ACAGTGCAACTCATGTGTTACCAGC 
 RP1897 GCCCAGGAGAAAGATTATGTTATGAAGGTGC 
RP1915  AGGCAGCCAGAGACAGGGGCCCA 
 RP2038 AAGGAGAGACAAGCCCGGGACCAC 
RP2057  AGAAAGGTAACAGGGAGGCAAGG 
 RP2259 CAGAGATGACTAAGAAGCCTCACTG  
RP2271  TGGCCAGGCAGCCAGAGATG 
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1.4.10 Precise Mapping of Nucleosome Positions for Breakpoints 

To map nucleosome positions from the core boundaries, we followed recent 

findings such as: (1) regular nucleosome core ranges widely in length, from 90 to 200 

bp (Gasser et al., 1996); (2) the average core region was 147 bp long, and the linker 

regions may vary in their lengths (Thoma, 1996; Alberts et al., 2003b); (3) about 90 

bp around the dyad was the strong binding site of each nucleosome (Luger and 

Richmond, 1998). We also followed general observations: (1) the core regions were 

bracketed by a pair of upstream boundary and  downstream boundary; (2) if the 

boundary separation was shorter than 90 bp, we assumed that this nucleosome core 

had more dynamic behavior than the others, or there might exist multiple positions for 

this nucleosome; (3) if the separation was between 90 bp and 147 bp, we assumed that 

there was only one nucleosome core between the boundaries; (4) if the separation was 

longer than 200 bp, we assumed either more than one set of histone octamers 

constantly bind to this region, or the binding of other proteins (such as H1/H5) 

protected the DNA from MNase digestion. Once the nucleosome core regions were 

mapped, DNA breakpoints from the literatures were aligned and superimposed to the 

mapping so that their individual positions in the core region were revealed. 

 

1.4.11 Statistic Comparisons of Nucleosome Positions from Different 

Methods 

To verify whether nucleosome positions from either method (MC, RD, or 

experimental mapping) significantly preferred at the sites with low bending energy, a 
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binomial test was performed. The 2600-bp M-BCR region was evenly divided to 13 

200-bp subregions, in each of which the site of minimal bending energy was 

determined by direct comparison of the bending energy value at each site. A 

nucleosome core was considered “close” to the minimal bending energy site if the 

distance between the 5’ boundary of that core region and the closest site of minimal 

bending energy was within 10 bp. The probability of having a nucleosome randomly 

start at the site within 10 bp of a site of minimal bending energy (pr) was 20/200 or 0.1 

since an average core region spans 200 bp. The P value is the probability that one 

would see the observed number of nucleosomes close to sites with minimal bending 

energy, or more given random chance, and is calculated as:  
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where N is the total number of nucleosomes (either mapped or predicted), j is the 

number of nucleosomes close to the local sites of minimal bending energy, and pr is 

the random probability (0.1). The calculation is programmed in MATLAB. 

To determine whether the mapped or predicted nucleosome positions were 

uniformly distributed in M-BCR, a t-test was performed. A uniform nucleosome 

distribution was virtually created by placing the same number of mapped or predicted 

nucleosomes evenly within M-BCR. Then, the 5’ boundaries of these uniformly 

distributed nucleosomes were compared against those of the predicted or mapped 

nucleosomes in a t-test in EXCEL. The P value is the probability that one would see 

the predicted or mapped nucleosomes distribute uniformly within M-BCR. 

To determine whether one prediction is significantly more accurate than the 
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other one, two indices were evaluated: the number and the positions of nucleosomes 

between the prediction and experimental mapping. The number of nucleosomes was 

counted by eye after each prediction and the difference in the number of nucleosomes 

between the prediction and experimental mapping was determined. The distance 

between one predicted and one mapped nucleosome is calculated by the distance of 

each predicted nucleosome to that of the closest experimentally mapped nucleosome. 

A t-test was then performed to compare the distances from one algorithm and those 

from another algorithm to determine the statistic significance. The P value from the t-

test is a probability that one would see these two algorithms predict the same in 

distances to the experimentally mapped nucleosomes. 

 

1.5 Results and Discussion 

1.5.1 Nucleosome Positions Predicted by MC Algorithm in M-BCR 

The nucleosome positions in M-BCR were predicted with the MC algorithm 

(Sivolob and Khrapunov, 1995) for 20 times. More predictions did not alter the result. 

The bending energy and cumulative prediction result was shown in Figure 1-3. In each 

prediction, the MC algorithm keeps predicting 14 nucleosomes (from M0 to M13) 

simultaneously at random sites of M-BCR until equilibrium of minimal total bending 

energy was reached. The minimal energy was usually reached within 10,000 trials 

(Figure 1-4). The MC algorithm therefore found the equilibrated nucleosome positions 

in a simultaneous and random fashion. 
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Figure 1-3. Bending energy and predicted nucleosome positions in M-BCR using MC algorithm. 
Bending energy (top) and nucleosome positions from 20 predictions (bottom) are plot against the base 
pair positions. DNA breakpoints are shown as open triangles on top of the bending energy trend (top). 
The most abundant nucleosome positions are indicated as shaded ovals (bottom) and named from 
upstream (M0) to downstream (M13). A dashed line represents one standard deviation from the average 
non-zero occurrence. 

 

 

 

 

 

 

 

 

 

Figure 1-4. Converged total bending energy in MC predictions. Total bending energy from ten 
independent predictions was plotted against the number of trials. The total bending energy converged 
within 10,000 trials. 
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Four of the 14 nucleosomes were predicted within 10 bp to the local sites of 

minimal bending energy (P = 0.16), meaning that bending energy somewhat dictated 

the positioning of nucleosomes.  The expression of bending energy shows obviously 

that the bending energy depends on the nucleotide composition of a DNA section. 

When there was only one nucleosome to be placed in a DNA section, the position on 

the DNA with minimal bending energy was the preferred starting site of a nucleosome 

(Sivolob and Khrapunov, 1995). However this may not be the case in a multiple 

nucleosome region. The prediction result showed that most nucleosomes (except M5, 

M10~M12) had rather isolated positions, and only a few (M0, M1, M2, M9) appeared 

to start from the local minimum of bending energy. Twenty three out of 27 

breakpoints were predicted to be within the nucleosome core regions. This seemed to 

imply that breakpoints preferred to occur within the regions that were supposed to 

wrap around histone cores.  However, we know that core DNA should be protected by 

the histone core, and the MC algorithm on the prediction of a long DNA molecule has 

not been experimentally verified. Therefore we would like to use experimental 

methods to precisely map and verify nucleosome positions in M-BCR. 
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1.5.2 Experimentally Mapped Nucleosome Positions 

1.5.2.1 Limited MNase Digestion on HL-60 Chromosomes 

The MNase digestion pattern of HL-60 DNA was shown in Figure 1-5a. While 

the digestion products of chromosomal DNA were distributed as distinct ladders, those 

from the naked DNA exhibited a more homogeneous pattern (lane D4).  Each ladder 

pattern had a pitch of about 200 bp in length, consistent with the length of a 

nucleosome (147 bases of core DNA plus 54 bases of linker DNA). As the amount of 

MNase increased from 1 to 4 units, longer fragments (multi-nucleosomes) vanished 

away and shorter fragments (oligo-nucleosomes) stood out, implying that more linker 

regions have been digested while core regions were still preserved. Obviously, 4-unit 

MNase digestion enriched the population of oligo-nucleosomes. For the purpose of 

this study, 4-unit MNase digest should be more suitable than 1-unit MNase digest in 

terms of PCR template composition since the lengths of the templates were more 

uniform, so we chose the 4-unit MNase digest as our PCR templates. 
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Figure 1-5. Nucleosome mapping in M-BCR. (a) Limited MNase digestion of HL-60 naked and 
chromosomal DNA. Lane M is a 100 bp DNA ladder (NEB, Ipswich, MA). Lane D4 is naked DNA 
digested by 4 units of MNase. Lanes C1 to C4 are chromosomal DNA digested by 1, 2, and 4 units of 
MNase, respectively. (b) Schematic design of nested PCR primers. A pair of upstream forward primers 
(solid arrows) maps the downstream boundary (solid line), and a pair of downstream reverse primers 
(dashed arrows) maps the upstream boundary (broken line) of the same nucleosome. (c) Nested PCR 
product from three independent reactions. An arrow indicates the extracted bands. 
 

1.5.2.2 Nucleosomal Organization of M-BCR 

We designed the first set of primers purposely about 200 base pairs upstream 

to the most 5’ breakpoint (BO). In this way, we hoped at least one nucleosome can be 
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mapped before the most 5’ breakpoint, and we could design the further downstream 

primers according to the mere upstream one. Two pairs of nested primers were used to 

map nucleosome boundaries for higher specificity (Figure 1-5b). The secondary PCR 

products were resolved by gel electrophoresis (Figure 1-5c). The distinct band was 

excised, extracted, and sequenced to reveal the boundaries of a nucleosome core. A 

typical sequencing chromatogram of a PCR product is shown in Figure 1-6. Each 

readout sequence usually consists of a stretch of genomic sequence at the 5’ end and 

an oligo-C section at the 3’ end. The boundary of a nucleosome core region was 

revealed at the junction. 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 1-6. A typical sequencing result of nested PCR. This figure is generated by FinchTV. Peaks 
stand for sequenced nucleotides in a left (5’) to right (3’) direction. At the 3’ end of each sequence is an 
oligo-C section. The nucleosome core boundary is at the junction between the genomic sequence and 
the oligo-C section (arrow), such as a G in this figure. (Colors not shown as suggested by the guideline 
for UCSD thesis.) 
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Figure 1-7. Nucleosome organization in M-BCR. The accumulated occurrences of core nucleosomal 
boundaries are plot against the base pair locations in BCR (from the 109,368th base pair). Solid vertical 
lines are downstream boundaries, and dotted vertical lines are upstream boundaries. DNA breakpoints 
are indicated as open triangles with precise locations. The significance cut-off (two standard deviations 
above the average) is marked as a horizontal dotted line. Numbered nucleosomes are shown as open 
ovals with the corresponding boundaries on the bottom (N6: dashed oval). *: 17-A region (see p. 54). 
 

Experiments were repeated and all boundary occurrences were summarized in 

Figure 1-7. A cut-off was chosen as two standard deviations above the non-zero 

average occurrence to reveal significant boundaries. Ten nucleosomes were mapped 

within M-BCR. Nucleosomes were named from upstream to downstream as N0 to N9. 

Six of the 10 nucleosomes (N0, N1, N2, N3, N5, and N9) had unique and significant 

boundaries, meaning their positions were relatively stable. Other nucleosomes (N4, N6, 

N7, and N8) had multiple significant boundaries, suggesting they may have multiple 

preferred positions or their positions were more dynamic than others. Over 20 

reactions with various primers have been attempted to map a possible nucleosome 

between N1 and N2, but only boundaries of N1 and N2 were significantly revealed, 

suggesting that there may not be a nucleosome core between N1 and N2. N6 has a 
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significant downstream boundary but no obvious upstream boundary after numerous 

mapping attempts. It means that N6 is highly dynamic in its position and a nucleosome 

core may move frequently between N5 and N6. In either case, N6 is not a stable core 

region and may be exposed from histone binding. By comparing the average lengths 

of core and linker DNA, one would expect that DNA breakpoints, if occurring purely 

by chance, should be reported three times more in the core regions than in the linker 

regions. Here, however, we found 14 of the 27 reported breakpoints in the core regions. 

This finding suggests that (1) DNA breakage may not be totally by chance or length-

dependent; (2) a core region in the same length as a linker region would break less 

likely than the linker region. It implies that core DNA is protected, presumably by 

histone cores. Still, we can not rule out the possibility that this conclusion may have 

been misled by a small sampling number. 

Five of the 10 mapped nucleosomes fell within 10 bp to the local sites of 

minimal bending energy (P = 0.0016), confirming that bending energy is a key factor 

to determine the preferred nucleosome positions. The average length of the mapped 

core regions was 145 bp, very close to that of a typical nucleosome core (147 bp) 

(Davey et al., 2002). The lengths of individual core regions spread from 99 bp to 200 

bp. The lower limit suggests a dynamic behavior of nucleosomes, so MNase may 

chew into the exposed DNA. The upper limit suggests the existence of a conformation 

larger than regular nucleosome, meaning either more than 1 histone core or additional 

proteins bound to the region and protected the DNA from being digested by MNase. 

Overall, the mapping revealed a native, first-level chromosomal organization of M-
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BCR, and it met our expectation that nucleosomes have relatively stable positions in 

this region. 

 

1.5.3 Comparison of Nucleosome Position between MC Prediction and 

Experimental Mapping 

To compare the nucleosome position between the prediction and experimental 

mapping, we chose the dyad location of each mapped/predicted nucleosome core as an 

index. In those cases that multiple locations were predicted or mapped for particular 

nucleosomes, the dyad locations of the same nucleosome were averaged by their 

occurrences for the comparison. The comparison is shown in Figure 1-8. Pearson 

correlation tests and t-tests were applied to quantify the correlation and difference 

between the two results. The detail dyad positions and statistical comparison are 

shown in Table 1-2. 

 

 

 

 

 

 

 

Figure 1-8. Comparison of nucleosome positions in M-BCR from MC prediction and experimental 
mapping. The top panel shows the bending energy trend and breakpoint locations (Δ). The bottom panel 
shows the experimental mapping (Exp, open ovals) and MC prediction (MC, shaded ovals) results. 
Nucleosome cores are represented as in Figure 1-3 and Figure 1-7. *: 17-A region (see p. 54). 
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Table 1-2. Comparison of predicted and experimentally mapped nucleosome positions in M-BCR. The 
dyad positions (in bp, from the 109368th bp in BCR) of nucleosomes predicted or mapped by different 
methods are listed. The Pearson correlation coefficient R values and the t-test P values are shown at the 
right. 
 

MC prediction Experimental mapping 

Nucleosome Dyad position Nucleosome Dyad position
R P 

M0 -29 N0 -22 
M1 175 N1 220 
M2 460   
M3 622 N2 595 
M4 782 N3 758 
M5 982 N4 968 
M6 1200 N5 1229 
M7 1357 N6 1390 

0.998 0.980 

M8 1551   
M9 1713   

  

M10 1938 N7 1816 
M11 2066 N8 2024 
M12 2205 N9 2293 

0.998 0.880 

M13 2442     
Overall 0.997 0.711 

 

The results from the two methods had excellent correlation (R > 0.997) and no 

significant difference (P > 0.711). The upstream nucleosome positions from the 

prediction, M0 to M7 except M2, matched well with those from the mapping, N0 to 

N6 (P = 0.980). The downstream nucleosomes M10 to M12 from the prediction had 

multiple positions and matched the mapping not as well (P = 0.880). While 14 

nucleosomes were predicted, only 10 nucleosomes were experimentally mapped in M-

BCR. M2, M8, M9, and M13 were predicted but not mapped. The prediction of N8 

and N9 was obviously due to the low bending energy between 1500 and 1900 bp in 

M-BCR. However, nucleosomes seemed to be excluded between 1500 and 1700 bp 

according to the mapping. The reason for the missed prediction on M2 and M13 is not 
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clear, but may come from the principles MC predictions followed: (1) the number of 

core regions was pre-determined by the length of the whole region. One nucleosome 

was assigned every 200 bp; (2) the available DNA space for a nucleosome is always 

200 bp no matter what level the bending energy is at in that region; (3) the prediction 

of each nucleosome core was independent from the other cores. After all, the random 

and simultaneous manner to predict nucleosome positions in MC algorithm did not 

mimic in vivo conditions where a pre-existing nucleosome may act as a boundary for 

the proceeding nucleosomes to position. The formation of nucleosomes should follow 

a certain temporal and spatial order along the DNA sequence. This discrimination 

motivated us to propose a RD algorithm to improve the accuracy. 

 

1.5.4 Nucleosome Positions in M-BCR Predicted by RD Algorithm 

In RD algorithm, nucleosome positions are coupled to DNA replication. The 

first nucleosome core was predicted within a limited length of sequence (a 

nucleosome-free window) immediately downstream from the replication origin (RO). 

This mimics the starting of nucleosome assembly during replication. From there on, 

the following nucleosome positions are predicted one after another in a 5’ to 3’ 

direction, each in a nucleosome-free window that was moving in the same direction. 

This mimics both the temporal sequence and spatial constraint of in vivo nucleosome 

assembly. Within each window, the preferred starting position of the nucleosome core 

was chosen to be the local minimum of bending energy since a nucleosome core was 

energetically most favored there. 
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The RD prediction was aligned with the MC prediction and experimentally 

mapped positions in Figure 1-9. The statistical comparison is shown in Table 1-3. 

Amazingly, the primary window lengths (225, 255, and 285 bp, see Materials and 

Methods, under 1.4.4) in the RD algorithm predicted 10 nucleosome cores, same 

number as that of the experimental results. There was little difference in the predicted 

positions among three primary window lengths, probably due to the small length 

differences (30 bp). A shorter window (80 bp) increased the number of predicted 

nucleosomes and a longer window (405 bp) reduced this number, since obviously the 

same region could fit fewer windows if the windows were longer. 

 

 

 

 

 

 

 

 

 

 
Figure 1-9. Predicted and experimentally mapped nucleosome positions in M-BCR. Nucleosome 
positions are plot against the base pair positions in BCR. Nucleosome positions from experiments (Exp: 
open ovals), MC prediction (MC: shaded ovals), and RD predictions with different window lengths 
(80 – 405 bp: broken ovals) are indicated to the right. Other legends are the same as in Figure 1-8. 
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Table 1-3. Comparison of predicted and experimentally mapped nucleosome positions in M-BCR. The 
dyad positions (in bp, from the 109,368th bp in BCR) of nucleosomes predicted or mapped by different 
methods are listed. There are five window lengths (in bp) in RD predictions. The linear regression R 
values and the t-test P values of prediction results against the experimental data are shown at the bottom. 
 

RD prediction Experimental 
 mapping MC prediction

80 225 255 285 405 
-22 -29 -99 -27 -27 -27 -27 
220 175 108 169 169 169 169 

 460 262  
595 622 463 540 558 580 580 
758 782 626 753 753 753 753 
968 982 786 1062 1062 1062  

1229 1200 990 1277 1277 1277 1277 
1390 1357 1195  

 1551 1410     
 1713 1635 1644 1668 1703  

1816 1938 1821 1821 1821 1869 1821 
2024 2066 2047 2099 2099 2099 2099 
2293 2205 2199 2360 2360 2360 2360 

  2442 2360         
R 0.997  0.995 0.998 0.999 0.999 0.999 
P 0.711  0.996 0.905 0.896 0.873 0.996 

 

At least 8 of the 10 predicted nucleosomes fell within 10 bp to local sites of 

minimal bending energy (P = 3.7 × 10-7), showing that bending energy strongly 

dictated nucleosome positions in the RD algorithm. Both MC and RD algorithms 

showed excellent correlations (R > 0.99) with and no significant difference (P > 0.87 

with RD; P = 0.71 with MC) to the experimental data. There is little difference 

between the MC and RD algorithms in terms of the distance between the predicted 

nucleosome and the mapped ones (P ~ 0.4), but obviously the RD algorithm predicted 

a more accurate number of nucleosomes than the MC algorithm. The fact that primary 

window lengths (225 – 285 bp) in RD algorithm predicted the same number of 

nucleosomes as the experimental data is consistent with previous finding (Gasser et al., 

1996; Krude, 1999) that nucleosome-free DNA in this size (225 – 285 bp) are likely 
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the available space for nucleosome formation right behind the fork. Overall, the 

difference between the two algorithms suggested that nucleosome assembly should 

follow spatial and temporal sequences in which DNA bound proteins act as boundaries, 

and new nucleosomes may be assembled along the sequence accordingly in a one after 

another fashion. 

Even though the RD algorithm improved the accuracy in predicting 

nucleosome positions in M-BCR as compared to the MC algorithm, it is still not 

perfect for all genes of interest.  Here we summarized the defects that remain in the 

RD algorithm. (1) The predicted positions may be affected by the window lengths we 

have chose. In fact, the distribution of nucleosome-free window lengths along the gene 

at replication has not been thoroughly investigated. It is possible that the window 

lengths are different in one region from another during replication. (2) The DNA 

binding proteins other than histone cores were not considered in the algorithm. In fact, 

DNA binding proteins may also occupy the DNA sites before or/and after nucleosome 

assembly, which may dramatically change the local nucleosome positions. (3) 

Nucleosome assembly involved not only individual factors such as DNA flexibilities, 

DNA binding proteins, and replication, but also interactions between these factors 

during the cell cycle, such as gene regulations and transcriptions. In some cases, 

nucleosome positions were not interfered by transcriptional activities (Komura and 

Ono, 2003) or the overlapped binding proteins (Sewack and Hansen, 1997). In other 

cases, nucleosome positions were directly related to protein binding, gene activities, 

and even their distances to the transcription start sites (Ozsolak et al., 2007; Schones 
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et al., 2008). The RD algorithm presented here nevertheless provided a general and 

primitive way for nucleosome position prediction. To perfect the algorithm, more 

information regarding how nucleosome positions may be affected by gene-specific 

regulation and other DNA-protein interactions may be needed. 

 

1.6 Summary 

Core DNA bending energy was used as a preference index to predict 

nucleosome core positions in M-BCR with the Monte-Carlo algorithm. To verify the 

prediction, the nucleosome positions in M-BCR were experimentally mapped. Results 

showed that DNA breakpoints occurred in a same chance between the linker region 

and the core region, implying that core DNA may be protected by histone proteins. 

The discrepancy between the prediction and experimental mapping showed that 

nucleosome assembly along DNA may not be a random and simultaneous event. To 

improve the accuracy of the prediction, and to verify the temporal and spatial 

sequences of nucleosome assembly, a modified RD algorithm was proposed. This new 

algorithm predicted nucleosome positions in a way mimicking in vivo condition. The 

prediction result in M-BCR showed that RD algorithm had a higher accuracy than the 

MC algorithm, suggesting nucleosome assembly may likely follow spatial and 

temporal sequences. More accurate predictions would involve gene-specific 

information regarding protein-DNA interaction patterns in the region of interest. 
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Chapter 2 Modeling Nucleosome Assembly at DNA Replication 

 

2.1 Rationale 

Since erroneous DNA recombination may happen during DNA replication 

where DNA is subjected to great topological and mechanical stress, and there is no 

detail model to describe the dynamic transitions of the nucleosome 

disassembly/reassembly at the replication fork, it is necessary to adapt experimental 

findings from literatures to propose a stepwise nucleosome disassembly/reassembly 

model at the replication fork. This model would provide opportunities to scrutinize the 

nature and time course of DNA structural and topological changes, and find out 

possible mechanisms for DNA breakage therein. Replicating DNA goes through 

dramatic changes in its topology and structures, but previous studies have not 

proposed an illustrative model to address this issue (see Introduction). A stepwise 

model would therefore dissect this process more clearly, offer us scenarios to analyze 

potential stresses that apply to DNA, and hopefully help us figure out the possible 

mechanisms by which chromosomal DNA breaks in M-BCR. 

 

2.2 Specific Aim 

The specific aim here is to propose a stepwise nucleosome 

disassembly/reassembly model at DNA replication in order to dissect the changes of 

DNA structure and topology in replication. This model should help us find possible 

mechanism for DNA breakage happening in CML. 
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2.3 Key Findings from Literatures 

Studies have shown that nucleosome disassembly/reassembly at the replication 

fork is very efficient (Khrapunov et al., 1997; Mazurkiewicz et al., 2006; Sogo et al., 

1986). It is conceivable that the disruption and deposition of nucleosomes during 

replication are coordinated with the advancing replication fork (Gasser et al., 1996; 

Lucchini et al., 2001), but how these steps are orchestrated remains unclear. Here we 

gathered up-to-date findings from literatures to support a nucleosome 

disassembly/reassembly model we proposed at the replication fork. A biochemical 

study (Levchenko et al., 2005) has suggested a stepwise nucleosome disassembly 

mechanism. It was found that when sufficient positive stress is applied to a 

nucleosome core, one H2A-H2B dimer is readily displaced from the nucleosome core. 

Further stress leads to the dissociation of the second H2A-H2B dimer followed by the 

(H3-H4)2 tetramer dissociation. This mechanism clearly showed that nucleosome 

disassembly follows a three-step process: (1) first dimer dissociation; (2) second dimer 

dissociation; (3) tetramer dissociation. Verifying this mechanism in an opposite 

direction, another biochemical study (Mazurkiewicz et al., 2006) revealed a stepwise 

nucleosome assembly mechanism that is completely reversed from the disassembly 

mechanism. After a (H3-H4)2 tetramer efficiently binds to DNA and form a tetrasome 

(with a time constant ~104 M-1s-1), a H2A-H2B dimer quickly binds to the tetrasome 

(with a time constant ~105 M-1s-1) and form a hexasome. The second H2A-H2B dimer 

binds to the hexasome efficiently but slower than the first dimer for the formation of a 
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nucleosome (with a time constant ~103 M-1s-1). The related studies are summarized in 

Table 2-1. 

 

Table 2-1. Summary of literatures related to nucleosome disassembly/reassembly process dynamics. 
 

Process and steps Driving force 

Nucleosome disassembly: 
1. One H2A-H2B dimer dissociates. 
2. Another H2A-H2B dimer dissociates. 
3. The (H3-H4)2 tetramer dissociates. 

Transcription induced positive stress (Levchenko et al., 
2005).  
DNA unwinding induced positive supercoiling (Alberts et 
al., 2003d).  
Mechanical stretching (Cui and Bustamante, 2000; 
Bennink et al., 2001; Brower-Toland et al., 2002; Sakaue 
and Löwen, 2004; Gemmen et al., 2005). 

Nucleosome assembly: 
1. The (H3H4)2 tetramer binds to DNA. 
2. One H2A-H2B dimer binds. 
3. Another H2A-H2B dimer binds. 

Nucleosome assembly protein NAP1 (Mazurkiewicz et 
al., 2006). 
Histone-induced supercoiling (Camerini-Otero and Gary 
Felsenfeld, 1977). 

 

Recently, many studies have emerged on mechanically stretching or twisting a 

single DNA molecule or chromatin fiber containing one or multiple nucleosomes 

(Strick et al., 1999; Cui and Bustamante, 2000; Bennink et al., 2001; Brower-Toland 

et al., 2002; Bryant et al., 2003; Sakaue and Löwen, 2004; Gemmen et al., 2005; 

Mosconi et al., 2009). The common finding of these studies is that nucleosome 

disassembly/assembly is a reversible process before a critical threshold of stretching or 

twisting force is reached. The torsional dynamics of DNA has also provided valuable 

information that may be adapted during the DNA unwinding process (see 2.4.2). 

The topological problem we are interested here is best described in terms of the 

linking number (Lk, Hagerman, 1988). Lk is a quantitative measure of the winding of 

two strands around each other in closed circular DNA or DNA with both ends 
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constrained, such as chromosomal DNA (Alberts et al., 2003c). Lk can be expressed as 

the sum of the twist number (T) and the writhe number (W, the number a strand runs 

across itself). For a constrained system, Lk should remain a constant, so the change in 

one topological parameter (e.g., T) must be accompanied by the change of the other 

parameter (e.g., W) in a compensating direction so that there is no net change in Lk of 

the system. 

 

2.4 Results and Discussion 

2.4.1 Nucleosome Disassembly in Front of the Fork 

In front of each replication fork, up to two nucleosomes are disturbed (Gasser 

et al., 1996). Electron microscopic studies revealed that first histones H1 then H2A-

H2B dimers are progressively displaced in these nucleosomes (Sogo et al., 1986; 

Gasser et al., 1996). The dissociation of histones unpacks the chromatin and increases 

the length of nucleosome-free DNA (Figure 2-1a – c) (Brower-Toland et al., 2002). 

When H2A-H2B dimers dissociate, up to 56 bp of DNA (28 bp on each side of the 

core) could be released from the dimer binding region (Luger et al., 1997; Brower-

Toland et al., 2002). When the (H3-H4)2 tetramer dissociates, the rest of the core 

DNA is further released (Figure 2-1d). The total released DNA is 147 bp long. 
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 (a)  

 

 
(b) 

 

 
 (c) 

 

 (d) 

 

Figure 2-1. Stepwise unwrapping of a nucleosome core. (a) A complete nucleosome core is disturbed to 
release one H2A-H2B dimer (b) then another dimer (c). Finally a (H3-H4)2 tetramer is dissociated (d). 
The writhe number and the free DNA length both increase during this process. W: writhe number. LF: 
length of free core DNA. The double helix of DNA is not shown for clarity. The drawing is not to scale. 
 

A mechanical study, in which core DNA is fixed on one end and stretched on 

the other end, showed that once a critical stretching force is reached, the dissociation 

of the histones and the release of core DNA are very rapid (Brower-Toland et al., 

2002). In a tightly packed chromosome, DNA is subject to significant tension, so it is 

thought that the sudden release of free DNA in the unwrapping region may facilitate 

the upstream nucleosome rewrapping process. The topology of each unwrapping core 

DNA is also affected. DNA originally wraps around a histone core by 1.65 – 2 rounds 

in a negative supercoiling fashion (Luger et al., 1997; Richmond and Davey, 2003), 

meaning the writhe number W of the core DNA is -1.65 – -2 compared to linear DNA. 

When the nucleosome is fully unwrapped, the nucleosomal loop is gone and W 

increases to 0. The change in writhe ( W = 1.65 – 2) may easily be compensated by 

the positive supercoiling tension due to DNA unwinding (see below). Overall, the 
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unwrapping of each nucleosome core increases the length of free DNA by 147 bp and 

the writhe of the core DNA by 1.65 – 2. 

 

2.4.2 DNA Unwinding and Replicating at the Fork 

 

 

 

 

 

 

 

 

 
Figure 2-2. Helicase steric exclusion mechanism of DNA unwinding. Top: the leading strand (dark) is 
bound inside a helicase, which actively translocates along the ssDNA in a 3’ to 5’ direction and separate 
it from the lagging strand (gray) by steric exclusion. Bottom: after unwinding of each helical turn, the 
twist number of the unwound region (between two broken line) is reduced (a bracketed negative sign) 
and the superhelical tension in front of the fork is increased (a bracketed positive sign). The newly 
replicated daughter strands and other proteins are not shown for clarity. This drawing is not to scale. 
 

At each replication fork, parental DNA is unwound into two single strands by a 

ring-shaped hexameric helicase that leads the replication machinery (Matson et al., 

1994; Patel and Picha, 2000). Upon sequential NTP hydrolysis (Donmez and Patel, 

2006), ssDNA is actively translocated unidirectionally by the helicase such that it 

circulates clockwise within the central cavity of the ring (Singleton et al., 2000). 

Single stranded DNA is translocated 6 ~ 7 Å or about 2 nucleotides (nt) on each step 
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of the binding (Singleton et al., 2000), so about 12 nt of ssDNA is translocated after a 

360o turn hexameric binding. Different helicase models of DNA unwinding have been 

proposed (Patel and Picha, 2000), and the current consensus is that only one parental 

strand is specifically bound within the helicase ring. While the bound parental strand 

is actively translocated, the other parental strand outside the ring is physically 

separated by steric exclusion (Figure 2-2) (Kaplan et al., 2002; McGeoch et al., 2005). 

Human helicases bind and translocate along ssDNA specifically from 3’ to 5’ (the 

leading strand, Kaplan et al., 2002). 

Helicases unwind the double helix DNA and thus decrease its twist number (T). 

As mentioned above, for every 10 bp DNA unwound, T is reduced by 1. The decrease 

in T is compensated by an increase in positive supercoiling tension (either in T or in W) 

outside the unwound region to maintain the overall linking number (Figure 2-7, Peter 

et al., 1998; Wang, 2002; Postow et al., 2004). This positive supercoiling tension, if 

applied to the nucleosome in front of the fork, may energetically facilitate nucleosome 

unwrapping. At a first glance, DNA unwinding produces much more positive 

supercoiling tension than required for nucleosome unwrapping. In a region of same 

length, DNA unwinding produces 20 compensatory positive supercoils every 200 bp 

(a typical nucleosome length) and nucleosome core unwrapping in the same DNA 

length requires only 2 positive supercoils (Figure 2-2). However, a simple mechanical 

analysis as follows shows that unwinding of 200 bp DNA produces compensatory 

tension that is just as much as needed to unwrap a nucleosome core. 
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Compared to the dissociation of H2A-H2B dimers, an energy barrier of 36 ~ 

38 kT exists for the dissociation of one (H3-H4)2 tetramer from the core DNA 

(Brower-Toland et al., 2002). In a tightly coordinated system such as the replication 

fork, it is immediately assumed that this energy may be provided by the compensatory 

supercoiling tension (Alberts et al., 2003d). The torque (Γ, in kT) generated by 

twisting a section of dsDNA (Hagerman, 1988; Mosconi et al., 2009) can be expressed 

as: 

( )T
L
C

D

T Δ=Γ                                   (3) 

, where CT is the torsional modulus of dsDNA (CT ~ 100 kT·nm, Bryant et al., 2003), 

LD is the length of the twisted DNA, and TΔ  is the change in T in this DNA section. 

For 200 bp of unwound DNA, LD = 68 nm, TΔ  = 20 (positive for compensatory 

tension), so we have Γ = 29 kT, very close to the energy barrier level. This result 

proved that the assumption is reasonable. The positive supercoiling torque created by 

DNA unwinding of a nucleosome core region is coupled to the energy required to 

unwrap the negative supercoiling of the next nucleosome, so the system could self-

sustain in both topology and energy. Of course, the spacing between nucleosomes is 

not always regular, so residual positive supercoiling tension may still cause 

intertwining nodes (Peter et al., 1998; Wang, 2002; Postow et al., 2004; Bermejo et al., 

2007). Topoisomerases I and II act to remove the excessive tension (Bermejo et al., 

2007). This mechanical analysis also explains why sometimes the helicase has to 

move into the immediate prefork nucleosome core (Gasser et al., 1996), presumably 

because there is not enough DNA spaced between two nucleosome cores to be 
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unwound and to generate a sufficient torque for unwrapping. A biochemical study 

showed that the active translocation of DNA helicase produces sufficient force to 

drive DNA branch migration of Holliday junctions (Kaplan et al., 2002), so it is 

conceivable that a force-generating molecular motor such as the helicase may itself 

peel histones off the core DNA if necessary (Brower-Toland et al., 2002; Shin et al., 

2007). Besides NTP hydrolysis, DNA unwinding is also facilitated by at least two 

mechanisms: the release of unwrapped core DNA (see above) and the advancing DNA 

synthesis. The helicase and polymerase activities are coupled in which DNA synthesis 

by the DNA polymerase depends on the unwinding activity of the helicase, which 

provides ssDNA template, and the rapid trapping of the ssDNA bases by the DNA 

synthesis activity of the polymerase in turn drives the helicase to move forward (Stano 

et al., 2005). 

 

2.4.3 Nucleosome reassembly after the Fork 

After replication, nucleosomes reassemble almost as soon as enough dsDNA is 

available. The average distance from the fork to the first daughter nucleosome core is 

shorter than 300 bp (Sogo et al., 1986; Gasser et al., 1996), just enough for a couple of 

Okazaki fragments to mature (Ogawa and Okazaki, 1980). Studies in vitro showed the 

nucleosome reassembly follows steps reversed to the disassembly: the (H3-H4)2 

tetramer binds to daughter DNA prior to the binding of H2A-H2B dimers (Almouzni 

et al., 1990; Smith and Stillman, 1991). In vivo, the time lapse between tetramer 

binding and dimers binding is too short to differentiate (Gasser et al., 1996). The rapid 
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reassembly of nucleosomes is facilitated by at least four mechanisms: partial 

attachment of the tetramer to parental strand, coupled pushing of the unwrapped DNA 

in front of the fork, high affinity of H2A-H2B dimers to the DNA-tetramer complex, 

and ATP-dependent chromosome assembly proteins. The stepwise nucleosome 

reassembly is shown in Figure 2-3. 

 

      (a)                                                                    (f) 

 

 
 

 

      (b)                                                                       (e) 

 
 
 
 
 
 
      (c)                                                                       (d) 

 
 
 
 
 
Figure 2-3. Stepwise rewrapping of nucleosomes. (a) Partially attached (H3-H4)2 tetramers rebind to 
the daughter DNA. Supercoiling induced by the tetramer (curved arrow) facilitates the rewrapping. (b – 
c) The pushing of DNA (broken arrow), high affinity of the dimers to DNA-tetramer complex (curved 
arrow), and chromatin assembly proteins (not shown) help deposit the dimers one after another onto the 
tetramer-DNA complex. (d) Upon dimer binding, the arms of each nucleosome core closes to compact 
the structure. (e) After a final twist by H1 (not shown), the rewrapped nucleosome restores its topology 
in compaction. (f) Nucleosome organizations from Bednar et al., 1998.  The legends are as in Figure 2-
1. The drawing is not to scale. 
 

Parental (H3-H4)2 tetramers were shown to remain loose contact with DNA 

during the passage of the replication fork (Gruss et al., 1993; Lucchini et al., 2001). 
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The attachment may help the tetramer quickly recognize the same nucleosome 

positioning signals on the daughter strands as the intact nucleosome (Dong and van 

Holde, 1991; Hayes et al., 1991). The tetramer itself can induce negative supercoiling 

required for rewrapping (Figure 2-3a), and thus no tension or topoisomerase is needed 

for tetramer rewrapping (Camerini-Otero and Felsenfeld, 1977; Annunziato, 1989). 

After tetramer binding, abrupt release of the unwrapped DNA in front of the fork 

provides pulses of pushing behind the fork, resembling a reversed stretching of DNA 

that rewrap the nucleosomes (Cui and Bustamante, 2000; Brower-Toland et al., 2002; 

Leuba et al., 2003; Gemmen et al., 2005). The high affinity of H2A-H2B dimers to the 

DNA-tetramer complex (Mazurkiewicz et al., 2006) further speeds the binding of 

dimers. Upon dimer binding, the two DNA arms of each nucleosome core close one 

after another and compact the organization (Figure 2-3b and c). According to the 

chromatin organization observed under an electromicroscope (Bednar et al., 1998), 

another twist on each nucleosome core must exist to further compact the structure 

(Figure 2-3d). This final twist was found to be accomplished by H1 histones (Bednar 

et al., 1998). Adjacent nucleosome cores are arranged in a zigzag fashion (Figure 2-3f). 

Alternatively, several ATP-dependent chromatin assembly proteins (CAF-1, RCAF, 

NAP1…etc) couple with DNA synthesis to actively deposit newly synthesized 

histones onto the daughter strands (Tyler, 2002). Overall, the reassembly of each 

nucleosome recovers the topology and the compaction of chromosomal DNA (Figure 

2-3e and f). 
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Figure 2-4. Coupled nucleosome disassembly/reassembly model at the replication fork. Nucleosome 
disassembly (a) is facilitated by DNA unwinding at the fork (b). DNA from unwrapped nucleosomes in 
turn facilitates downstream DNA unwinding and nucleosome reassembly (c). The disturbed DNA 
region spans 650 – 1000 bp. (d) Mechanisms to assure the efficiency and robustness of the process. For 
each step (box) of the system, several mechanisms exist to facilitate (broken arrow) the processes. 
These mechanisms come from internal (mutual facilitation) as well as external (ATP-dependent 
enzymes) sources. 
 

To sum up, nucleosome disassembly, DNA unwinding/synthesis, and 

nucleosome reassembly across the fork are tightly coupled to each other. A summary 

model is shown in Figure 2-4. During replication, the disrupted chromatin region 

spans 650 – 1000 bp across the fork (Gasser et al., 1996). DNA unwinding at the fork 

produces compensatory positive supercoiling tension that helps disassemble 
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nucleosomes in front of the fork.  Nucleosome disassembly abruptly releases dsDNA 

to the helicase which in turn facilitates the DNA unwinding. DNA unwinding is also 

coupled to DNA synthesis in that these two processes are mutually facilitated. Finally, 

several mechanisms assure rapid nucleosome reassembly behind the fork. Each 

individual step in nucleosome disassembly/reassembly is supported by multiple factors 

so that the process is coordinated, efficient, and robust (Figure 2-4d). With this general 

model to elaborate DNA structural and topological changes at replication fork, we can 

scrutinize these changes in specific chromosome structure of M-BCR and uncover 

possible mechanisms for DNA breakages. 

 

2.5 Summary 

To scrutinize topological and mechanical stress on DNA during replication and 

in hope to find possible mechanisms for DNA breakage therein, a stepwise 

nucleosome disassembly/reassembly model at the replication fork was proposed. The 

model elaborated tight coordination among nucleosome disassembly, DNA unwinding, 

synthesis, and nucleosome reassembly. DNA unwinding topologically and 

energetically facilitates nucleosome disassembly, which in turn helps the progressing 

nucleosome reassembly. DNA unwinding is also coupled with and mutually facilitated 

by DNA synthesis. Nucleosome reassembly behind the fork is facilitated by the 

nucleosome disassembly in front of the fork, partial attachment of parental histone 

tetramers, and high affinity of dimers to the tetramer. Using this model as the basis, 

the possible mechanisms for DNA breakage in M-BCR replication can be revealed. 
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Chapter 2, in part is currently being prepared for submission for publication of 

the material. Tu, Chi-Chiang; Sung, Lanping A. The dissertation author was the 

primary investigator and author of this material. 
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Chapter 3 Mechanisms for DNA Breakage during M-BCR 

Replication 

 

3.1 Rationale 

The nucleosome mapping of M-BCR in Chapter 1 revealed that 14 breakpoints 

were in the core regions, and 13 were in the linker regions (Figure 3-1). Moreover, 19 

of the 27 breakpoints were found upstream to a 292-bp nucleosome-excluded region 

(from the downstream boundary of N6 to upstream boundary of N7), of which 5 of the 

19 clustered within the nucleosome-excluded region. A notable feature found in this 

region is an A-tract composed of 17 consecutive deoxyadenine nucleotides (17-A), 

168 bp downstream to N6 and 110 bp upstream to N7. 

 

 

 

 

Figure 3-1. Nucleosome-excluded region in M-BCR. Mapped nucleosome positions (open box), an Alu 
homology element (horizontal line), and 17-A (arrow) are aligned with the M-BCR sequence. Twenty 
seven breakpoints (B) are indicated. Note there is a 292-bp nucleosome-free region between N6 and N7. 
 

A-tracts are common in most eukaryotes and are generally located in the A-

rich regions at the 3’ end of Alu repeats within longer repetitive sequences (Jelinek 

and Schmid, 1982). The mean length of 3’ A-tract in Alu elements (J and S subfamily) 

is 21 ± 8 bp (Roy-Engel et al., 2002). In fact, scanning the M-BCR sequence with 
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CENSOR (Kohany et al., 2006) revealed an Alu S element at the 5’ end of the 17-A. 

AT-rich nucleotides are predicted to be flexible (Drew and Dickerson, 1981; Travers 

and Klug, 1987). Average DNA is able to bend ~90o smoothly in about 200 bp 

(Alberts et al., 2003c), but an 8-bp TATA box is able to bend ~80o upon protein 

binding (Kim et al., 1993). In a nucleosome core, AT-rich nucleotides are often found 

in the sharp bent inner minor grooves while GC-rich nucleotides in the outer minor 

grooves (Satchwell et al., 1986; Travers, 1987). A 219-bp A-rich DNA fragment 

formed a loop by itself (Griffith et al., 1986). On the other hand, poly-A fragments are 

predicted to be more rigid than average sequences (Nelson et al., 1987; Coll et al., 

1987). Short poly-A tracts (4 or 5 bp) were found to occupy the least bent positions 

within nucleosomes (Satchwell et al., 1986; Travers and Klug, 1987) and long poly-A 

tracts (80-100 bp) are nucleosome-exclusive (Kunkel and Martinson, 1981). It is thus 

conceivable that the 292-bp A-rich region in M-BCR may adapt a conformation 

somehow excluding nucleosome formations. Chromosome conformation is the 

organization of chromosomes in a cell's natural state. Studying the structural 

properties and spatial organization of chromosomes is important for the understanding 

and evaluation of the regulation of gene expression, DNA replication, repair, and 

recombination (Dekker et al., 2002). In Chapter 2, a stepwise nucleosome 

disassembly/reassembly model at the replication fork was proposed. This general 

model elaborated changes in topology and structure of replicating DNA and 

nucleosomes. The next step in this study is to incorporate the distinct chromosome 
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conformation of M-BCR, if any, into this model so as to understand a potential 

mechanism for DNA breakage. 

 

(a)  

 

 

 

(b)  

 

 
Figure 3-2. Principle of chromosome conformation capture.  (a) The flow of the procedure. DNA is 
shown as an arrowed line (pointing 3’ end) and the histone is shown as a shaded particle (N). 
Restriction sites are numbered (0 to 3) in a 5’ to 3’ direction. The region of interest is flanked by two 
restriction sites (e.g., 1 and 2). Primers (R: reverse; F: forward) are shown as small arrows. The 
procedure goes from left to right. Chromosome DNA is crosslinked, digested, ligated, purified, PCR 
amplified, and finally sequenced. (b) Same procedure with protein-free DNA results in no PCR product. 

 

To see how chromosome conformation may contribute to the DNA breakage at 

the breakpoints in M-BCR, an up-to-date technology would be applied to 

experimentally resolve the conformation around the A-rich region. “Chromosome 

Conformation Capture” (3C) is a pioneering methodology that allows in vivo genomic 

organization to be explored (Figure 3-2a) based on Dekker et al., 2002 and Hagège et 

al., 2007. It involves formaldehyde fixation of cells (Orlando et al., 1997), thus 

freezing the dynamic chromosome conformation. The following digestion and ligation 

trim unprotected DNA away and bring together two DNA ends in close proximity. 

After purification, the ligated DNA serves as a template and can be amplified by PCR 

(3C-PCR) with primers designed specifically for recombined but not original DNA. 
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The PCR product is then sequenced to reveal the exact recombination sites. A section 

of protein-free DNA would result in no PCR product from the uniquely designed 

primers (Figure 3-2b). 

The resolved conformation of the A-rich region in M-BCR would provide 

answers to key questions in this study such as: why were 5 breakpoints clustered 

within the A-rich region? Why 19 of the 27 breakpoints in M-BCR were found 

upstream to the A-rich region? How did DNA breakage occur within the core regions? 

The result would also contribute more insight to the DNA breakage mechanisms in 

BCR. 

 

3.2 Specific Aim 

The specific aim here is to experimentally resolve the chromosomal 

conformation in the A-rich region of M-BCR. The stepwise nucleosome 

disassembly/reassembly model and the nucleosome organization of M-BCR should be 

incorporated to reveal mechanisms for DNA breakage in CML. 

 

3.3 Experimental Design 

The choice of restriction enzymes is critical for the quality of 3C procedures 

(Hagège et al., 2007). Since a relative small region (<10 kb) is analyzed, frequent 

cutting enzymes (4-base cutters) are of the choice. Restriction enzymes sensitive to 

DNA methylation were not considered. The digestion temperature should not be 

higher than 65oC to avoid any premature decrosslinking. The digestion product should 
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also be easy to re-ligate (i.e., sticky end if possible). An optimal enzyme should also 

have restriction sites flanking the A-rich region and one or more nucleosome core 

region. After all, to allow sufficient resolution and sensitivity of the procedure, AluI 

was chosen as the restriction enzyme. There are 19 AluI sites in M-BCR. The 17-A is 

flanked by two AluI sites separated by 99 bp (smallest among all enzymes considered), 

and several AluI sites are protected by nucleosome cores (Figure 3-3).  

 

 

 

 
Figure 3-3. AluI restriction map of M-BCR. Nineteen AluI sites (A) are found in the M-BCR region. 
The 17-A (arrow) is flanked by two AluI sites separated by 99 bp. Several AluI sites are expected to be 
protected by nucleosome cores (e.g., N5, N9). Other legends are as in Figure 3-1. 
 

To design suitable primers, all possible conformations were sketched and the 

corresponding 3C-PCR products in this region were predicted (not shown). It is 

noteworthy that even though only one protein is required to maintain specific 

conformation, multiple proteins may exist in the same region and generate the same 

3C-PCR product as long as the same restriction site(s) are protected and the same 

DNA curvature is maintained. It turned out that each set of primers was capable of 

amplifying multiple templates and detecting several conformations. Because more 

than a single product will be generated, traditional PCR had to be used instead of 

quantitative real-time PCR. Primers were then designed to exclusively work on the 

recombined DNA. Each set of primers contained an upstream reverse primer and a 

downstream forward primer (Figure 3-4), so only the recombined DNA but not the 
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normal genomic DNA would be amplified. Typically, three sets of primers were 

designed to detect all possible conformations in one region. 

 

 

 

 

Figure 3-4. Design of 3C primers. DNA is shown as a thick arrowed line (pointing 3’ end). Primer sets 
(arrow) are aligned with the restriction sites (numbered vertical line) on the DNA. Each set of primers 
includes an upstream reverse primer (R) and a downstream forward primer (F) that only amplifies 
recombined DNA. One set of primer is able to detect several conformations in the same region. 
 

3.4 Materials and Methods 

3.4.1 Formaldehyde Crosslinking with Single Cells 

HL-60 cells (ATCC, Manassas, VA) were maintained as described (Yalcintepe 

et al., 2005). Approximately 107 cells were centrifuged for 1 min at 400 ×g at room 

temperature. After discarding the supernatant, the cell pellet was resuspended in 500 

µl of 10% FCS/PBS. Then 9.5 ml of 1% formaldehyde in 10% FCS/PBS was added to 

the suspension. The solution was tumble-mixed at room temperature for 10 min to 

crosslink the chromosome conformations. The reaction tube was immediately 

transferred to ice and 1.425 ml of ice-cold 1 M glycine was added to quench the 

reaction. The tube was centrifuged for 8 min at 225 ×g at 4oC and the supernatant was 

carefully removed. The cell pellet was then frozen in liquid nitrogen and stored at -

80oC until use. 
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3.4.2 Cell Lysis 

The cell pellet was resuspended in 500 µl cold lysis buffer (10 mM Tris-HCl 

pH 7.5, 10 mM NaCl, 1% NP-40, 0.5% Triton-X 100, 1× complete Mini protease 

inhibitor)(Roche, Mannheim, Germany). The cell suspension was then delivered drop 

by drop into a tube of 4.5 ml cold lysis buffer with a micropipette and incubated for 10 

min on ice with constant shaking and pippeting. The quality of nuclei was verified by 

methyl-green pyronin staining (Sigma, St. Louis, MO) under microscope. The lysis 

reaction may last longer if necessary. The nuclei pellet was spun down at 2,100 ×g for 

20 min through a 2 ml cushion of 1.62 M sucrose. The supernatant was carefully 

removed. For storage, the nuclei were quickly frozen in liquid nitrogen and stored at -

80oC until use. 

 

3.4.3 AluI Digestion 

The nuclei pellet was resuspended in 500 µl of 1.2× AluI restriction buffer 

(Fermentas, Glen Burnie, MA) and transferred to a 1.5 ml tube prior to the addition of 

8.5 µl of 20% (w/v) SDS (final concentration 0.3%). The sample was then incubated 

for 1 h at 37oC followed by the addition of 56.5 µl of 20% (v/v) Triton X-100 (final 

concentration 2%) and a second incubation for 1 h at 37oC while shaking at 250 rpm 

in the entire procedure. A 50 µl aliquot of the sample was taken and labeled as 

undigested DNA control (UD) and stored at -20oC until use. Four hundred units of 

AluI (Fermentas, Glen Burnie, MA) were added to the remaining sample which was 

then incubated overnight at 37oC while shaking at 250 rpm. Another 50 µl aliquot of 
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the digested sample was taken, labeled as digested DNA control (DD), and stored at -

20oC until use. 

 

3.4.4 Digestion Efficiency Check 

The procedure was as described (Hagège et al., 2007) except that traditional 

PCR was used instead of quantitative PCR. Five hundred microliters of Proteinase K 

buffer (5 mM EDTA pH 8.0, 10 mM Tris-HCl pH 8.0, 0.5% SDS) and 1 µl of 

Proteinase K (Fermentas, Glen Burnie, MA) were added to each control aliquot saved 

previously and the samples were incubated at 55oC overnight. After equilibrating at 

37oC, 1 µl of 1 mg/ml RNase A was added to each sample which was then incubated 

for 2 h at 37oC. Each control was phenol-chloroform extracted twice before the 

addition of 50 µl of 3 M sodium acetate pH 7.0 and 1 ml of ethanol, mixed 

respectively, and placed at -80oC to precipitate DNA. The control was then 

centrifuged for 20 min at 16,100 ×g at 4oC, supernatant removed, and washed with 

500 µl of 70% ethanol. The control was centrifuged again for 4 min at 16,100 ×g at 

4oC. The supernatant was removed and the pellet was dried at room temperature and 

resuspended in 60 µl of TE buffer. The DNA concentration was quantified with a UV 

spectrophotometer (Beckman DU640, Fullerton, CA) with a ratio of 260/280 at ~1.8. 

The typical concentration of each control is ~120 ng/µl. 
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Figure 3-5. The location of primers to check digestion efficiency. Primers (arrowhead) are aligned with 
M-BCR sequence. The specific locations of AluI sites (A) are indicated. Primers are named by the 
direction of amplification (F: forward; R: reverse) and the 5’ end location (in bp) from the 109,369th bp 
in BCR. The primer pair for PCR D includes one AluI site (at 1681 bp). The primer pair for PCR P 
includes no AluI site. The AluI digestion efficiency is determined by the concentrations of these PCR 
products before and after AluI digestion (See text for detail). 
 

The purified DNA from UD and DD served as control PCR templates to 

determine the digestion efficiency as detailed below. Primers were designed to 

amplify either the region preserved from the digestion (PCR product P) or the region 

including an AluI site (PCR product D). The primer design is shown in Figure 3-5 and 

the sequences are listed in Table 3-1. Both PCR were performed for each control, 25 

µl each with 7 ng template, 200 µM dNTP mix, 1 µM of either primer mix, 0.25 µl 

iProof DNA polymerase (Biorad, Hercules, CA), and a suitable buffer. The program 

was 98oC for 30 sec, 28 cycles of 98oC for 10 sec, 63oC for 15 sec, 72oC for 30 sec, 

and a final 72oC for 7 min (The cycle number was reduced from 35 to 28 to assure the 

amplification was in a linear range.) The PCR products were resolved on a 1.3% 

agarose gel by electrophoresis (Gibco, Carlsbad, CA). The gel picture was analyzed by 

ImageJ 1.41 (Wayne Rasband, NIH, US) to determine the intensity of the PCR 

products. 
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For each control (UD or DD), the intensity of PCR product P reflected the 

initial template concentration, and that of the PCR product D reflected the template 

concentration after digestion. The digestion efficiency was determined by the ratio of 

digested template concentration to preserved template concentration, both of which 

normalized by the initial template concentration. The efficiency was calculated by the 

formula: 

UDUD

DDDD

PD
PDDE

/
/1−=                          (4) 

where DDD and DUD are the respective product intensity of PCR D from DD and UD; 

PDD and PUD are the respective product intensity of PCR P from DD and UD. Only the 

samples with digestion efficiency higher than 80% were used for the following 

procedures to avoid unwanted artifacts (Hagège et al., 2007). 

 

Table 3-1. Primer sets for digestion efficiency check in M-BCR. Primers are named by the direction of 
amplification (F: forward; R: reverse) and the 5’ end location (in bp) from the 109,369th bp in BCR. 
 

PCR product Primer name 5' to 3' sequence 
F1651 TGCTTCCTGTGCCCCACAGTG 

D 
R1766 TAAAGCCCCTACGATGAGAAGGGCC 
F2486 CCTAGAAACAGCAAAATGTGGAGACAG 

P 
R2686 ACTGCTCTCACCTAAAAAGTCCCCC 

 

3.4.5 Ligation of Digested Chromosomes 

Forty nine micro liters of 20% (w/v) SDS (final 1.6%) was added to the 

remaining sample from the digestion and the sample were transferred to a 50 ml falcon 

tube prior to the addition of  6 ml of 1.16× ligation buffer (Promega, Madison, WI) 
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and 375 µl of 20% (v/v) Triton X-100 (final 1%). The sample was incubated for 1 h at 

37oC while shaking at 160 rpm prior to the addition of 100 U ligase (Promega, 

Madison, WI), and was incubated overnight at 16oC. The ligation was stopped by 

addition of 300 µg Proteinase K (Fermentas, Glen Burnie, MA) and incubation at 

65oC overnight. 

 

3.4.6 DNA Purification 

After adding 30 µl of 10 mg/ml RNase A, the ligated sample was immediately 

incubated for 45 min at 37oC. Seven milliliters of phenol-chloroform was added to the 

sample and was mixed vigorously. The sample was centrifuged for 15 min at 2,200 ×g 

at room temperature. The supernatant was transferred into a new 50 ml tube. If 

necessary, the supernatant was extracted again with phenol-chloroform. Seven 

milliliters of distilled water was added to the supernatant prior to the addition of 1.5 

ml of 3 M sodium acetate (pH 7.0) and 30 ml of 100% ethanol. The sample was then 

mixed and placed at -80oC for 3 h prior to centrifugation for 45 min at 2200 ×g at 4oC. 

The supernatant was removed and the DNA pellet was washed with 10 ml of 70% (v/v) 

ethanol. The sample was then centrifuged for 15 min at 2200 ×g at 4oC, supernatant 

removed, and dried at room temperature. The DNA pellet was dissolved in 500 µl of 

TE buffer, labeled as 3C-DNA (chromosome conformation captured DNA), and stored 

at -20oC until use. Since the optical density (OD260) of 3C-DNA is not reliable 

(Hagège et al., 2007), the concentration of each 3C-DNA sample was estimated from 

the control DNA concentration. The typical 3C-DNA concentration is ~ 130 ng/µl. 
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Figure 3-6. Design of 3C-primers in M-BCR. 3C-primers (arrowhead) are aligned with M-BCR 
sequence. 3C-PCR are named by their chromosome feature (5: N5; a: 17-A; 9: N9) and sequential order 
(1 – 3: upstream to downstream). Other legends are as in Figure 3-5. 
 

3.4.7 3C-PCR Amplification and Sequence Analysis 

The design of 3C-primers in this experiment is illustrated in Figure 3-6 and 

detail sequences listed in Table 3-2. A 50 µl 3C-PCR was performed for each primer 

set with 200 ng 3C-DNA template, 200 µM dNTP mix, 1 µM of either primer mix, 0.5 

µl iProof DNA polymerase (Biorad, Hercules, CA), and a suitable buffer. The 

program was 98oC for 30 sec, 35 cycles of 98oC for 10 sec, 59 ~ 63oC for 15 sec, 72oC 

for 30 sec, and a final 72oC for 7 min. The PCR products were resolved on a 1.3% 

agarose gel by electrophoresis (Gibco, Carlsbad, CA), extracted (Qiagen, Valencia, 

CA) and sequenced (Fisher, SeqWright, Houston, TX). The sequencing results were 

analyzed by FinchTV (Geospiza Inc., Seattle, WA). From the designed primer 

locations and predicted sequence of PCR products, the size of each 3C-PCR product 

from various conformations were predicted and calculated. 
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Table 3-2. 3C-Primers in M-BCR. Primers are named by their direction of amplification (F: forward; R: 
reverse) and their 5’ end locations (in bp) downstream from the 109369th bp in BCR. 
 

PCR product Primer name 5' to 3' sequence 
R1105 GCAATTACTCGATCCACCTGCA 

51 
F1206 CTCTGTCGAGCTGGATGGATACTAC 
R1259 AAAGGAAAAAAAAAGTAGTATCCATCCAG 

52 
F1261 CCTCTAAGTGGGGGTCTCC 
R1320 TGTTACCAGCCTTCACTGTTCTGACA 

53 
F1394 GCTGAGGCAGGTGGATCGCTT 
R1463 ACACAGGGTTTCACCATGTTGGTC 

a1 
F1507 TGTAATCACAACTGCTTGGGAGGCT 
R1604 GGCTGGAATGCAGTGGCACA 

a2 
F1651 CCTAGAAACAGCAAAATGTGGAGACAG 
R1766 ACTGCTCTCACCTAAAAAGTCCCCC 

a3 or 91 
F2222 TGCCATTCTCCATCAGTGAGGC 
R2333 GGACCCTTTCTGCAGGGATAT 

92 
F2463 CCACGACTTCTCCAGCAC 
R2559 GCAGACCCCGCTGTACTAT 

93 
F2662 GGCCCTTCTCATCGTAGGGGCTTTA 

 

3.5 Results and Discussion 

3.5.1 Digestion Efficiency of 3C-DNA 

A typical digestion efficiency result is shown in Figure 3-7. Two sets of 

primers were designed such that one set (D) included an AluI site while the other set 

(P) excluded (Figure 3-7a). The D/P value (product intensity of PCR D normalized to 

that of PCR P) of a sample reflected its AluI digestion level without the bias from 

initial sample concentration. The ratio of D/P from the digested sample (DD) to D/P 

from the undigested sample (UD) determined an unbiased AluI digestion efficiency 

(DE). The expected size was 201 bp for PCR product P and 116 bp for PCR product D. 

In Experiment#1, the cell lysis incubation step was purposely skipped, thus the nuclei 
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were not fully exposed before digestion. The DE value was 37% (Figure 3-7c). In 

Experiment#2, the cells were completely lysed and nuclei isolation was verified by 

methyl-green pyronin staining. The digestion efficiency was 84%. It shows that cell 

lysis was crucial to digestion efficiency of chromosomal DNA and traditional PCR 

was able to differentiate the digestion level. Only samples with digestion efficiency 

higher than 80% were used as 3C-DNA templates to avoid unwanted artifacts. 

 

 (a) 

 

 

 
 (b)                                                                    (c) 

 

 

 

 

 

 

Figure 3-7. Typical digestion efficiency result. (a) A simplified AluI restriction map of M-BCR 
showing the design of primer set D and primer set P. Legends are as in Figure 3-5. (b) PCR products 
from two independent batches of samples (Exp#1 and #2) were resolved on a 1.3% agarose gel. Each 
batch had 2 controls (UD and DD) and each control had 2 PCR products (P and D). The expected PCR 
product sizes are indicated (P: 201 bp; D: 116 bp). The left lane is a 100 bp DNA ladder (NEB, Ipswich, 
MA). The major sizes are indicated. (c) Calculation of the digestion efficiency (DE). The DE for Exp#1 
is 37% and that for Exp#2 is 84%.  
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3.5.2 Chromosome Conformations around Nucleosome Core N5 Region 

Qualified 3C-DNA was amplified by 3C-primers in the N5 region. As negative 

controls, UD and DD were also amplified separately with the same 3C-primers. All 

templates were also amplified by primer set C as positive controls. The PCR products 

were resolved on a 1.3% agarose gel. All distinct bands, including PCR product C 

from all templates and distinct bands from UD, DD, and 3C-DNA were extracted and 

sequenced. The 3C-PCR products around N5 are shown in Figure 3-8a. No distinct 

product was found from the UD and DD, meaning the primers exclusively amplified 

the recombined DNA, not the original DNA. The sequence of the smear in PCR 53 

from the DD turned out unspecific.  Two distinct bands were found from 3C-DNA: 

242 bp in PCR 51 (product 1) and 341 bp in PCR 52 (product 2). The sequential 

illustration and analysis of these PCR products are shown in Figure 3-8b and c. The 

sequence of PCR 51 product revealed a conformation where the exposed AluI site at 

1075 and 1417 bp recombined, and three AluI sites  in between (1230, 1284, 1293 bp) 

were protected. The sequence of PCR 52 product revealed an alternate conformation 

where the AluI sites at 1075 and 1293 bp recombined, suggesting AluI sites at 1075 

and 1293 bp were exposed and those in between (1230 and 1284 bp) were protected. 

 

 

 

 

 



 69  
 

UD                  DD                   3C
C  51  52  53   C  51   52  53  C  51  52  53  

Template
PCR

2
1

100

300

1kb

UD                  DD                   3C
C  51  52  53   C  51   52  53  C  51  52  53  

Template
PCR

2
1

100

300

1kb

1

2

1

2

2      1

PCR  51    53
52

2      1

PCR  51    53
52

 (a)                                                                                        (b)  

 

 

 

 

 

 

 (c) 

 

 

 

 

 

 
 
Figure 3-8. 3C-PCR products around N5. (a) The gel pattern. The left lane is a 100 bp DNA ladder. 
Templates include UD, DD, and 3C-DNA. PCR C serves as a positive control. Both PCR 51 and 52 
from 3C-DNA generate a distinct band (marked 1 and 2). (b) Sequential illustration of 3C-PCR 
products in the N5 region. The ligated AluI sites in indicated PCR products are connected by solid and 
dotted lines, respectively. The legends are as in Figure 3-7. (c) Sequence analysis of PCR products. The 
legends are as in Figure 3-2. This figure is not to scale. 
 

Both PCR products agreed with the experimentally mapped nucleosome 

positions in that the AluI site at 1075 and 1417 bp were in the linker regions. Notably, 

although the AluI sites at 1075 and 1417 bp are 342 bp away from each other along the 

sequence, they were recombined in the ligation step due to their close proximity in a 

chromatin compaction and also the preserved DNA curvature by a histone core. The 
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fact that the AluI site at 1293 bp was protected in PCR 51 but exposed in PCR 52 may 

be viewed as a dynamic behavior of nucleosome positions. Since the 1293 bp was near 

the boundary of N5, when the histone core moves along the DNA during remodeling, 

this AluI site may be exposed from the core boundary. The 3C-PCR was able to detect 

the alternate populations of nucleosome positions. The 3C-PCR result also suggested 

that there may not be a stable nucleosome core (N6) to protect the AluI site at 1417 bp. 

This finding is consistent with the previous mapped positions where N6 was not a 

stable nucleosome core. Therefore, the nucleosome-free region may actually be longer 

than 292 bp (459 bp from the N5 boundary to the N7 boundary). 

 

3.5.3 Chromosome Conformations around Nucleosome Core N9 Region 

The 3C-PCR products around N9 region are shown in Figure 3-9a. Only PCR 

92 and 93 results are shown as PCR 91 is the same as PCR a3, presented in the next 

section. No unspecific product was found from UD and DD, as expected. From 3C-

DNA, two distinct products were found in PCR 92 (product 1: 674 bp; product 4: 252 

bp). The sizes of these products matched the predictions for nucleosome 

conformations. Two products were also found in PCR 93 (product 2: 556 bp; product 

3: 279 bp) where one matched a nucleosome conformation (product 3) and the other 

does not belong to the prediction (product 2). 
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Figure 3-9. 3C-PCR products around N9. (a) The gel pattern. Each of PCR 92 and 93 from 3C-DNA 
generates 2 distinct products (marked 1 – 4). (b) Sequential illustration of 3C-PCR products in the N9 
region. The ligated AluI sites in indicated PCR products are connected by solid lines respectively. The 
unmapped nucleosome cores (marked N10 – N12) are shown in dashed particles. The legends are as in 
Figure 3-7. (c) Sequence analysis of PCR products 1 – 4. The legends are as in Figure 3-2. The drawing 
is not to scale. 
 

The sequential illustration and analysis of these PCR products are shown in 

Figure 3-9b and c. The sequence of product 1 revealed a conformation where the AluI 

site at 2306 bp was protected and those at 1681 and 2464 bp recombined to each other. 

Again, the recombination of AluI sites between 1681 and 2464 bp was facilitated by 

the zigzag formation of nucleosomes as shown in Figure 3-9c, even though these two 
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sites are about 800 bp separated. The sequence of product 2 revealed an unpredicted 

conformation where the AluI site at 2687 bp was protected and those at 2484 and 3041 

bp were exposed. This suggests a protein binding at 2687 bp, presumably by a histone 

core which was not mapped before (Figure 3-9b). The sequence of product 3 and 4 

both revealed a conformation where the AluI site at 2484 bp was protected, suggesting 

another possible nucleosome core. The fact that the AluI site at 2484 bp was protected 

in product 3 and 4 but exposed in product 2 is again due to the dynamic behavior of 

nucleosome positions. 

The combined result from PCR 92 and 93 shows there were proteins to cover 

each of the 3 AluI sites at 2306, 2484, and 2687 bp (Figure 3-9b). This is in part 

consistent with the mapped nucleosome positions where a nucleosome N9 covers the 

AluI site at 2306 bp. Two possible nucleosome cores at 2484 and 2687 bp were not 

mapped previously since there was no breakpoint reported. The 3C-PCR also revealed 

the dynamic behavior of nucleosomes in this region where these three AluI sites may 

not be always covered by histones. In contrast, the AluI site at 1681 bp was always 

found exposed, confirming a nucleosome-free conformation within the A-rich region. 

 

3.5.4 Chromosome Conformation in A-rich region 

The PCR products are shown in Figure 3-10a. From 3C-DNA, only PCR a3 

(and 91) had two distinct products (product 1: 348 bp; product 2: 170 bp), matching 

the predicted conformations. PCR a1 and a2 showed smeared patterns and no distinct 

product. 
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Figure 3-10. 3C-PCR products in the A-rich region. (a) The gel pattern. PCR a3 from 3C-DNA 
generates 2 distinct bands (marked * and **). (b) Sequential illustration of 3C-PCR products in the A-
rich region. The ligated AluI sites in indicated PCR products are connected by solid lines, respectively. 
The legends are as in Figure 3-7. (c) Sequence analysis of PCR products 1 and 2. The legends are as in 
Figure 3-2. This figure is not to scale. 
 

The sequential illustration and analysis of the distinct PCR products are shown 

in Figure 3-10b and c. The sequence of product 1 revealed a conformation where the 

AluI site at 2306 bp was protected and those at 1681 and 2464 bp exposed and 

recombined. This result is consistent with the product 1 from PCR 92 (Figure 3-9c), 

suggesting a nucleosome N9 protecting 2306 bp. The sequence of product 2 revealed a 
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conformation in PCR 91 (or L2 in PCR a3) where the AluI site at 1681 and 2306 bp 

were exposed and recombined. It is consistent with PCR 92 and 93 that N9 may have 

dynamic positions where occasionally the AluI site at 2306 bp was exposed (Figure 3-

10b). No distinct product in PCR a1 and a2 was found, suggesting that the AluI sites at 

1417, 1582, and 1681 bp were not protected by proteins and not preserved after 

digestion. The AluI site at 1681 bp was reconfirmed as an exposed site. 

Surprisingly, some PCR products were found from both UD and DD where a 

100-bp product was generated in PCR a1 and a 300-bp product in PCR a2. The lengths 

of these products did not match that of any predicted products, and the corresponding 

sequences revealed unspecific results. This finding was repetitively confirmed, so it 

was thought that these PCR products may come from unspecific primer annealing to 

chromosomal DNA in this region. 

 

 

 

 

 

Figure 3-11. Chromosome conformation around the A-rich region in M-BCR. Ligated AluI sites are 
connected with lines. Mapped nucleosome cores (open box), potential nucleosome cores (dotted box), 
17-A (arrow) are indicated. 
 

Overall, the chromosome conformation around the A-rich region revealed by 

the 3C-PCR is shown in Figure 3-11. The M-BCR sequence with the mapping of 

nucleosomes, breakpoints, Alu homologous sequence, and exons is shown in Figure 3-
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12. The AluI sites within the A-rich region were always digested, meaning that this 

region was not protected by histones. The AluI sites immediately upstream or 

downstream to the A-rich regions were protected at least once in multiple PCR tests, 

indicating the existence of proteins (presumably histones) protecting the AluI sites. 

The fact that 3C-PCR was able to detect a loop formation in the N9 region but 

not a loop in the A-rich region may come from the following possibilities: (1) there 

was actually no loop in the A-rich region. Instead, some unknown secondary structure 

may have existed to prevent nucleosome formations. In fact, studies have shown that a 

DNA triplex may be formed between poly-A·poly-T and oligo-T (Beal and Dervan, 

1991; Chen, 1991). The triplex does not bend toward the surface of histones within a 

nucleosome and thus may exclude nucleosome formations (Brown and Fox, 1998); (2) 

there was a loop within the A-rich region, but it was not detectable by the current 

method due to its small length. The loop formed by the A-rich region, if any, may 

have bounced back to be linear after the AluI digestion separated the loop from the 

chromatin and released the tension. Since no protein was holding the curvature of the 

loop, it easily recovered to an energetically most favored state, a linear shape, for a 

short DNA fragment. It is not revealed with the current method if the 17-A naturally 

possessed a curvature. Even if it did, the curvature alone was not sufficient to facilitate 

the re-ligation of the AluI sites within the A-rich region. In either possibility, the A-

rich region has a unique conformational feature and with its nucleosome-excluding 

properties, it separated two packs of nucleosomes in M-BCR. According to the 

replication model proposed earlier and the unique M-BCR conformation revealed here, 
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mechanisms by which DNA breakage may occur during M-BCR replication were 

proposed and discussed.  

 

                10           20           30           40          50           60 
    1 ACTCCAGACT GTCCACAGCA TTCCGCTGAC CATCAATAAG GAAGGTGGGC CCCCCCGTTT 

61 CCGTGTACAG GGCACCTGCA GGGAGGGCAG GCAGCTAGCC TGAAGGCTGA TCCCCCCTTC 
121 CTGTTAGCAC TTTTGATGGG ACTAGTGGAC TTTGGTTCAG AAGGAAGAGC TATGCTTGTT 
181 AGGGCCTCTT GTCTCCTCCC AGGAGTGGAC AAGGTGGGTT AGGAGCAGTT TCTCCCTGAG 
241 TGGCTGCTGC TGGGTGGTTG AGGAGATGCA CGGCTTCTGT TCCTAGTCAC AAGGCTGCAG 
301 CAGACGCTCC TCAGATGCTC TGTGCCTTGG ATCTGGCCCC ACTCCCGTCC TCCCAGCCCT 
361 CCTCTCCTCC AGCTACCTGC CAGCCGGCAC TTTTGGTCAA GCTGTTTTGC ATTCACTGTT 
421 GCACATATGC TCAGTCACAC ACACAGCATA CGCTATGCAC ATGTGTCCAC ACACACCCCA 
481 CCCACATCCC ACATCACCCC GACCCCCTCT GCTGTCCTTG GAACCTTATT ACACTTCGAG 
541 TCACTGGTTT GCCTGTATTG TGAAACCAGC TGGATCCTGA GATCCCCAAG ACAGAAATCA 
601 TGATGAGTAT GTTTTTGGCC CATGACACTG GCTTACCTTG TGCCAGGCAG ATGGCAGCCA 
661 CACAGTGTCC ACCGGATGGT TGATTTTGAA GCAGAGTTAG CTTGTCACCT GCCTCCCTTT 
721 CCCGGGACAA CAGAAGCTGA CCTCTTTGAT CTCTTGCGCA GATGATGAGT CTCCGGGGCT 
781 CTATGGGTTT CTGAATGTCA TCGTCCACTC AGCCACTGGA TTTAAGCAGA GTTCAAGTAA 
841 GTACTGGTTT GGGGAGGAGG GTTGCAGCGG CCGAGCCAGG GTCTCCACCC AGGAAGGACT 
901 CATCGGGCAG GGTGTGGGGA AACAGGGAGG TTGTTCAGAT GACCACGGGA CACCTTTGAC 
961 CCTGGCCGCT GTGGAGTGTT TGTGCTGGTT GATGCCTTCT GGGTGTGGAA TTGTTTTTCC 
1021 CGGAGTGGCC TCTGCCCTCT CCCCTAGCCT GTCTCAGATC CTGGGAGCTG GTGAGCTGCC 
1081 CCCTGCAGGT GGATCGAGTA ATTGCAGGGG TTTGGCAAGG ACTTTGACAG ACATCCCCAG 
1141 GGGTGCCCGG GAGTGTGGGG TCCAAGCCAG GAGGGCTGTC AGCAGTGCAC CTTCACCCCA 
1201 CAGCAGAGCA GATTTGGCTG CTCTGTCGAG CTGGATGGAT ACTACTTTTT TTTTCCTTTC 
1261 CCTCTAAGTG GGGGTCTCCC CCAGCTACTG GAGCTGTCAG AACAGTGAAG GCTGGTAACA 
1321 CATGAGTTGC ACTGTGTAAG TTTCTCGAGG CCGGGCGCAG TGGCTCATGC CTGTAATCCC 
1381 AGCACTTTGG GAGGCTGAGG CAGGTGGATC GCTTGAGCTC AGGAGTTGGA GACCAGCCTG 
1441 ACCAACATGG TGAAACCCTG TGTCTACTAA AAATACAAAG ATTAGCCGGG CTAGGCAGTG 
1501 GGCACCTGTA ATCACAACTG CTTGGGAGGC TGAGGGAAGA GAATCGCTTG AACCCAGGAG 
1561 GCGGAGGTTG CAGTGAGCCG AGCTTGTGCC ACTGCATTCC AGCCTGGGCG ACAGAGCAAG 
1621 ACTCCGCCTC AAAAAAAAAA AAAAAAAGTT CCTAGAAACA GCAAAATGTG GAGACAGAAA 
 1681 GCTTACCAGG GATTGTTGGG GAATGGGGTT GGGAGAGAGG ACTAACTGCA GATGAACCCA 
 1741 AGGGGGACTT TTTAGGTGAG AGCAGTGTCG TGAAAAGACT GTGGTGCTGT TTGCGCTCAC 
 1801 ATTTACATTT CCTAAAATTC TTTAAACCCT ACACTTGGAA TGGATGAATT ACATGACATG 
1861 CAGATTGCAC CTTCATAACA TAATCTTTCT CCTGGGCCCC TGTCTCTGGC TGCCTCATAA 
1921 ACGCTGGTGT TTCCCTCGTG GGCCTCCCTG CATCCCTGCA TCTCCTCCCG GGTCCTGTCT 
1981 GTGAGCAATA CAGCGTGACA CCCTACGCTG CCCCGTGGTC CCGGGCTTGT CTCTCCTTGC 
2041 CTCCCTGTTA CCTTTCTTTC TATCTCTTCC TTGCCCCGTG CACTCAACCT TGCATCCCCA 
 2101 AACCAAACCT ATTATTCATG GACCCCAAAC TTGTTCCTCT TATGTCCTGT CCCTTTGAGG 
 2161 GGCACCACCA TCCACCCGCA TGGCCAAGCC AGAAACCGTG GTCTGCTCTC CCTCCGTTAA 
2221 ATGCCATTCT CCATCAGTGA GGCTTCTTAG TCATCTCTGG CTGCCTGGCC AGGCCCTGGC 
2281 TGTGGCCTCC TCCCTGGTCT TTGTAGCTCT GGATATCCCT GCAGAAAGGG TCCCCACTAC 
2341 CAGGCCTCTC CATCCCCAGT CTCAGGTAGT TTTTCTAAAA TGCAAACCCC ACCCTGCAAC 
2401 TTACCGCCCA CAGCCCAGCC CACTCTTCTC CAGGCCTCGC CTCCCTCCCT TCCCCCTGCA 
2461 CCCCACGACT TCTCCAGCAC TGAGCTGCTT CCTGTGCCCC ACAGTGGCCT GGAGTCCCCT 
 2521 TTGCCTTAAC TCTTTGCCCC ATAGTACAGC GGGGTCTGCT CTGATTGTAG GGGCTTCCCA 
 2581 CATCCCCCAG GATGGCTGCC CTCTGCTGTG GCATCACTGT GTAACAATGG CGTGTACACC 
 2641 TCTCTGTCCC CACCAGTGCA GGGCCCTTCT CATCGTAGGG GCTTTAGCTG GGGTTTGTGG 
 2701 ATCGACTGAG TGAACGAATG TTGTGGGAAG TCCCGTTTCC CAGCCGCACC CAGGGAAATT 
 2761 CCACAGAGCG GGCAGGGGCA TCGCATGAGG TGCTGGTGTT CACGCCAGAC CACAATTAGG 
 2821 TGTTTAATTT TTAAAAAGAA AGTTACAACC TTTTTTTTTT ATTTTTATTT TTTCTGATTC 
 2881 TGCAAATAAC ACCTGCTCTT ACAGACCATG TGGGTGATGT GGAAAAGACC TGTGACCTTC 
 2941 TCCATGTCCA CTTCTCCCCA CAGATCTGTA CTGCACCCTG GAGGTGGATT CCTTTGGGTA 
 3001 TTTTGTGAAT AAAGCAAAGA CGCGCGTCTA CAGGGACACA GCTGAGCCAA ACTGGAACGA 
3061 G 

 
Figure 3-12. Sequence-level breakpoint diagram for M-BCR. Breakpoints are negatively inverted. 
Nucleosome core regions are underlined. The Alu sequence is Italic. Exons are shaded. The 17-A is 
boxed. The mapped regions are also indicated to the right. 
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3.5.5 Mechanisms for DNA Breakage during M-BCR Replication 

Numerous mechanisms have been proposed for DNA breakage (van Gent et al., 

2001; Freudenreich, 2007). DNA double stranded breakage may be caused by 

exogenous agents (ionizing radiation, virus or carcinogens) or endogenous agents (free 

radicals or enzymes of DNA metabolism) (Raghavan and Lieber, 2006). Here, only 

the mechanisms that relate DNA breakage of M-BCR to its replication are considered. 

According to the nucleosome mapping in M-BCR, linker breakpoints are about as 

many as core breakpoints. Therefore, the mechanisms for DNA breakage in exposed 

and core regions, as well as the role of the A-rich region in either mechanism are 

discussed in detail as below. 

 

3.5.5.1 DNA Breakage in the Nucleosome-excluded Regions 

Compared to histone-protected core regions, nucleosome-excluded regions 

such as the A-rich region in M-BCR are prone to DSB (Freudenreich, 2007). A few 

chromosome fragile sites were found related to nucleosome-excluded regions (Wang 

and Griffith, 1996; Wang et al., 1996; Hsu and Wang, 2002). Ideally, the compacted 

chromatin fiber arranges all linker DNA within the center of the fiber and covers them 

with nucleosome cores (see Figure I-4 in Introduction and Figure 3-13). However, in 

certain occasions the nucleosome-free DNA may be exposed to DSB-inducing agents 

or higher mechanical stress. These occasions are related to the specific M-BCR 

conformations and discussed as below. 
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Figure 3-13. Possible configurations of the M-BCR chromatin fiber. The legends are shown in the box. 
(a) The A-rich region is straight between 2 packs of nucleosomes. (b) The A-rich region forms a loop 
and is packed in the chromatin fiber. Mapped nucleosomes are indicated. The drawing is not to scale. 

 

First, in M-BCR, some nucleosome-free DNA regions are exposed from the 

chromatin fiber due to their extraordinary lengths (Figure 3-13). Among 13 linker 

breakpoints, 8 were in long linker regions (7 in the A-rich region, 1 in a 213-bp linker 

region between N1 and N2). The exposed DNA in these regions is much longer than 

that in an average linker region. When a long nucleosome-free region was packed into 

a chromatin fiber, it is possible that DNA in this region in part or as a whole extruded 

from the compacted chromatin. Even if the A-rich region may have folded into a loop 

(Figure 3-13b), the diameter of a 292 bp DNA circle (~32 nm) was still longer than the 

radius of a chromatin fiber (~15 nm), easily extruding the DNA from the packed 

chromatin. Bare DNA extruding from the chromatin is prone to attack by both 
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exogenous and endogenous agents any time in the cell cycle, including replication 

(Raghavan and Lieber, 2006). Therefore the possibility of DSB in these long 

nucleosome-excluded regions is higher than that in the average linker DNA. 

 

                 (a)                                                                             
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Figure 3-14. DSB in the A-rich region during nucleosome disassembly. The legends are as in Figure 3-
12. (a) In scenario A, the A-rich region is replicated and packed as a straight linker between two 
nucleosome arrays (top). In scenario B, the A-rich region is replicated and packed as an entangled loop 
in the chromatin fiber (bottom). (b) In the next replication, the superhelical tension built up by DNA 
unwinding can be resolved in the straight A-rich region. (c) In scenario B, superhelical tension by DNA 
unwinding builds up in the tangled A-rich region and causes DSB upstream to or within the A-rich 
region. Only the leading strands are shown for clarity. 
 

Second, DSB may preferentially occur in nucleosome-excluded regions within 

or upstream to the A-rich region where superhelical tension accumulates during 

replication (Figure 3-14). In the case when the A-rich region is packed without 

unusual conformations (Figure 3-14a, scenario A), the positive superhelical tension 
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generated by DNA unwinding at replication can be resolved in the A-rich region 

(Figure 3-14b). In other cases when the A-rich region is packed into a secondary 

structure (e.g., a loop or a triplex, Figure 3-14a, scenario B), the positive superhelical 

tension accumulates upstream to the tangled A-rich region. This superhelical tension, 

if not resolved, may stall the advancing replication fork (Figure 3-14c). A stalled 

replication fork leads to DSB (Freudenreich, 2007; Clemente-Ruiz and Prado, 2009). 

The DSB occurs preferentially upstream but not downstream to the A-rich 

region since (1) the superhelical tension is generated upstream to the A-rich region; (2) 

the downstream chromatin structure is relatively stable compared to the upstream one. 

Only one nucleosome immediately downstream to the fork is disturbed while up to 

two newly formed nucleosomes behind the fork are not stabilized (Gasser et al., 1996). 

Therefore, both the source of the mechanical tension and the uneven stability of 

chromatin structure across the fork favored DSB within or upstream to the A-rich 

region. One may argue that topoisomerase II should have acted to untangle the tension, 

but the consequence remained the same that a DSB takes place upstream to or within 

the A-rich region. 

The discussion above provides explanations to why 8 breakpoints were found 

in the nucleosome-free regions, and why they prefer to occur within or upstream to the 

A-rich region. Comparable to the linker regions, 14 breakpoints were also reported in 

the core regions upstream to the A-rich region. If DNA was protected by histones, 

why were 14 breakpoints found in the core regions? It is known that DNA bends 

significantly when it wraps around the histone core and the double helix is subjected 
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to a bending stress (Sivolob and Khrapunov, 1995; Segal et al., 2006). Is it possible 

that the bending stress may break the double helix? To answer this question, the 

position of core breakpoints was first analyzed to see whether there was a common 

breakpoint position around the histone core. The maximal bending stress on core DNA 

was then estimated to see if the level could break the phosphodiester bonds. Finally, 

mechanisms for core DNA breakage in M-BCR were proposed and discussed. 

 

 

 

 

 

 

 

 

 
Figure 3-15. Positions of DNA breakpoints around the core. The front half of the nucleosome is on the 
left, and the back half is flipped horizontally on the right. Nucleotides wrapping around the histones are 
numbered for clarity (positive on the front; negative on the back). Six breakpoints are found near the 
peak of outer minor grooves (dark arrowheads) and seven are near the inner minor grooves (white 
arrowheads). 

 

3.5.5.2 Positions of DNA Breakpoints around the Histone Core 

The symmetry of nucleosome wrapping was utilized and the dyad (center of 

symmetrical wrapping, designated 0 in Figure 3-15) was placed in the middle of each 

core DNA. The positions of 13 core breakpoints (BO, ML, 0319129, 7701C, 

02120185, CML A, GM, J2, K562, BA, AE, CC, and J4) were resolved from their 
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distances to the corresponding dyads and superimposed onto one virtual nucleosome 

core in Figure 3-15. The detail breakpoint positions of core DNA are listed in Table 3-

3. 

 

Table 3-3. Breakpoint positions around the histone core in M-BCR. The positions are indicated by the 
distance to the dyad (in bp) of a virtual nucleosome core. 
 

Breakpoint ID Nucleosome Near a inner or outer minor groove? 

BO Outer minor groove (73) 

ML Inner minor groove (67) 

0319129 

N1 

Outer minor groove (1) 

7701C N2 Inner minor groove (-6) 

02120185 Inner minor groove (28) 

CML A 
N3 

Inner minor groove (-58) 

GM Outer minor groove (49) 

J2 Inner minor groove (36) 

K562 

N4 

Outer minor groove (-10) 

BA Inner minor groove (-15) 

AE 
N7 

Outer minor groove (-43) 

CC N8 Inner minor groove (-15) 

J4 N9 Outer minor groove (19) 
 

Seven breakpoints (ML, 7701C, 02120185, CML A, J2, BA, and CC) were 

near the peak of inner minor grooves, in which DNA binds histone proteins by 

electrostatic interaction (Luger and Richmond, 1998) and the DNA bending was 

facilitated. Six breakpoints (BO, 0319129, GM, K562, AE, and J4) were near the peak 

of outer minor grooves, in which DNA had little interaction with histone proteins and 

bending stress on DNA was more significant. The next step is therefore to analyze the 

level of bending stress in the outer minor grooves. 
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3.5.5.3 Maximal Bending Stress on DNA around the Histone Core 

An average DNA sequence makes a smooth 90o bend (a curved turn) about 

once every 200 base pairs (Alberts et al., 2003c). However, a DNA sequence of only 

147 bp long bends 1.65 turns to wrap onto a nucleosome. It implies that even with the 

electrostatic balance between the negatively charged DNA backbone and positively 

charged histones, core DNA is subjected to a level of tension in bending. Therefore, 

the topology of the DNA wrapping around the histone core was looked closely, and 

the local maximal stress ( maxσ ) induced by bending on the double helix was analyzed. 

The maximal stress was then converted to a force applied on the surface of the double 

helix to investigate its significance. The crystallographic study has provided an in-

scale picture of the core DNA wrapping on the histone core (Figure 3-16a). 

 

(a) 

 

 

 
     (b) 

 

 

 
 

Figure 3-16. Bending of DNA and maximal stress on the double helix. (a) The x-y plane bending of 
DNA toward histones. Open arrows indicate the bending direction about z-axis, which points inside the 
page, on the x-y plane. DNA is modeled as stacked rectangular disks each of which rotate along the 
helix. Disks subjected to different levels of stresses are labeled in position 1 to 3. (b) Dimensions of the 
disks in position 1 and 2, the corresponding y-z plane cross sections and maximal stresses. The stress-
free axis (σ = 0) is b/2 from the surface in position 1 and h/2 from the surface in position 2. 
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The double helix bends toward the histone core as it wraps around, and for 

every 10 bp the DNA makes contact at the inner minor groove with the histone 

proteins (position 3). At each inner minor groove, the attachment between the DNA 

and the histones is made via hydrogen bonds and salt bridges mostly between the 

peptide main chains of the histones and the phosphodiester bonds of the DNA (Luger 

and Richmond, 1998). Phosphodiester bonds in the inner minor grooves are more 

protected than those in the other positions based on the studies of DNase I digestion 

(Thoma, 1996), which shows this endonuclease preferentially cut the phosphodiester 

bonds at the outer minor grooves. To model the mechanical stress of bending on the 

core DNA, the focus was placed on the outer minor grooves (positions 1 and 2), where 

there is no direct attachment between DNA and the histone core. The DNA double 

helix was assumed to be a helicoidal beam. The helicoidal beam was set to bend in the 

x-y plane toward a histone core (Figure 3-16a). On the helical axis of the DNA, there 

was no stress of deformation. From this stress-free axis, one half of the beam facing 

outward was subjected to a stress of expansion, while the other half of the beam facing 

the histone core was subjected to a stress of compression. The beam was composed of 

stacked rectangular disks, each of which was defined by one base pair and the 

phosphodiester bonds connecting the neighboring nucleotides. Since base pairs rotate 

along the double helix, the stack rotates along its longitudinal axis and makes a turn 

every 10 disks. The stress σ (in pN/nm2) along x-axis in the beam can be related to the 

bending moment M by IMy /=σ , where I is the moment of inertia (hb3/12 at position 
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1 and bh3/12 at position 2, in nm4) and y (in nm) is the distance from the stress-free 

axis (Gere and Timoshenko, 1984). When y is measured to the top or bottom surface 

of the cross section, the stress reaches its local maximum and can be calculated as: 

hbM 2
1max, 6=σ  at position 1                 (5) 

 and 

2
2max, 6 bhM=σ  at position 2                (6) 

where h is the long dimension (2 nm) and b the short dimension (about 1 nm) of the 

cross section of double helix (Figure 3-16b). Now, consider the force acting on the top 

or bottom surface of outer minor grooves (position 1 and 2) due to bending. The 

surface area on which the force is acting is dh in position 1 and db in position 2 (d is 

the distance between adjacent nucleotides, see Figure 3-16b), thus the bending force 

acting on the surface is:  

21max,1
6
b
MddhF =⋅=σ  at position 1          (7) 

And 

  22max,2
6
h
MddbF =⋅=σ  at position 2         (8) 

Since the dimension b is twice the dimension h, F1 is likely to be four times greater 

than F2. However, since at position 1 both strands of the DNA share the same surface 

while at position 2 only one strand is on either top or bottom surface, the force acting 

on phosphodiester bonds at position 1 is likely to be twice as that at position 2 instead 

of four times. 
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According to Megson (2005), strain energy in bending (bending energy) is 

related to the bending angle θ and the bending moment M by: 

                                                          ∫= θMddG
2
1                              (9) 

Since dθ is also related to the unit length of the bending DNA dx and the radius of the 

curvature R by θRddx = , the total bending energy of a core DNA section was: 

                                     
R

ML
R
dxMMddGG

222
1

==== ∫∫∫ θΔ             (10) 

Take the nucleosome core bending energy in the M-BCR as an example. From 

bending energy estimation, it was learned that the average kTG  90≈Δ in M-BCR. 

Knowing the value of the Boltzmann’s constant (k = 1.38 × 10-23 J/K), and the body 

temperature (T = 310 K), the value of GΔ  can be calculated. Further, given the length 

of a core DNA (L is 147 bp, about 49.6 nm long) and R = 4.3 nm, by using the 

equation (9) the typical bending moment of the core DNA in the BCR was calculated: 

M = 67.2 pN⋅nm. Substituting the value of M into equation (6) obtained: F1 = 137 pN. 

The bending stress estimated here may be exaggerated due to the simplified small 

deformation model (Camerini-Otero and Felsenfeld, 1977), so the actual value may be 

smaller. 

Is this force great enough to break the double helix? Studies showed that to 

unravel nucleosomes only 5 – 65 pN of stretching force is needed (Cui and 

Bustamante, 2000; Bennink et al., 2001; Gemmen et al., 2005). On the other hand, a 

wide range of forces were reported to break the double helix in different conditions 

(Bustamante et al., 2000; Bensimon et al., 1995). By bond potential theory, about 
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5000 pN is needed to break the double helix. Experiments have shown only 100 – 300 

pN was needed to break the bulk DNA sheared in a flowing buffer (Bustamante et al., 

2000). Therefore the bending stress at certain positions around the histone core may be 

sufficient to cause instability of nucleosomes, but definitely not enough to break the 

double helix. This conclusion is expected since chromosomes are supposed to be 

stable structures. It implies that DNA breakage would not likely to occur simply by 

wrapping into a nucleosome. However, with the unique conformation in M-BCR, 

breakage of the core DNA may occur in rare occasions when histones are absent and 

the DNA is exposed. These occasions are detailed as below. 

 

3.5.5.4 DNA Breakage in the Nucleosome Core Regions 

First, a remote occasion exists when DNA is newly replicated and has not been 

rewrapped into a nucleosome core. This is a short period of time when core DNA is 

exposed to all attack, if exposed. When the cells, at various stages of differentiation 

including stem cells (Whetton and Graham, 1999), circulate in the blood stream, they 

may have to squeeze through narrow spaces, such as cell junctions. When the cells are 

compressed under these circumstances, mechanical stress applied to the nucleus may 

contribute to the curvature of the newly replicated DNA before it can be rewrapped by 

the histone core. If the curvature is not suitable for rewrapping, the nucleosome 

reassembly process would be stalled (Figure 3-17). 
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(a) 

 

 

(b) 

 

 

 

 

 
Figure 3-17. Core DNA breakage by mechanical compression. (a) A normal nucleosome rewrapping 
process. (b) During the rewrapping process, DNA has been subjected to mechanical compression. The 
sharp DNA curvature may not accommodate histones and lead to dissociation of the latter. The 
superhelical tension and mechanical stress leads to its own breakage and/or a secondary structure which 
may stall the replication. The legends are as in Figure 3-12. 

 

The absence of histone protection and the increase of mechanical tension on 

DNA both elevate the possibility of DNA damage. Although this mechanism does not 

require specific chromosome conformation of M-BCR, and the magnitude of 

mechanical stress requires further verification, it remains a plausible possibility toward 

core DNA breakage during BCR replication. 

Second, in rare occasions, the A-rich region may form a secondary structure. In 

the next replication (Figure 3-18a), the advancing fork upstream to the A-rich region 

may be stalled if the secondary structure is not untangled. The stalled fork may further 

disturb the upstream nucleosomes and cause dissociation of the histones from 

nucleosome formation (Figure 3-18b and c). A stalled fork was shown under 

electronic microscopy to regress for more than 400 bp (the length for 2 nucleosomes) 
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in vitro and formed a four-way junction of parental and daughter strands (Postow et al., 

2001; Sogo et al., 2002; Michel et al., 2004). The nucleosomes upstream to the fork 

(and the A-rich region) may therefore be disassembled to release DNA from the 

histones. The exposed core DNA is prone to attack by exogenous or endogenous 

agents that leads to DSB (Seigneur et al., 1998; Freudenreich, 2007). 

 

 (a)                                               (b)                                                (c) 

 

 

 

 
Figure 3-18. Regressing fork at the A-rich region. The legends are as in Figure 3-12. The replication 
direction is from left to right. A DNA breakpoint in N4 is indicated (*). (a) The replication fork is 
stalled (crossed arrow) in front of the A-rich region. (b) The fork regresses (broken arrow to the left), 
two parental strands reanneal, and two daughter strands anneal to form a four-way junction. (c) The fork 
further regresses and a four-way junction forms behind the fork. Nucleosomes upstream to the A-rich 
region (N4) are disturbed and disassembled. The breakpoint originally in the core region is now 
exposed to DSB attack. 

 

This mechanism is thought plausible because (1) It is shown experimentally 

that a four-way junction may form behind a stalled fork (Postow et al., 2001); (2) the 

A-rich region is known to form secondary structures (e.g., a triplex or a loop) that has 

high potential to stall the fork in vivo (Brown and Fox, 1998; Baran et al., 1991); (3) 

The core DNA breakpoints almost exclusively occurred upstream to the A-rich region, 

supporting that newly reassembled nucleosomes behind the fork are less stable; (4) 

DNA breakage in M-BCR at replication matches the time point when BCR is in close 
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proximity to ABL. Nevertheless, other occasions where core DNA may be exposed to 

DSB attack can not be excluded. 

Ideally, DNA breakages are either repaired or lead to cell death.  In rare cases, 

two independent DSBs at two different locations can join and result in chromosomal 

translocation (Raghavan and Lieber, 2004). In CML, it is thought that DNA repair 

mechanisms recombine the damaged BCR with nearby ABL by mistake and lead to 

aberrant translocation. 

 

3.5.6 Implications of DNA Breakage Mechanisms in Other Cancerous 

Diseases 

By studying the mechanisms for DNA breakage in M-BCR, it is learned that 

the A-rich region, which excludes nucleosomes and forms a secondary structure, plays 

a crucial role in inducing DNA damages in either nucleosome core or linker regions. 

In fact, this is consistent with the finding that chromosomal fragile sites are associated 

with expanded repeats capable of adopting unusual DNA structures that can perturb 

DNA replication (Zlotorynski et al., 2003). Nucleosome-excluded sequences, such as 

triplex-forming poly-A tracts, cruciform DNA, quadruplex DNA, are all found 

associated with chromosome translocation sites (Raghavan and Lieber, 2006).  

A recently studied example is a major breakpoint region (MBr) in BCL2 gene, 

accounting for >95% follicular lymphomas (Raghavan and Lieber, 2006). Although 

the gene is over 200-kb long, about 75% of the translocations in this gene occur within 

the 150-bp MBr which forms secondary structures. Notably, triplex conformations are 
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found in two 17-bp GA-rich regions within MBr (Raghavan et al., 2005). Interestingly, 

the RD algorithm predicted a 225-bp long nucleosome-free region right at MBr 

(Figure 3-19). 

 

 

 

 

 

 

 

 

Figure 3-19. RD prediction of nucleosome positions in the major breakpoint region of BCL2. Bending 
energy is shown as a trend in the top panel. Predicted nucleosome cores (dotted oval) and breakpoint 
peaks (short horizontal bar) are shown in the bottom panel. The window length is 255 bp in the 
prediction. The peaks are numbered (I, II, III) in Raghavan et al., 2005. The peak forming a triplex is 
indicated by a “T” underneath the bar. 
 

Another example is CCND1 gene, accounting for >90% mantle cell lymphoma 

(Raghavan and Lieber, 2006). Two DNA breakpoints were reported upstream to this 

gene (Tsujimoto et al., 1985). Although the chromatin conformation in the breakpoint 

region has not been experimentally mapped, the RD algorithm again predicted a 207-

bp long nucleosome-free region where the breakpoints have been identified (Figure 3-

20). 
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Figure 3-20. RD prediction of nucleosome positions in the breakpoint region of CCND1. Bending 
energy is shown as a trend in the top panel. Predicted nucleosome cores (dotted oval) and breakpoints 
(open triangle) are shown in the bottom panel. The window length is 255 bp in the prediction.  
 

Indeed, if the mechanisms for DNA breakage in M-BCR can be further 

validated, these mechanisms may be common to some of the DNA breakages in many 

chromosomal fragile sites. Overall, the mechanisms revealed for DNA breakage in 

CML as well as other diseases show the importance of nucleosome formations in the 

integrity of chromosomes. Any sequence that prevents itself from nucleosome 

formations and forms secondary structures instead may inevitably be prone to DSB 

attack, either from biomechanical, biochemical, or viral stresses. In this sense, a 

histone core may actually be viewed as a “uniform curvature controllers” that 

functions to maintain a suitable and uniform curvature of DNA in chromatin 

compaction, and minimizes the possibility of DNA breakage. 
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3.6 Summary 

In order to understand the mechanisms for DNA breakage in M-BCR, the 

distinct M-BCR chromosome conformation was incorporated into the stepwise 

nucleosome assembly model at DNA replication. A 3C-PCR method was used to 

resolve the M-BCR conformation. The result revealed a unique feature that a 292 bp 

A-rich region was nucleosome-excluded between N5 and N7. This result was 

consistent with our previous nucleosome mapping. Combining the M-BCR 

conformation and the stepwise replication model, mechanisms were proposed to 

explain how DNA breakages occurred in the nucleosome-excluded regions as well as 

in the nucleosome core regions.  For nucleosome-excluded regions, bare DNA in 

extraordinary lengths extruded from the chromatin fiber and is exposed to attack by 

exogenous or endogenous agents. The replication fork stalled by the secondary 

structure combined with superhelical tension upstream to the A-rich region favored 

DNA breakage within or upstream to the A-rich region. Core DNA may also break 

due to the exposure from dissociated nucleosome cores upstream to the A-rich region. 

Overall, the finding in this study is consistent with current knowledge that genomic 

sequences capable of forming unusual DNA structures that affect replication are 

highly correlated with chromosomal fragile sites. 

Chapter 3, in part is currently being prepared for submission for publication of 

the material. Tu, Chi-Chiang; Sung, Lanping A. The dissertation author was the 

primary investigator and author of this material. 
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Chapter 4 Future Work 

 

This study focused on the nucleosome organization and structural change in 

the M-BCR region of BCR where DNA breakpoints mainly clustered. In the future, it 

would be interesting to explore the chromosome structure in the other regions of BCR 

(such as m-BCR and μ-BCR) if precise breakpoint locations are available, as well as 

the counterpart ABL gene in the Ph’ translocation. It is known that ABL gene has a 

much lower GC ratio (44.3%), and sequence analysis has shown a distribution of A-

rich loci more frequent than in M-BCR. Whether a same conformational feature is 

shared among breakpoints in different loci of BCR would enable a global view to 

DNA breakage mechanisms in BCR; how multiple A-rich regions are accommodated 

in the nucleosome organization of the low GC ABL and what structural features are 

shared by DNA breakpoints in ABL would provide fundamental information to 

understanding the DNA breakage mechanisms in ABL. 

In the future, it would also be interesting to explore the chromosome structure 

of BCR, ABL, and BCR/ABL fusion chromosome of CML patients. It is expected that 

the product of aberrant chromosome translocation would not survive the DNA damage 

and replication checkpoint mechanisms. However, Ph’ chromosomes survive in CML 

patients through generations of cell cycles. The chromosome structure in BCR/ABL 

fusion region would provide a possible explanation of how this illegitimate 

recombination avoided detection and deletion by the DNA damage checkpoint 
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mechanisms, and help determining the temporal order of Ph’ translocation from other 

genetic disorders in CML. 

A human leukemia cell line (HL-60) was used in this study to mimic the clonal 

origin of CML. To complete the research in terms of leukemogenesis origin, it would 

be necessary to continue the exploration in chromosome structure upstream to human 

hematopoietic stem cells and downstream to differentiated human myeloid cells. The 

change in chromosome structure of BCR and ABL in the course of differentiation may 

bring us one step closer in finding the exact differentiation stage of myeloid cells 

when Ph’ translocation most likely to occur and CML to initiate. 

We proposed a RD algorithm to improve the accuracy in nucleosome position 

predictions. This algorithm is far from maturation. In the future, more indexes than 

only DNA bending energy (for example, consensus protein-binding sequences or 

secondary structure formation other than a nucleosome core) may be included to 

consider and determine a preferred nucleosome core position. The completeness of 

this algorithm would depend a lot on our understanding of specific structural features 

in the gene of our interest. If in the future these gene-specific features can be collected 

in a database, then the RD algorithm can adapt them to predict nucleosome 

organizations even more accurately. 

This study laid foundation in a new direction to studying the generation of 

cancerous diseases. As far as we know, many cancers and inherited diseases originate 

from illegitimate chromosome translocations just like CML, and studies have gathered 

the precise DNA breakpoint locations in these diseases (Abeysinghe et al., 2003; 
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Chuzhanova et al., 2003). It would be of much significance if we could extend our 

exploration to the genes involved in these diseases. We may be able to find a common 

mechanism to trigger aberrant chromosome translocation due to the specific structural 

weakness of the chromosomes, and to that, a possible preventive or therapeutic 

treatment. 

Finally, this study proposed stepwise nucleosome disassembly/reassembly 

model at the replication fork based on findings from the literatures. In the future, with 

permission of equipment and financial resources, we may be able to monitor the real-

time stepwise nucleosome assembly mechanism by applying fluorescence resonance 

energy transfer (FRET) methods. Studies using stopped-flow FRET (Tims and Widom, 

2007) have shown the capability to reveal stepwise nucleosome remodeling dynamics. 

If we fluorescently differentiate the labels on DNA, histone tetramers and dimers, we 

can apply the same technique to reveal the steps of nucleosome assembly so as to 

answer fundamental questions such as: does the nucleosome loop complete before or 

after dimer binding? Does the tetramer bind to DNA by pure bending or a flipping of 

the DNA into a loop? The same technique may also be used to investigate and 

characterize the helicase DNA unwinding mechanism proposed in this study, which 

has not been resolved by traditional technologies. 
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