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CHAPTER ONE 

 

INTRODUCTION 

 

DNA is the most fundamental molecule in living systems. The sequence of base pairs 

within the double helix contains the information for every gene that encodes every vital process in 

a living cell. In humans, a diploid cell contains 6 billion bp of DNA, which is ~1.8 m in length. 

This must fit into a nucleus with diameter 10 µm and still be easily accessed and maintained 

(Kornberg and Baker 1992, Voet, Voet et al. 2002). As a result, DNA topology can become 

complicated. 

 

DNA Topology 

Topological properties of DNA are those that cannot be changed without breaking one or 

both strands of the double helix, assuming both ends are fixed in space (Bates and Maxwell 2005, 

Deweese, Osheroff et al. 2008, Deweese and Osheroff 2009, Pommier, Sun et al. 2016, Ashley 

and Osheroff 2019). DNA Topology can be defined by mathematically by twist (Tw), writhe (Wr), 

and linking number (Lk). Twist refers to the number of double helical turns within a given segment 

of DNA. Positive twist is the right-handed twist on the Watson-Crick structure of DNA. Writhe is 

the number of times the double helix crosses itself when the DNA is projected in two dimensions. 

Crossovers are assigned a positive or negative value depending on the handedness: right-handed 

crosses are considered negative and left-handed crosses are considered positive (Figure 1.1). 

Linking number is the sum of twist and writhe and is invariant when the ends of DNA are fixed 

and the double helix is not broken. It is defined as follows:  
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Figure 1.1: Topological relationships in DNA. Top: DNA that contains no torsional stress is 
considered “relaxed” (middle). Underwinding or overwinding the DNA results in negatively 
supercoiled (left) or positively supercoiled (right) DNA. These are depicted as Wr for visual clarity 
but Tw and Wr are interconvertible within these molecules. Bottom: Intermolecular catenanes 
(left) and intramolecular knots (right) can also form in DNA. In these cases, Tw and Wr are not 
interconvertible. Artwork by Dr. Rachel Ashley. 

 
  

Catenated Knotted



 3 

Lk = Tw + Wr 

DNA is comprised of two interwound nucleic acid strands, and the genomes of most 

organisms are either very long, circular, or both (Wang 1996, Wang 2002, Bates and Maxwell 

2005). These facts result in two distinct topological issues that all proliferating cells must cope 

with to survive. 

The first issue is the torsional stress on the double helix: DNA in eubacteria and eukaryotes 

is globally ~6% underwound (Bates and Maxwell 2005, Deweese, Osheroff et al. 2008, Ashley 

and Osheroff 2019). Relaxed DNA is under no torsional stress and the double helix in this form 

would make one turn every 10.5 bp. Therefore, a relaxed DNA molecule with 1050 bp would have 

Lk = 100 (1050 ÷ 10.5 = 100). A right-handed plectonemically coiled double-helix will always 

have a positive Lk, as an Lk = 0 would mean that the DNA was completely melted with no 

crossings between the helix. DNA topology is often represented as the change in Lk, or ΔLk, which 

is defined as the difference between the actual Lk and the Lk if the DNA were completely relaxed. 

If ΔLk ¹ 0, the DNA is under torsional stress. DNA under torsional stress is termed “supercoiled,” 

as unconstrained over and underwound molecules writhe about themselves to form superhelical 

twists (one double helix wrapping around another) (Bates and Maxwell 2005, Deweese, Osheroff 

et al. 2008, Ashley and Osheroff 2019). Superhelical twists are a result of axial stress, which occurs 

when torsional stress can freely distribute across the molecule. Overwound DNA is referred to as 

positively supercoiled and has a positive ΔLk, while underwound DNA is referred to as negatively 

supercoiled and has a negative ΔLk (Bates and Maxwell 2005, Deweese, Osheroff et al. 2008, 

Deweese and Osheroff 2009, Pommier, Sun et al. 2016, Ashley and Osheroff 2019). 

Negative supercoiling adds energy into the genetic material and makes it easier to unwind 

during replication and transcription and facilitating both these processes (Liu and Wang 1987, 
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Wang 1996, Wang 2002, Schvartzman and Stasiak 2004). In contrast, DNA tracking systems such 

as replication forks and transcription machinery locally overwind the DNA ahead of these systems. 

This overwinding makes it harder to unwind the DNA and thereby can hinder many important 

cellular processes (Brill, DiNardo et al. 1987, Kim and Wang 1989, Wang 1996, Peter, Ullsperger 

et al. 1998, Wang 2002). 

The second issue arises as a result of the long length of DNA (Bates and Maxwell 2005, 

Deweese, Osheroff et al. 2008, Ashley and Osheroff 2019). Nucleic acid knots (formed within a 

single DNA molecule) and tangles (between multiple DNA molecules) are commonly formed 

during processes such as DNA recombination and replication, respectively (Figure 1.1) (Wang 

1996, Fortune and Osheroff 2000, Bates and Maxwell 2005, McClendon and Osheroff 2007, 

Deweese, Osheroff et al. 2008, Ashley and Osheroff 2019). DNA knots inhibit separation of the 

two strands of DNA and reduce the tensile strength of the genetic material (Liu, Deibler et al. 

2009). DNA tangles, or catenanes, must be removed to allow the separation of sister chromatids 

during mitosis (Holm, Goto et al. 1985, Uemura, Ohkura et al. 1987, Baxter and Diffley 2008, 

Baxter, Sen et al. 2011, Bauer, Marie et al. 2012, Sen, Leonard et al. 2016). As a result, both 

topological structures can be lethal to cells if not removed. 

 

DNA Topoisomerases 

To maintain appropriate DNA supercoiling levels and remove knots and tangles, cells 

encode enzymes called topoisomerases (Deweese, Osheroff et al. 2008, Deweese and Osheroff 

2009, Forterre and Gadelle 2009, Vos, Tretter et al. 2011, Chen, Chan et al. 2013, Pommier, Sun 

et al. 2016, Austin, Lee et al. 2018, Ashley and Osheroff 2019). Topoisomerases modulate 

topological structures by creating transient breaks in the DNA backbone. There are two classes of 
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topoisomerases, defined by the number of DNA strands cleaved during reaction cycles. Type I 

topoisomerases create a transient single stranded break, or “nick,” in the genetic material and 

facilitate controlled rotation about, or passage of another strand through, the nick (Deweese, 

Osheroff et al. 2008, Deweese and Osheroff 2009, Forterre and Gadelle 2009, Vos, Tretter et al. 

2011, Chen, Chan et al. 2013, Pommier, Sun et al. 2016, Austin, Lee et al. 2018, Ashley and 

Osheroff 2019) . Type II topoisomerases create a transient double stranded break through which 

they pass another intact double helix (Deweese, Osheroff et al. 2008, Deweese and Osheroff 2009, 

Forterre and Gadelle 2009, Vos, Tretter et al. 2011, Chen, Chan et al. 2013, Pommier, Sun et al. 

2016, Austin, Lee et al. 2018, Ashley and Osheroff 2019). To maintain genomic integrity during 

DNA cleavage, topoisomerases form covalent bonds between active site tyrosyl residues and 

newly generated DNA termini, forming complexes called “cleavage complexes.” Type I 

topoisomerases can regulate DNA supercoiling and decatenation by creating transient single-

stranded breaks followed by passage of the intact strand through the break, or by controlled rotation 

of the helix around the single-stranded break (Wang 1996, Champoux 2001, Leppard and 

Champoux 2005). Type II topoisomerases can resolve knots and tangles as well as removing 

torsional stress (Deweese, Osheroff et al. 2008, Deweese and Osheroff 2009, Forterre and Gadelle 

2009, Vos, Tretter et al. 2011, Chen, Chan et al. 2013, Pommier, Sun et al. 2016, Austin, Lee et 

al. 2018, Ashley and Osheroff 2019). This dissertation will focus on type II topoisomerases. 

 

Type II Topoisomerases 

There are two classes of type II topoisomerases: type IIA and type IIB, that are defined by 

homology. Bacteria encode two type IIA enzymes, DNA gyrase and topoisomerase IV. 

Eukaryotes, in contrast, encode only one type IIA enzyme, topoisomerase II (Austin and Marsh 
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1998, Deweese, Osheroff et al. 2008, Deweese and Osheroff 2009, Forterre and Gadelle 2009, 

Vos, Tretter et al. 2011, Chen, Chan et al. 2013, Pommier, Sun et al. 2016, Austin, Lee et al. 2018, 

Ashley and Osheroff 2019). Vertebrate species express two closely related isoforms of the enzyme, 

topoisomerase IIa and topoisomerase IIb (Austin and Marsh 1998, Deweese, Osheroff et al. 2008, 

Deweese and Osheroff 2009, Forterre and Gadelle 2009, Vos, Tretter et al. 2011, Chen, Chan et 

al. 2013, Pommier, Sun et al. 2016, Austin, Lee et al. 2018, Ashley and Osheroff 2019). The only 

known type IIB topoisomerase, topoisomerase VI, exists in plants and archaea (Corbett, Schoeffler 

et al. 2005) and will not be further discussed in this dissertation. 

 

Enzyme Mechanism and Structure 

Type II topoisomerases regulate topology using a double-stranded DNA passage reaction, 

illustrated in Figure 1.2 using eukaryotic topoisomerase II as an example (Deweese, Osheroff et 

al. 2008, Deweese and Osheroff 2009, Vos, Tretter et al. 2011, Ashley and Osheroff 2019, Vann, 

Oviatt et al. 2021). Briefly, type II enzymes (in blue) (1) bind two DNA segments [the gate segment 

(in green), which will be cleaved by the enzyme, and the transport segment (in yellow), which will 

be passed through the open DNA gate]; (2) bend the gate segment; (3) create a double-stranded 

break in the gate segment; (4) translocate the transport segment through the cleaved double helix; 

(5) rejoin (i.e., ligate) the cleaved DNA; (6) release the transport segment through a gate in the 

protein; and (7) close the protein gate, regaining the ability to start a new round of catalysis. The 

scissile bonds on the two strands of the gate segment that are cut by type II topoisomerases are 

staggered. Type IIA enzymes generate cleaved DNA molecules that contain 4-base single- 

stranded cohesive ends at their 5´-termini.  
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Figure 1.2: The catalytic cycle of eukaryotic topoisomerase II. The double-stranded DNA 
passage reaction of topoisomerase II can be separated into seven discrete steps. 1) Type II enzyme 
(blue) binding to two segments of DNA: the gate segment (green) and transport segment (yellow). 
2) Bending of the gate segment, which requires the presence of Mg2+ (physiologically) or other 
divalent metal ions. These metal ions are required for all subsequent steps. 3) Double-stranded 
DNA cleavage of the gate segment (i.e., formation of the cleavage complex). 4) Passage of the 
transport segment through the DNA gate generated by cleavage. This reaction requires the binding 
of 2 ATP molecules, and strand passage proceeds more rapidly if one of the two ATP molecules 
is hydrolyzed. 5) Ligation of the cleaved DNA gate segment. 6) Hydrolysis of the second ATP 
molecule, which allows release of the gate segment through a C-terminal gate in the protein and 
promotes 7) enzyme turnover and closing of the protein gate, which allows the enzyme to initiate 
a new round of catalysis. The protein is based on crystallographic studies of yeast topoisomerase 
II. Figure adapted from Ashley et al. (Ashley and Osheroff 2019).  
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Type II topoisomerases determine their sites of action by the ability to bend the gate 

segment (Lee, Dong et al. 2013, Jang, Son et al. 2019). This step is critical to the ability of these 

enzymes to recognize and cleave specific sites in the double helix. In addition, two cofactors are 

required for type II topoisomerases to carry out the catalytic double-stranded DNA passage 

reactions (Deweese, Osheroff et al. 2008, Deweese and Osheroff 2009, Vos, Tretter et al. 2011, 

Chen, Chan et al. 2013, Ashley and Osheroff 2019). First, these enzymes require a divalent cation 

for all steps beyond enzyme-DNA binding. Magnesium(II) appears to be the divalent cation that  

the enzymes use in cells. Second, the energy of adenosine triphosphate (ATP) is used to drive the 

double-stranded DNA passage reaction. Type IIA topoisomerases do not require ATP for either 

DNA cleavage or ligation. However, the binding of this nucleoside triphosphate closes the top 

protein gate, which triggers DNA translocation, and its hydrolysis to adenosine diphosphate (ADP) 

and inorganic phosphate (Pi) is necessary for enzyme recycling. Type II enzymes bind two 

molecules of ATP. Although hydrolysis of the cofactor is not a prerequisite for the strand passage 

event, it appears that this step proceeds more rapidly if it is preceded by hydrolysis of one of the 

bound ATP molecules (Lindsley and Wang 1993). 

Type II topoisomerases share a number of common structural motifs that are shown in 

Figure 1.3 (Deweese, Osheroff et al. 2008, Deweese and Osheroff 2009, Vos, Tretter et al. 2011, 

Chen, Chan et al. 2013, Ashley and Osheroff 2019, Dalvie and Osheroff 2021). The founding type 

II enzyme, bacterial DNA gyrase, is comprised of two distinct subunits, GyrA and GyrB 

(molecular mass ≈ 96 kDa and 88 kDa, respectively) and acts as an A2B2 tetramer. GyrA contains 

the active site tyrosyl residue that forms the covalent bond with DNA during scission, and GyrB 

contains consensus sequences for the binding of ATP and the divalent metal ion. Bacterial 

topoisomerase IV is also an A2B2 tetramer comprised of two subunits (Figure 1.3) (Deweese, 
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Osheroff et al. 2008, Deweese and Osheroff 2009, Vos, Tretter et al. 2011, Chen, Chan et al. 2013, 

Ashley and Osheroff 2019, Dalvie and Osheroff 2021). The A subunit contains the active site 

tyrosyl residue that forms the covalent bond with DNA during scission. The B subunit contains 

sequences for the binding of ATP and the divalent metal ion. In Gram-negative species, these 

subunits were first identified as proteins required for chromosomal partitioning. They are 

designated ParC (molecular mass » 88 kDa) and ParE (molecular mass » 70 kDa), which are 

homologous to the A and B subunits of DNA gyrase. In Gram-positive species, the subunits of 

topoisomerase IV are designated as the gyrase-like proteins GrlA and GrlB, respectively. 

A motif in the C-terminal domain of the GyrA subunit of gyrase forms a beta pinwheel 

(Corbett, Shultzaberger et al. 2004, Ashley, Dittmore et al. 2017). This 7-amino acid motif, termed 

the GyrA box, allows wrapping of the DNA to introduce negative supercoils and rapidly relax 

positive supercoils. It does this by constraining a local positive supercoil and inverting it to a 

negative supercoil upon T-segment transport (Corbett, Shultzaberger et al. 2004). The structure of 

the C-terminal domain of the ParC subunit of Escherichia coli topoisomerase IV contains a 

variable number of positively-charged “blades” that form a “broken pinwheel,” which has the 

ability to bind but not wrap DNA (Corbett, Shultzaberger et al. 2004, Corbett, Schoeffler et al. 

2005, Tretter, Lerman et al. 2010, Vos, Lee et al. 2013). The canonical GyrA box does not exist in 

the ParC C-terminal domain, but remnants of the motif are found in each of its three to eight blades 

(Tretter, Lerman et al. 2010, Vos, Lee et al. 2013, Ashley, Dittmore et al. 2017). While loss of the  

GyrA box abrogates the ability of gyrase to add negative supercoils into DNA, loss of the ParC C-

terminal domain disrupts the ability of E. coli topoisomerase IV to distinguish between 

topologically distinct substrates (Corbett, Schoeffler et al. 2005, Vos, Lee et al. 2013, Ashley, 

Dittmore et al. 2017).  
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Figure 1.3: Domain structures of type II topoisomerases. The domain structures of three type 
IIA topoisomerases, bacterial (Escherichia coli) DNA gyrase and topoisomerase IV, and human 
topoisomerase II α are shown. Regions of homology among the enzymes are indicated by colors. 
The N-terminal (i.e., GyrB) homology domains (blue) contain the regions responsible for ATP 
binding and hydrolysis. The vertical white stripes represent the three conserved motifs of the 
“Bergerat fold” that define the ATP-binding domain. The N-terminal domain also contains the 
binding site for divalent metal ions. The central (i.e., GyrA) homology domains (green) contain 
the active site tyrosyl residue that forms the covalent bond with DNA during scission. For human 
topoisomerase IIα, the variable C-terminal domain (red) contains nuclear localization sequences 
(NLS) and phosphorylation sites (PO4). The active site tyrosine residue is indicated for each 
enzyme.  
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Eukaryotic type IIA topoisomerases are homologous to the bacterial enzymes (Figure 1.3) 

(Deweese, Osheroff et al. 2008, Deweese and Osheroff 2009, Vos, Tretter et al. 2011, Chen, Chan 

et al. 2013, Ashley and Osheroff 2019, Dalvie and Osheroff 2021). However, the two subunits 

have fused into a single polypeptide with protomer molecular masses ranging from 160–180 kDa, 

depending on the species. Consequently, the eukaryotic enzymes function as homodimers. On the 

basis of amino acid sequence comparisons with bacterial gyrase, each topoisomerase II protomer 

can be divided into three distinct domains. The N-terminal domain of the enzyme is homologous  

to the B subunit of DNA gyrase (GyrB) and contains the binding site for ATP and the divalent 

metal ion. The central domain is homologous to the A subunit of DNA gyrase (GyrA) and contains 

the active site tyrosine. The C-terminal domain is variable and appears to have no corresponding 

region of homology in DNA gyrase. This region of the eukaryotic enzyme contains nuclear 

localization sequences as well as amino acid residues that are phosphorylated in vivo. An atomic 

structure of the C-terminal domain in eukaryotes has not been solved (McClendon, Gentry et al. 

2008, Dalvie and Osheroff 2021). 

 

Bacterial Type II Topoisomerases 

 DNA gyrase was the first type II topoisomerase to be discovered and was first reported in 

1976 (Gellert, Mizuuchi et al. 1976, Deweese, Osheroff et al. 2008, Deweese and Osheroff 2009, 

Forterre and Gadelle 2009, Vos, Tretter et al. 2011, Chen, Chan et al. 2013, Ashley and Osheroff 

2019). It is the only type II enzyme to retain its historical name. In contrast to other type II 

topoisomerases, DNA gyrase is the only enzyme that is capable of actively underwinding (i.e., 

negatively supercoiling) the double helix. It accomplishes underwinding by wrapping DNA around 

itself in a right-handed fashion (creating a positive supercoil) and carrying out its strand-passage 
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reaction in a unidirectional manner (thus converting a positive to a negative supercoil). As 

mentioned previously, this ability to wrap DNA is conferred by the beta pinwheel structure of the 

gyrase C-terminal domain (Corbett, Shultzaberger et al. 2004).  

The ability of gyrase to wrap DNA during its strand passage reaction allows it to remove 

positive supercoils that accumulate in front of replication forks and transcription complexes even 

faster than it can introduce negative supercoils into relaxed DNA (Ashley, Dittmore et al. 2017). 

Thus, DNA gyrase plays a critical role in opening the double helix for these two physiological 

processes. In addition, DNA gyrase works in conjunction with the w protein (a type I 

topoisomerase that removes negative supercoils from the double helix), to maintain the global 

balance of DNA supercoiling in bacterial cells (Mirkin, Zaitsev et al. 1984). Because of its DNA 

wrapping mechanism, DNA gyrase works primarily on DNA supercoiling; it is far less efficient at 

removing knots and tangles from the genome. In bacteria, these reactions are carried out primarily 

by the other type II topoisomerase, topoisomerase IV.  

By the late 1980s, it had been known for several years that the ParC and ParE proteins were 

necessary for proper chromosome partitioning in bacteria. However, in 1990, it was discovered 

that these two subunits together constituted a second bacterial type II topoisomerase (Kato, 

Nishimura et al. 1990, Deweese, Osheroff et al. 2008, Deweese and Osheroff 2009, Forterre and 

Gadelle 2009, Vos, Tretter et al. 2011, Chen, Chan et al. 2013, Ashley and Osheroff 2019).  

The catalytic properties of topoisomerase IV can be distinguished from those of DNA 

gyrase in two important ways (Deweese, Osheroff et al. 2008, Deweese and Osheroff 2009, 

Forterre and Gadelle 2009, Vos, Tretter et al. 2011, Chen, Chan et al. 2013, Ashley and Osheroff 

2019). First, although topoisomerase IV can remove positive and negative superhelical twists from 

DNA, it cannot actively underwind the double helix. Second, the ability of topoisomerase IV to 
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resolve DNA knots and tangles is considerably better than that of DNA gyrase. Because of these 

differences, the physiological roles of the two bacterial enzymes are distinct from one another. The 

primary cellular functions of topoisomerase IV are to unlink daughter chromosomes following 

DNA replication and to resolve DNA knots that are formed during recombination. Recently, it was 

found that topoisomerase IV removes positive supercoils from DNA more efficiently than it does 

negative supercoils (Vos, Lee et al. 2013, Ashley, Dittmore et al. 2017). Mutation and deletion 

studies suggest that this ability is due to specific sequences in the “blades” of the C-terminal 

domain and have led to speculation that the enzyme may also play a role ahead of DNA tracking 

systems to help alleviate the accumulation of torsional stress in the double helix (Vos, Lee et al. 

2013, Ashley, Dittmore et al. 2017). However, the precise function of topoisomerase IV in this 

process has yet to be defined.  

 

Eukaryotic Type II Topoisomerases 

The eukaryotic type IIA enzyme, topoisomerase II, was discovered in 1980 (Liu, Liu et al. 

1980, Deweese, Osheroff et al. 2008, Deweese and Osheroff 2009, Forterre and Gadelle 2009, 

Vos, Tretter et al. 2011, Chen, Chan et al. 2013, Ashley and Osheroff 2019). Topoisomerase II can 

remove positive or negative superhelical twists from the double helix and can resolve DNA knots 

and tangles. Eukaryotic species such as yeast and Drosophila encode only a single type II 

topoisomerase (i.e., topoisomerase II) (Goto and Wang 1982, Goto, Laipis et al. 1984, Goto and 

Wang 1984, Nolan, Lee et al. 1986). However, as discussed above, vertebrates contain two 

isoforms, topoisomerase IIa and topoisomerase IIb (Austin and Marsh 1998, Deweese, Osheroff 

et al. 2008, Deweese and Osheroff 2009, Forterre and Gadelle 2009, Vos, Tretter et al. 2011, Chen, 

Chan et al. 2013, Gentry and Osheroff 2013, Austin, Lee et al. 2018, Ashley and Osheroff 2019). 
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These two isoforms share extensive amino acid sequence similarity (~70%) but are encoded by 

separate genes (located at chromosomal bands 17q21–22 and 3p24 in humans, respectively). 

Topoisomerase IIa and topoisomerase IIb also can be distinguished by their protomer molecular 

masses of ~170 and ~180 kDa, respectively.  

Topoisomerase II plays a number of essential roles in eukaryotic cells and participates in 

virtually every major process that involves the genetic material (Deweese, Osheroff et al. 2008, 

Deweese and Osheroff 2009, Forterre and Gadelle 2009, Vos, Tretter et al. 2011, Chen, Chan et 

al. 2013, Pommier, Sun et al. 2016, Ashley and Osheroff 2019). It unlinks daughter chromosomes 

that are tangled during replication and resolves DNA knots that are formed during recombination. 

It also helps to remove the positive DNA supercoils that are generated ahead of replication forks 

and transcription complexes. Topoisomerase II is required for proper chromosome condensation, 

cohesion, and segregation, and appears to play roles in centromere function and chromatin 

remodeling. Finally, topoisomerase II is important for the maintenance of proper chromosome 

organization and structure and is the major non-histone protein of the mitotic chromosome scaffold 

and the interphase nuclear matrix.  

It is not obvious why vertebrates encode two distinct isoforms of topoisomerase II 

(Deweese, Osheroff et al. 2008, Deweese and Osheroff 2009, Forterre and Gadelle 2009, Vos, 

Tretter et al. 2011, Chen, Chan et al. 2013, Pommier, Sun et al. 2016, Ashley and Osheroff 2019). 

Enzymological differences between topoisomerase IIa and topoisomerase IIb are subtle and 

relationships between these isoforms are not well defined. The only major enzymological 

characteristic that distinguishes topoisomerase IIa from topoisomerase IIb is the fact that the a 

isoform removes positive DNA supercoils 10–fold faster than it does negative, while the b isoform 

removes both at similar rates (McClendon, Rodriguez et al. 2005). As with topoisomerase IV, this 
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ability of topoisomerase IIa is embodied in the C-terminal domain of the protein (McClendon, 

Gentry et al. 2008).  

Topoisomerase IIa and topoisomerase IIb have distinct patterns of expression and cellular 

functions (Deweese, Osheroff et al. 2008, Deweese and Osheroff 2009, Forterre and Gadelle 2009, 

Vos, Tretter et al. 2011, Chen, Chan et al. 2013, Pommier, Sun et al. 2016, Ashley and Osheroff 

2019). Topoisomerase IIa is required for the survival of proliferating cells (Deweese and Osheroff 

2009, Nitiss 2009, Chen, Chan et al. 2013, Ketron and Osheroff 2014, Pommier, Sun et al. 2016). 

Enzyme levels increase throughout S-phase of the cell cycle and peak at the G2/M boundary. 

Topoisomerase IIa is found almost exclusively in proliferating tissues, is associated with 

replication forks, and remains tightly bound to chromosomes during mitosis. Thus, it is believed 

to be the isoform that functions in growth-related processes, such as DNA replication and 

chromosome segregation. Topoisomerase IIa also appears to play roles in transcription.  

Topoisomerase IIb is non-essential at the cellular level but is believed to be required for 

proper neural development in mice (Yang, Li et al. 2000, Deweese and Osheroff 2009, Nitiss 2009, 

Chen, Chan et al. 2013, Ketron and Osheroff 2014, Austin, Lee et al. 2018). In contrast to the a 

isoform, the concentration of topoisomerase IIb is independent of the cell cycle and this isoform 

is found at high concentrations in most cell types regardless of proliferation status. Topoisomerase 

IIb dissociates from chromosomes during mitosis and cannot overcome the loss of topoisomerase 

IIa in mammalian cells. Although the physiological functions of the b isoform have yet to be fully 

defined, a number of studies indicate that it is important for the transcription of hormonally- or 

developmentally-regulated genes (Yang, Li et al. 2000, Deweese and Osheroff 2009, Nitiss 2009, 

Chen, Chan et al. 2013, Ketron and Osheroff 2014, Austin, Lee et al. 2018).  
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The C-terminal domain of topoisomerase IIa in vertebrates contains several sites for post-

translational modification, including phosphorylation, SUMOlaytion, ubiquitination, and 

acetylation, as well as sites that allow for concentration of the enzyme at centromeres during 

mitosis (Linka, Porter et al. 2007, Antoniou-Kourounioti, Mimmack et al. 2019). Additionally, 

sites for SUMOylation in topoisomerase IIa in Xenopus laevis regulate the localization of binding 

proteins to the centromere during mitosis, and this may extend to the human enzyme as well (Ryu, 

Yoshida et al. 2015, Yoshida, Ting et al. 2016, Antoniou-Kourounioti, Mimmack et al. 2019, 

Dalvie and Osheroff 2021). In humans, sequences in the C-terminal domain of topoisomerase IIa 

direct localization to the nucleus and their absence in some drug-resistant cancer cell lines causes 

the enzyme to localize to the cytoplasm (Mirski, Gerlach et al. 1997). The C-terminal domain of 

human topoisomerase IIb may perform a negative regulatory role that diminishes the binding of 

the enzyme with DNA due to an added sequence of amino acids that promotes protein-protein 

interactions over protein-DNA interactions (Gilroy and Austin 2011, Kozuki, Chikamori et al. 

2017, Dougherty, Hawaz et al. 2021). The C-terminal domain of topoisomerase IIb may also 

perform many of the same roles as that of topoisomerase IIa, but with reduced efficiency (Linka, 

Porter et al. 2007). The C-terminal domains of both human topoisomerase IIa and topoisomerase 

IIb have several redundant roles with each other, such as supporting cell proliferation and 

regulating the decatenation checkpoint (Kozuki, Chikamori et al. 2017).  

Human topoisomerase IIa relaxes positively supercoiled DNA faster than negatively 

supercoiled DNA, while human topoisomerase IIb does not distinguish between positively and 

negatively supercoiled DNA during relaxation (McClendon, Rodriguez et al. 2005, McClendon, 

Dickey et al. 2006, McClendon, Gentry et al. 2008). Between topoisomerase IIa and 

topoisomerase IIb, there is only ~31% amino acid sequence identity in the C-terminal domain as 
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compared to ~79% in their N-terminal and central domains, suggesting that the differences in 

recognition of supercoil handedness during relaxation may be due to the differences in amino acid 

sequence identity between the C-terminal domain of the isoforms (Austin, Sng et al. 1993, 

McClendon, Gentry et al. 2008). When the C-terminal domain was removed from topoisomerase 

IIa in the deletion construct hTIIaD1175 (Dickey and Osheroff 2005), topoisomerase IIa relaxed 

positively supercoiled and negatively supercoiled DNA at the same rate, suggesting that the C-

terminal domain is required for recognition of supercoil handedness during relaxation 

(McClendon, Dickey et al. 2006, McClendon, Gentry et al. 2008). Additionally, when the C-

terminal domain of topoisomerase IIa and topoisomerase IIb were switched, topoisomerase IIb 

was able to preferentially relax positively supercoiled DNA while topoisomerase IIa relaxed both 

positively and negatively supercoiled DNA at the same rate, further demonstrating that the ability 

to recognize supercoil handedness when relaxing DNA supercoils resides in the C-terminal domain 

(McClendon, Gentry et al. 2008). These results suggest that the catalytic core of topoisomerase 

IIa is indifferent to supercoil geometry during relaxation and does not differentiate between 

positive and negative supercoils, but that the C-terminal domain interacts uniquely with positively 

supercoiled DNA in a way that is able to facilitate relaxation. Therefore, when the C-terminal 

domain is removed, the enzyme relaxes positively and negatively supercoiled DNA at similar rates 

(McClendon, Gentry et al. 2008).  

 

Type II Topoisomerases as Therapeutic Targets 

Although type IIA topoisomerases carry out a number of critical physiological functions, 

they also generate double-stranded breaks in DNA as a requisite step in their reaction cycles 

(Figure 1.3) (Pendleton, Lindsey et al. 2014). Thus, they are fundamentally dangerous proteins 
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that have the potential to fragment the genome. (Deweese, Osheroff et al. 2008, Deweese and 

Osheroff 2009, Nitiss 2009, Aldred, Kerns et al. 2014, Ketron and Osheroff 2014, Pendleton, 

Lindsey et al. 2014, Pommier, Sun et al. 2016, Ashley and Osheroff 2019, Vann, Oviatt et al. 2021) 

Under normal conditions, covalent topoisomerase II-cleaved DNA complexes (i.e., cleavage 

complexes) are tightly regulated, present at low steady-state levels, and short-lived. Consequently, 

their presence is tolerated in cells. However, conditions that significantly increase the 

concentration or lifetime of cleavage complexes trigger a cascade of mutagenic and potentially 

lethal events (Figure 1.4).  

 The potential lethality of cleavage complexes rises substantially when DNA tracking 

enzymes such as polymerases or helicases attempt to traverse the covalently bound topoisomerase 

“roadblock” in the genetic material (Deweese, Osheroff et al. 2008, Deweese and Osheroff 2009, 

Nitiss 2009, Aldred, Kerns et al. 2014, Ketron and Osheroff 2014, Pendleton, Lindsey et al. 2014, 

Pommier, Sun et al. 2016, Ashley and Osheroff 2019, Vann, Oviatt et al. 2021). Such an action 

disrupts cleavage complexes and prevents the bound enzyme from ligating the generated DNA 

breaks. As a result, transient cleavage complexes are converted to long-lived DNA breaks that may 

be resected by recombination repair pathways, triggering the generation of chromosomal 

insertions, deletions, translocations, and other aberrations. When these strand breaks are present 

in sufficient numbers, they initiate a series of events that culminates in cell death.  

The inherent danger of cleavage complexes has made the type IIA topoisomerases targets 

for some of the most important antibacterial and anticancer drugs currently in clinical use 

(Deweese, Osheroff et al. 2008, Deweese and Osheroff 2009, Nitiss 2009, Aldred, Kerns et al. 

2014, Ketron and Osheroff 2014, Pendleton, Lindsey et al. 2014, Pommier, Sun et al. 2016, 

Gibson, Ashley et al. 2018, Ashley and Osheroff 2019, Bax, Murshudov et al. 2019, Vann, Oviatt 
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et al. 2021). In contrast to most therapeutics, these agents do not act by robbing cells of an essential 

enzyme activity. Rather, drugs that target type II topoisomerases kill cells by dramatically 

increasing the concentration and stability of covalent enzyme-DNA cleavage complexes. Since the 

drugs that target type II topoisomerases convert these essential enzymes to potent cellular toxins 

that fragment the genome, they are referred to as topoisomerase “poisons” to distinguish them 

from drugs that act as catalytic inhibitors that act by robbing the cell of the catalytic functions of 

these enzymes.  

There are two main types of topoisomerase poisons; Interfacial poisons act at the active 

site of the enzyme by intercalating into the cleaved scissile bond between the enzyme and DNA, 

and covalent poisons form covalent adducts with cysteine residues distal to the active site (Bandele 

and Osheroff 2008, Deweese and Osheroff 2009, Wu, Li et al. 2011, Pommier and Marchand 2012, 

Dalvie, Gopas et al. 2019, Vann, Oviatt et al. 2021). Although both enhance enzyme-mediated 

DNA cleavage, there are many properties that differentiate interfacial poisons from covalent 

poisons (Table 1.1). 

 Interfacial poisons such as etoposide act non-covalently at the cleavage/religation active 

site. They enhance DNA cleavage by inserting into the cleaved bond and physically block 

religation (Wu, Li et al. 2011, Pommier and Marchand 2012). In addition, interfacial poisons 

enhance DNA cleavage when incubated with the enzyme prior to the addition of DNA.  

Covalent poisons such as benzoquinone adduct to the enzyme at a site distal to the active 

site (Wang, Mao et al. 2001, Lindsey, Bromberg et al. 2004, Deweese and Osheroff 2009, Ketron 

and Osheroff 2014). They enhance DNA cleavage by a mechanism believed to involve the ability 

to close the N-terminal protein gate (Wang, Mao et al. 2001, Bender, Lehmler et al. 2006, Bender 

and Osheroff 2007, Lindsey, Pendleton et al. 2014). As covalent poisons often form adducts with  
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Figure 1.4: The critical balance of DNA cleavage and religation. The activity of type II 
topoisomerases must be tightly regulated in the cell. When cleavage/religation is balanced, the 
genome can be appropriately maintained and the cell can grow normally. If the level of 
cleavage/religation decrease, slow growth rates and mitotic failure can cause cell death. 
Conversely, if the levels of cleavage/relegation are too high, DNA damage can overwhelm the cell, 
leading to mutagenesis and cell death. Figure adapted from Pendleton et al (Pendleton, Lindsey et 
al. 2014). 
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Table 1.1: Properties of Interfacial and Covalent Topoisomerase II Poisons 

Interfacial Poisons Covalent Poisons 

• Act non-covalently at the active site 

• Unaffected by reducing agents 

• Enhance enzyme-mediated DNA 
cleavage when added to the enzyme-
DNA complex 
 

• Enhance DNA cleavage when 
incubated with the enzyme prior to the 
addition of DNA 

• Covalently adduct the enzyme distal to 
the active site 
 

• Abrogated by reducing agents 
 

• Enhance enzyme-mediated DNA 
cleavage when added to the enzyme-
DNA complex 
 

• Inhibit topoisomerase II when 
incubated with the enzyme prior to the 
addition of DNA  
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cysteine residues and require redox cycling, their effects can be abrogated by reducing agents 

(Wang, Mao et al. 2001, Lindsey, Bromberg et al. 2004, Deweese and Osheroff 2009, Ketron, 

Gordon et al. 2013). Furthermore, incubating a covalent poison with the enzyme prior to addition 

of DNA will inhibit DNA cleavage. 

 

Antibacterial Drugs 

DNA gyrase and topoisomerase IV are the targets for fluoroquinolones (Figure 1.5) 

(Aldred, Kerns et al. 2014, Gibson, Ashley et al. 2018, Bax, Murshudov et al. 2019). These drugs 

are the most active and broad spectrum oral antibacterial agents in clinical use and are among the 

most widely prescribed antibacterials worldwide. Drugs such as ciprofloxacin are prescribed 

routinely for a wide variety of Gram-negative bacterial infections, including gastrointestinal tract 

and bone and joint infections. Ciprofloxacin and related fluoroquinolones are also used to treat a 

number of sexually transmitted diseases as well as infection with anthrax. Newer fluoroquinolones, 

such as levofloxacin and moxifloxacin, display significant efficacy against Gram-positive bacterial 

infections, such as those found in the respiratory tract. They are also used for treating tuberculosis. 

Fluoroquinolones increase the level of cleavage complexes formed by DNA gyrase and 

topoisomerase IV. However, depending on the species of bacteria and the fluoroquinolone being  

used, either DNA gyrase or topoisomerase IV may be the more important drug target (Aldred, 

Kerns et al. 2014, Gibson, Ashley et al. 2018, Bax, Murshudov et al. 2019).  

New classes of drugs that target bacterial type II topoisomerases are currently in 

development (Gibson, Ashley et al. 2018, Bax, Murshudov et al. 2019). The most advanced of 

these include Novel Bacterial Topoisomerase Inhibitors, or NBTIs, and spiropyrimidinetriones, or 

SPTs. As an example, gepotidacin, an NBTI, (Figure 1.5) is currently in phase three clinical trials,  
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Figure 1.5: Structures of antibacterial and anticancer drugs. Structures of selected 
antibacterial drugs targeted to DNA gyrase and topoisomerase IV, anticancer drugs targeted to 
topoisomerase II, and dietary and medicinal topoisomerase II poisons.  
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as is zoliflodacin, an SPT (Gibson, Bax et al. 2019). In contrast to fluoroquinolones and SPTs, 

which generate enzyme-mediated double-stranded DNA breaks, NBTIs generate single-stranded 

breaks. 

 

Anticancer Drugs 

At the present time, six topoisomerase II-targeted anticancer agents (Figure 1.5) are 

approved for use in the United States (Deweese, Osheroff et al. 2008, Deweese and Osheroff 2009, 

Nitiss 2009, Aldred, Kerns et al. 2014, Ketron and Osheroff 2014, Pendleton, Lindsey et al. 2014, 

Pommier, Sun et al. 2016, Gibson, Ashley et al. 2018, Ashley and Osheroff 2019, Bax, Murshudov 

et al. 2019, Dalvie and Osheroff 2021). Additional drugs that target the type II enzyme are used 

worldwide. Drugs such as etoposide and doxorubicin are front-line therapy for breast and lung 

cancers, as well as a variety of leukemias, lymphomas, and germ-line malignancies. Mitoxantrone 

is gaining usage against breast cancers. Approximately one-half of all cancer chemotherapy 

regimens contain drugs targeted to topoisomerase II. Moreover, every form of cancer that can be 

cured by systemic chemotherapy is treated with these agents.  

 Due to the high concentration of topoisomerase IIa and topoisomerase IIb in rapidly 

proliferating cells, both isoforms probably play important roles in anticancer therapy. 

Unfortunately, because topoisomerase II-targeted drugs induce double- stranded breaks, their use 

is also associated with the generation of chromosomal translocations that result in secondary 

leukemias in a small proportion of patients (Felix 2001, Baldwin and Osheroff 2005, Joannides 

and Grimwade 2010, Joannides, Mays et al. 2011, Ezoe 2012, Rashidi and Fisher 2013, Pendleton, 

Lindsey et al. 2014). Circumstantial evidence suggests that the b isoform is primarily responsible 
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for this and other side effects of these important chemotherapeutic drugs (Smith, Cowell et al. 

2014).  

 

Dietary and Medicinal Topoisomerase II Poisons 

The most prevalent dietary topoisomerase II poisons are the bioflavonoids (e.g., 

phytoestrogens) (Figure 1.5) (Austin, Patel et al. 1992, Bandele and Osheroff 2007, Bandele, 

Clawson et al. 2008, Bandele and Osheroff 2008, Ketron and Osheroff 2014). These diverse 

polyphenolic compounds are components of many fruits, vegetables, legumes, and plant leaves. 

Bioflavonoids are an integral component of the human diet and represent the most abundant natural 

source of antioxidants. It is believed that the dietary intake of these compounds provides a number 

of health benefits, including protection against cancer, cardiovascular disease, osteoporosis, and 

inflammation. The mechanistic basis for the physiological actions of phytoestrogens is complex, 

and they have a variety of effects on human cells. However, several common bioflavonoids, 

including genistein and (–)-epigallocatechin gallate (EGCG), are potent topoisomerase II poisons 

(Bandele and Osheroff 2007, Bandele and Osheroff 2008, Azarova, Lin et al. 2010, Lopez-Lazaro, 

Calderon-Montano et al. 2011). Genistein is abundant in soy products and is believed to contribute 

to the lower incidence of specific types of cancers in the Pacific Rim. EGCG is the most abundant 

and biologically active polyphenol in green tea, and many of the therapeutic benefits of the 

beverage have been attributed to this compound. Beyond the bioflavonoids, curcumin is the flavor 

and olfactory component of turmeric, a widely used spice in Indian and Southeast Asian cooking, 

and displays antioxidant, anti-inflammatory, antibacterial, and chemopreventative properties 

(Lopez-Lazaro, Willmore et al. 2007, Ketron, Gordon et al. 2013). Finally, thymoquinone, which 

is the active component in black seed, is an ancient medicinal compound used to treat a variety of 
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diseases associated with inflammation. It also displays anticancer activity (Ashley and Osheroff 

2014). The potential for a natural product to be a topoisomerase II poison will be further discussed 

in Chapter 3. 

 

The role of DNA Geometry on Type II Topoisomerase Activity 

 As has been previously mentioned, DNA in eukaryotic and bacterial cells is globally 

underwound (i.e., negatively supercoiled) approximately 6% (Linka, Porter et al. 2007, Deweese 

and Osheroff 2009). Overwound (i.e., positively supercoiled) DNA that accumulates ahead of 

replication forks and transcription complexes results in torsional stress that must be alleviated for 

these processes to continue (Linka, Porter et al. 2007, Deweese and Osheroff 2009, Baxter, Sen et 

al. 2011). As this buildup of positive supercoils represents an acute temporal challenge for genomic 

activities, it is unsurprising that bacterial and human species encode at least one type II enzyme 

that preferentially relaxes overwound DNA.  

Bacterial gyrase, which acts ahead of the replication machinery, has to deal with the 

accumulation of approximately 100 positive supercoils per second during replication and relaxes 

overwound DNA dramatically faster than it can generate negative supercoils in relaxed substrates 

(Figure 1.6) (Ashley, Blower et al. 2017, Ashley, Dittmore et al. 2017). Even though 

topoisomerase IV works primarily behind replication forks as a decatenase, it also has the capacity  

to preferentially remove positive over negative supercoils (Figure 1.6) (Ashley, Blower et al. 2017, 

Ashley, Dittmore et al. 2017).  

In humans, topoisomerase IIα removes positive supercoils approximately 10-fold faster 

than it does negative supercoils (McClendon, Rodriguez et al. 2005, McClendon, Dickey et al. 

2006, McClendon, Gentry et al. 2008). In contrast, topoisomerase IIβ, which does not appear to  
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Figure 1.6: Geometry affects enzyme function during replication. In bacteria, topoisomerase 
IV acts behind the replication fork while gyrase acts ahead of the replication fork. In humans, 
topoisomerase IIα acts on both sides of the replication fork but prefers to act behind it. Figure 
adapted from Ashley et. al (Ashley, Dittmore et al. 2017). 
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play a role in replication, cannot distinguish between over and underwound DNA during the DNA 

relaxation reaction (McClendon, Rodriguez et al. 2005, McClendon, Dickey et al. 2006, 

McClendon, Gentry et al. 2008). As mentioned previously in this chapter, the ability of the α 

isoform to preferentially relax positive supercoils is associated with elements in the C-terminal 

domain of the enzyme, and when this domain was removed in a deletion construct, positively and 

negatively supercoiled DNA were relaxed at the same rate, suggesting that the C-terminal domain 

is required for recognition of supercoil handedness during relaxation (McClendon, Gentry et al. 

2008). While there is evidence that topoisomerase IIα acts ahead of the replication fork, it is 

believed to primarily act behind it and it is not known where topoisomerase IIβ acts during 

replication (Figure 1.6) (McClendon, Rodriguez et al. 2005, Heintzman, Campos et al. 2019). 

Type II topoisomerases can also recognize supercoil geometry during the DNA cleavage 

reaction. Bacterial gyrase maintains lower levels of cleavage complexes on positively supercoiled 

DNA, while topoisomerase IV shows no large difference in cleavage of positively versus 

negatively supercoiled DNA (Ashley, Blower et al. 2017, Ashley, Dittmore et al. 2017). This may 

reduce the effectiveness of gyrase as an antibacterial target, making it a safer enzyme, as it works 

ahead of the replication fork and therefore is less likely to cause permanent double stranded breaks 

(Ashley, Dittmore et al. 2017). Topoisomerase IV primarily works behind the replication fork as 

a decatenase, and although it maintains high levels of cleavage with positively supercoiled DNA, 

there are fewer chances for disruptions by tracking systems (Ashley, Dittmore et al. 2017).  

Human topoisomerase IIα and IIβ both maintain ~3-4-fold lower levels of cleavage 

complexes on positively supercoiled DNA (McClendon and Osheroff 2006). As positively 

supercoiled DNA accumulates ahead of the replication fork, this supercoil handedness preference 

during cleavage helps prevent collisions between cleavage complexes and the advancing 
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machinery. Similarly, in the presence of non-intercalating drugs, topoisomerase IIα maintained 

lower levels of cleavage intermediates with positively supercoiled DNA. Topoisomerase IIβ did 

this as well, but in some instances, such as with genistein and TOP-53, the enzyme induced similar 

levels of cleavage between positively and negatively supercoiled DNA, suggesting that drug-

induced stimulation of DNA cleavage by topoisomerase IIβ is more dangerous as it is more likely 

to cause permanent strand breaks (McClendon and Osheroff 2006). Intercalative drugs, however, 

saw greater levels of DNA cleavage of positively supercoiled DNA with both topoisomerase IIα 

and IIβ due to increased apparent positive supercoiling and preferential drug accumulation in 

negatively supercoiled substrates (McClendon and Osheroff 2006). This remained true even at 

high concentrations of drug, while negatively supercoiled DNA saw attenuated levels of DNA 

cleavage at those same high concentrations, suggesting that intercalative drugs maintain their 

effectiveness ahead of DNA tracking systems (McClendon and Osheroff 2006).  

Cellular studies in bacteria and yeast have suggested that immediately prior to 

decatenation, DNA becomes positively supercoiled (Baxter, Sen et al. 2011, Zawadzki, Stracy et 

al. 2015). However, during this time, the DNA becomes associated with condensins and other 

mitotic factors that may influence the process. These studies suggest that type II topoisomerases 

may preferentially decatenate positively over negatively supercoiled DNA (Baxter, Sen et al. 2011, 

Zawadzki, Stracy et al. 2015). In support of this conclusion, single molecule experiments indicate 

that human topoisomerase IIα decatenates positively intertwined molecules approximately 2-fold 

faster than negatively supercoiled substrates (Seol, Gentry et al. 2013). The role of supercoil 

geometry in catenation/decatenation of DNA by type II topoisomerases will be further discussed 

in Chapter 4. 
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Scope of the Dissertation 

The goals of this dissertation are to investigate the effects of a medicinal natural product 

on human type II topoisomerases, and to determine the effects of supercoiled DNA substrates on 

the catenation reaction of type II topoisomerases. 

Chapter 1 introduces the concepts of DNA topology, type II topoisomerases, 

topoisomerase-targeting drugs, and how type II topoisomerases interact with DNA supercoil 

geometry. Parts of this chapter have been published (Dalvie and Osheroff 2021). 

Chapter 2 describes the materials and methods used in this dissertation, parts of which have 

been published (Dalvie, Gopas et al. 2019).  

Chapter 3 describes the effects of 6,6’-dihydroxythiobinupharadine (DTBN), a natural 

product from Nuphar lutea, the yellow water lily, on human type II topoisomerases. DTBN acts 

as a covalent poison that increases DNA cleavage mediated by topoisomerase IIα and IIβ. The 

results presented in this chapter have been published (Dalvie, Gopas et al. 2019). 

Chapter 4 examines the recognition of DNA supercoil geometry by type II topoisomerases 

during the intermolecular catenation reaction. Previous studies have shown that type II 

topoisomerases recognize supercoil geometry during the intramolecular relaxation reaction. 

Results shown in this chapter demonstrate that human topoisomerase IIα and bacterial 

topoisomerase IV display supercoil handedness preference during catenation. However, while 

bacterial topoisomerase IV preferentially catenates positively supercoiled DNA over negatively 

supercoiled DNA, in parallel with the relaxation reaction, human topoisomerase IIα shows the 

opposite preference. Furthermore, this preference of human topoisomerase IIα is conveyed by the 

C-terminal domain. Finally, human topoisomerase IIα and E. coli topoisomerase IV both generate 

lesser amounts of DNA cleavage with catenated DNA than with decatenated DNA. 
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Chapter 5 discusses the conclusions and implications of the work presented in this 

dissertation. 
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CHAPTER TWO 

 

METHODS AND MATERIALS 

 

Enzymes  

 Recombinant human topoisomerase IIα, topoisomerase IIβ, and a deletion mutant containing 

residues 1–1175 of human topoisomerase IIα that lacked the C-terminal domain (Topo IIαΔCTD) 

were expressed in Saccharomyces cerevisiae and purified as described previously (Worland and 

Wang 1989, Kingma, Greider et al. 1997, Dickey and Osheroff 2005). Enzymes were untagged 

and purified by hydroxyapatite column and phosphocellulose column. The catalytic core of human 

topoisomerase IIα (Topo IIαcc; residues 431–1193) was a gift from J. E. Deweese and was 

expressed and purified as described previously (Wasserman, Austin et al. 1993, Biersack, Jensen 

et al. 1996, Oestergaard, Bjergbaek et al. 2004, Wendorff, Schmidt et al. 2012). Enzymes were 

stored at -80 °C as 1.5 mg/mL stocks in 50 mM Tris-HCl (pH 7.9), 0.1 mM NaEDTA, 750 mM 

KCl, and 40% (v/v) glycerol.  

 Bacillus anthracis topoisomerase IV subunits (GrlA and GrlB) and Neisseria gonorrhea 

topoisomerase IV subunits (ParC and ParE) were expressed in E. coli and purified using a C-

terminal His-tag as described by Dong et al (Dong, McPherson et al. 2010). Untagged E. 

coli topoisomerase IV subunits (ParC and ParE) were expressed and purified using ion exchange 

chromatography as described by Peng and Marians (Peng and Marians 1993). Enzymes were 

stored at -80 °C in 40 mM HEPES-KOH (pH 7.6), 1 mM NaEDTA, 150 mM KGlu, and 40% (v/v) 

glycerol. 
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DNA Substrates 

  Negatively supercoiled pBR322 DNA was prepared from E. coli using a Plasmid Mega Kit 

(Qiagen) according to the manufacturer’s protocol. 

 Relaxed pBR322 plasmid DNA was generated by treating negatively supercoiled pBR322 

with calf thymus topoisomerase I (Invitrogen) (Aldred, Breland et al. 2014). Reaction mixtures 

contained 70 nM DNA and 60 units topoisomerase I in a total of 300 μL of 10 mM Tris-HCl (pH 

7.9), 0.1 mM EDTA, 175 mM KCl, 5 mM MgCl2, and 2.5% (v/v) glycerol. Reactions were 

incubated at 37 °C for 30 min and halted by incubation at 75 °C for 10 min. Samples were extracted 

with phenol:chloroform:isoamyl alcohol (25:24:1), and DNA was precipitated with cold ethanol. 

Relaxed plasmids were resuspended in 100 μL of 5 mM Tris-HCl (pH 7.4) containing 500 

μM EDTA. 

 Positively supercoiled pBR322 was generated by treating negatively supercoiled DNA with 

recombinant Archeoglobus fulgidus reverse gyrase (Rodriguez 2002, McClendon, Rodriguez et al. 

2005). Reaction mixtures contained 35 nM negatively supercoiled pBR322 DNA and 420 nM 

reverse gyrase in a total of 500 μL of 50 mM Tris-HCl (pH 8.0), 10 mM NaCl, 10 mM MgCl2, and 

1 mM ATP. Reactions were incubated at 95 °C for 10 min, halted by the addition of 13 μL of 375 

mM EDTA, and cooled on ice. Proteinase K was added (10 μL of 4 mg/mL), and reaction mixtures 

were incubated at 45 °C for 30 min to digest the enzyme. Samples were extracted with 

phenol:chloroform:isoamyl alcohol (25:24:1), and positively supercoiled DNA was precipitated 

with cold ethanol. Plasmids were resuspended in 100 μL of 5 mM Tris-HCl (pH 7.4) containing 

500 μM EDTA. The number of positive supercoils induced was similar to the number of negative 

supercoils in the original pBR322 preparations (McClendon, Rodriguez et al. 2005). As a control, 
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some experiments utilized negatively supercoiled plasmid preparations that were processed 

identically to the positively supercoiled DNA except that they did not contain reverse gyrase. 

Results were similar to those obtained with negatively supercoiled DNA prepared directly from E. 

coli.  

 Kinetoplast DNA (kDNA), a network of circular DNA characterized by catenated maxi-and 

mini-circles, was isolated from Crithidia fasciculata as described previously (Danzig 2005).  

 Substrates with varying levels of negative supercoiling were generated by treating relaxed 

pBR322 with calf thymus topoisomerase I in the presence of 0-0.35 mg/mL of chloroquine and 

purified as described previously (Aldred, Breland et al. 2014). Chloroquine was removed using 

phenol:chloroform:isoamyl alcohol extraction and ethanol precipitation. Substrates with varying 

levels of positive supercoiling were generated by treating relaxed DNA with 0-420 nM of 

recombinant A. fulgidus reverse gyrase and purified as described above. The supercoil states of the 

DNA were analyzed by two-dimensional gel electrophoresis as described in Gibson et al (Gibson, 

Oviatt et al. 2020). The first dimension was run for 2 h in a 1% agarose gel in 100 mM Tris-borate 

(pH 8.3) and 2 mM EDTA. The gel was then soaked in 100 mM Tris borate (pH 8.3), 2 mM EDTA 

containing 4.5 μg/mL chloroquine for 2 h with gentle shaking followed by electrophoresis in the 

orthogonal direction (90° clockwise) for 2 h in fresh 100 mM Tris borate (pH 8.3), 2 mM EDTA 

containing 4.5 μg/mL chloroquine. Gels were stained and DNA bands were visualized with 

ultraviolet light. 
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Drugs, Compounds, and Natural Products 

 6,6’-Dihydroxythiobinupharidine (DTBN; the active compound in Nuphar lutea, CAS 

Number 30343-70-5) and etoposide (CAS Number 33419-42-0) were purchased from Sigma-

Aldrich. 

 A library of methanol/water extracts from 341 native Mediterranean plants (gathered 

primarily from the Tel Aviv University Botanical Garden or arid lands) was used for an initial 

screening to identify natural products that act as topoisomerase poisons (Sathiyamoorthy, Lugasi-

Evgi et al. 1997, Sathiyamoorthy, Lugasi-Evgi et al. 1999, Ozer, Eisner et al. 2009). Extracts were 

prepared as described previously by Kaiser et al. (Kaiser, Yassin et al. 2007). Briefly, frozen plant 

material (1 g samples) was ground in a prechilled mortar containing liquid nitrogen. A 

methanol/water mixture [2 mL of a 50:50 (v/v) solution] was added, and slurries were mixed and 

kept on ice for 15 min. Mixtures were centrifuged at 10000 g for 5 min at room temperature using 

a Hermle Z160M microfuge. Supernatant liquids were removed and stored at −80 °C. The 

concentrations of extracts were determined gravimetrically. De-identified samples were dried in 

vacuo, numbered, and stored at -20 °C. Extracts were resuspended in deionized water at final 

concentrations of 2 mg/mL. 

 

DNA Cleavage 

  DNA cleavage reactions were performed using the procedure of Fortune and Osheroff 

(Fortune and Osheroff 1998). Reaction mixtures contained 220 nM human topoisomerase IIα, 210 

nM topoisomerase IIβ, 80 nM Topo IIαΔCTD, or 425 nM Topo IIαcc and 10 nM negatively 

supercoiled pBR322 in a total of 20 μL of DNA cleavage buffer [10 mM Tris-HCl, pH 7.9, 5 mM 

MgCl2, 100 mM KCl, 0.1 mM NaEDTA, and 2.5% (v/v) glycerol]. Assays were carried out in the 
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absence of compound or in the presence of 0-1000 µM DTBN. Unless stated otherwise, DTBN 

was added last to reaction mixtures. Samples were incubated at 37 °C for 6 min and enzyme-DNA 

cleavage complexes were trapped by the addition of 2 μL of 5% SDS followed by 2 μL of 250 mM 

EDTA, pH 8.0. Proteinase K (2 μL of a 0.8 mg/mL solution) was added, and samples were 

incubated at 45 °C for 30 min to digest the enzyme. Samples were mixed with agarose gel loading 

buffer (2 µL of 60% sucrose, 10 mM Tris-HCl, pH 7.9, 0.5% bromophenol blue; and 0.5% xylene 

cyanol FF), heated at 45 °C for 5 min, and subjected to electrophoresis in 1% agarose gels in 40 

mM Tris-acetate, pH 8.3, and 2 mM EDTA containing 0.5 μg/mL ethidium bromide. DNA bands 

were visualized with ultraviolet light and quantified using an Alpha Innotech digital imaging 

system. Double-stranded DNA cleavage was monitored by the conversion of supercoiled plasmid 

DNA to linear molecules. 

 In reactions that determined whether DNA cleavage by human topoisomerase IIα was 

reversible, 2 μL of 250 mM EDTA was added to samples prior to treatment with SDS. In some 

experiments, DNA cleavage was performed in the presence of etoposide as a control.  

 To examine the effects of thiol-containing compounds and reducing agents on the actions of 

DTBN against topoisomerase IIα, 1 mM DTT, 1 mM glutathione, or 2.5 mM ascorbic acid were 

included in reaction mixtures.  

 To assess the effects of DTBN on human topoisomerase IIα prior to the addition of DNA, 293 

nM enzyme was incubated in the presence of 667 µM DTBN (final concentration) for 0–2 min at 

37 °C in 15 μL of DNA cleavage buffer. DNA cleavage was initiated by the addition of 10 nM 

negatively supercoiled pBR322 DNA (final concentration) to reaction mixtures (final volume of 

20 μL), and samples were incubated at 37 °C for 6 min. Reactions were stopped, and samples were 

processed and analyzed as described above. 
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DNA Ligation  

 DNA ligation mediated by topoisomerase IIα was monitored according to the procedure of 

Byl et al (Byl, Fortune et al. 1999). Reaction mixtures contained 220 nM human topoisomerase 

IIα and 0 or 500 µM DTBN in a total of 20 µL of DNA cleavage buffer. In reactions that contained 

no compound, 5 mM MgCl2 was replaced by 5 mM CaCl2 to increase levels of baseline DNA 

scission (Osheroff and Zechiedrich 1987). DNA cleavage-ligation equilibria were established for 

6 min at 37 °C as described above and ligation was initiated by shifting samples from 37 to 0 °C. 

Reactions were stopped at time points ranging from 0-30 s and analyzed as described above. DNA 

ligation was monitored by the loss of linear DNA. 

 

Persistence of Topoisomerase II-DNA Cleavage Complexes 

  The stability of topoisomerase II-DNA cleavage complexes was determined using a 

modification of the procedure of Gentry et al (Gentry, Pitts et al. 2011). Initial reactions contained 

440 nM topoisomerase IIα, 55 nM DNA, and 0 or 500 μM DTBN in a total of 20 μL of DNA 

cleavage buffer. Reactions were incubated for 10 min at 37 ºC to achieve DNA cleavage-ligation 

equilibrium and then diluted 20-fold with DNA cleavage buffer containing no divalent cation at 

37 ºC. Samples (20 μL) were removed at times ranging from 0-240 min. DNA cleavage was 

stopped and samples were analyzed as described above. In assays that did not include DTBN, the 

5 mM MgCl2 in the DNA cleavage buffer was replaced with 5 mM CaCl2 to increase baseline 

levels of DNA cleavage (Osheroff and Zechiedrich 1987). In all cases, levels of DNA cleavage 

were set to 100% at time zero, and the persistence of cleavage complexes was determined by the 

decay of linear reaction product over time. 
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Catenation  

 Catenation assays performed using human type II topoisomerases (topoisomerase IIα, 

topoisomerase IIβ, or Topo IIαΔCTD) contained 8.8 nM enzyme, 5 nM DNA (negatively 

supercoiled, positively supercoiled, or relaxed), 1 mM ATP, and 15 μg/mL of calf thymus histone 

H1 (Sigma-Aldrich) in 20 μL of 10 mM Tris-HCl (pH 7.9), 0.1 mM EDTA, 175 mM KCl, 5 

mM MgCl2, and 2.5% (v/v) glycerol. Samples were incubated at 37 °C from 0-45 min and DNA 

catenation was stopped by the addition of 2 μL of 0.77% SDS and 77 mM EDTA (pH 8.0). 

Proteinase K (2 μL of a 0.8 mg/mL solution) was added, and samples were incubated at 45 °C for 

30 min to digest the enzyme. Samples were mixed with 2 μL of agarose gel loading buffer, heated 

at 45 °C for 5 min, and subjected to electrophoresis in a 1% agarose gel in 100 mM Tris-borate 

(pH 8.3) and 2 mM EDTA. Gels were stained in 1 μg/mL ethidium bromide and DNA bands were 

visualized with ultraviolet light and quantified using an Alpha Innotech digital imaging system. 

The rate of DNA catenation was monitored by the disappearance of monomer plasmid DNA. Rates 

were analyzed and measured using GraphPad Prism software. 

 Alternatively, catenation was catalyzed for 0-40 s in the presence of 220 nM human 

topoisomerase IIα or topoisomerase IIβ in buffers that lacked histone H1. Otherwise, reactions 

were carried out and analyzed as described above. 

 Catenation assays performed using bacterial topoisomerase IV contained 25 nM B. anthracis 

(1:2 GrlA:GrlB ratio), 10 nM E. coli (1:1 ParC:ParE ratio), or 10 nM N. gonorrhea (1:1 ParC:ParE 

ratio) enzyme, 5 nM DNA (negatively supercoiled, positively supercoiled, or relaxed), 1 mM ATP, 

and 15 μg/mL of calf thymus histone H1 in 20 μL of 40 mM HEPES (pH 7.6), 100 mM KGlu, 10 

mM Mg(OAc)2, and 25 mM NaCl. Samples were incubated at 37 °C for 0-45 min and DNA 



 39 

catenation was stopped by the addition of 2 μL of 0.77% SDS and 77 mM EDTA (pH 8.0). 

Proteinase K (2 μL of a 0.8 mg/mL solution) was added, and samples were incubated at 45 °C for 

30 min to digest the enzyme. Samples were mixed with 2 μL of agarose gel loading buffer, heated 

at 45 °C for 5 min, and subjected to electrophoresis in a 1% agarose gel in 100 mM Tris borate 

(pH 8.3), 2 mM EDTA. DNA bands were visualized and analyzed as described above. 

 In experiments where catenation intermediates were tracked, reaction mixtures were as 

described above using 8.8 nM topoisomerase IIα or 25 nM B. anthracis topoisomerase IV. Samples 

were incubated at 25 °C for 0-45 min and catenation was stopped by incubation at 80 °C for 20 

min. Reaction mixtures were cooled and the DNA was nicked by the addition of 10 U of nicking 

endonuclease Nt. BspQI (New England Biosciences) and incubating at 50 °C for 60 min. Reactions 

were stopped by the addition of 2 μL of 0.77% SDS and 77 mM EDTA (pH 8.0). Proteinase K (2 

μL of a 0.8 mg/mL solution) was added, and samples were incubated at 45 °C for 30 min to digest 

the enzymes. Samples were mixed with 2 μL of agarose gel loading buffer, heated at 45 °C for 5 

min, and subjected to electrophoresis in a 1% agarose gel in 100 mM Tris borate (pH 8.3) and 2 

mM EDTA. DNA bands were visualized as described above. 

 

Cleavage of kDNA During Decatenation 

 DNA decatenation assays with E. coli topoisomerase IV were based on previously published 

protocols (Anderson, Gootz et al. 1998, Aldred, McPherson et al. 2013). Assays contained 40 

nM E. coli wild-type topoisomerase IV (1:1 ParC:ParE ratio) and 5 nM kDNA in 20 μL of 40 mM 

HEPES (pH 7.6), 100 mM KGlu, 10 mM Mg(OAc)2, and 25 mM NaCl. Some reactions included 

100 μM ciprofloxacin to enhance DNA cleavage. Reactions were incubated at 25 °C for 5 min to 

establish cleavage-ligation equilibrium. Decatenation was started with the addition of 50 μM ATP 
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and time points were taken over an interval from 0 to 2 min. Reaction mixtures were stopped by 

the addition of either 2 μL of 5% SDS and 2 μL 250 mM EDTA, pH 8.0, or 2 μL of a mixture of 

0.77% SDS and 77.5 mM Na2EDTA. Proteinase K (2 μL of a 0.8 mg/mL solution) was added, and 

samples were incubated at 45 °C for 30 min to digest the enzyme. Samples were mixed with 2 μL 

of agarose gel loading buffer and incubated at 45 °C for 2 min before loading onto 1% agarose 

gels in 100 mM Tris-borate (pH 8.3), 2 mM EDTA, and 0.5 μg/mL ethidium bromide. DNA bands 

were visualized as described above.  

 DNA decatenation assays with human enzyme contained 110 nM topoisomerase IIα, 5 nM 

kDNA or relaxed DNA, and 50 nM ATP in 20 μL of 10 mM Tris-HCl (pH 7.9), 0.1 mM EDTA, 

175 mM KCl, 5 mM MgCl2, and 2.5% glycerol. Some reactions contained 100 μM etoposide to 

enhance DNA cleavage. Reactions were incubated at 25 °C for 10 min to establish cleavage-

ligation equilibrium. Decatenation was started with the addition of 50 μM ATP and time points 

were taken over an interval from either 0 to 2 min or 0 to 5 min. Reaction mixtures were stopped 

by the addition of either 2 μL of 5% SDS and 2 μL 250 mM EDTA (pH 8.0), or 2 μL of a mixture 

of 0.77% SDS and 77.5 mM Na2EDTA. Proteinase K (2 μL of a 0.8 mg/mL solution) was added, 

and samples were incubated at 45 °C for 30 min to digest the enzyme. Samples were mixed with 

2 μL of agarose gel loading buffer and incubated at 45 °C for 2 min before loading onto 1% agarose 

gels in 100 mM Tris-borate (pH 8.3), 2 mM EDTA, and 0.5 μg/mL ethidium bromide. DNA bands 

were visualized as described above.  
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CHAPTER THREE 

 

6,6’-DIHYDROXYTHIOBINUPHARADINE AS A POISON OF HUMAN TYPE II 

TOPOISOMERASES 

 

Introduction 

 Beyond their critical physiological functions, topoisomerase IIα and IIβ are the targets for some 

of the most widely prescribed anticancer agents worldwide (Deweese and Osheroff 2009, Nitiss 

2009, Pommier, Leo et al. 2010, Pommier 2013, Ketron and Osheroff 2014, Pendleton, Lindsey et 

al. 2014). As discussed in Chapter 1, topoisomerase II-targeted drugs act by stabilizing covalent 

enzyme-cleaved DNA complexes (cleavage complexes) that are requisite intermediates in the 

catalytic cycle of topoisomerase IIα and IIβ (Deweese and Osheroff 2009, Nitiss 2009, Pommier, 

Leo et al. 2010, Pommier 2013, Ketron and Osheroff 2014, Pendleton, Lindsey et al. 2014, Vann, 

Oviatt et al. 2021). Thus, these agents convert type II topoisomerases from essential enzymes to 

toxic proteins that fragment the genome. Drugs that act by this mechanism are referred to as 

topoisomerase II “poisons” to distinguish them from “catalytic inhibitors” that act by robbing the 

cell of the catalytic functions of these enzymes (Deweese and Osheroff 2009, Nitiss 2009, 

Pommier, Leo et al. 2010, Pommier 2013, Ketron and Osheroff 2014, Pendleton, Lindsey et al. 

2014). 

 In addition to anticancer drugs, a number of phytochemicals with anticancer, 

chemopreventative, or other health-promoting properties act as topoisomerase II poisons (Ketron 

and Osheroff 2014). In an effort to identify additional natural products that act as poisons of human 

type II topoisomerases, we conducted a blind screen of a library of 341 Mediterranean plant 
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extracts. Species in the library were collected primarily from the Tel Aviv University Botanical 

Garden or arid lands. Previous work with this library determined that extracts from Phillyrea 

latifolia L. enhanced DNA cleavage mediated by human topoisomerase IIα, which led to the 

identification of hydroxytyrosol, oleuropein, and verbascoside as topoisomerase II poisons (Vann, 

Sedgeman et al. 2015). 

 

Results and Discussion 

 In the present study, extracts from Nuphar lutea, the yellow water lily, were found to increase 

levels of DNA cleavage mediated by human topoisomerase IIα ~2.5-fold (not shown). This flower 

is found in ponds and marshes nearly worldwide (Ozer, Fishman et al. 2017). N. lutea extracts 

have been used for treatment of inflammation in the traditional medicine of Lebanon, Japan, and 

the Gitskan people of British Columbia, Canada (Johnson 2006, El Beyrouthy, Arnold et al. 2008, 

Nakae, Yokoi et al. 2012). They also have been reported to possess anti-leishmanial, anti-bacterial, 

and potentially anticancer properties (El-On, Ozer et al. 2009, El-On, Ozer et al. 2009, Ozer, El-

On et al. 2010, Ozer, Levi et al. 2015, Ozer, Fishman et al. 2017, Levy, Chapple et al. 2019). 6,6’-

Dihydroxythiobinupharidine (DTBN, Figure 3.1) is the active compound in N. lutea (Ozer, 

Fishman et al. 2017). Therefore, we determined the effects of DTBN on the DNA cleavage 

activities of human topoisomerase IIα and IIβ.  

 As seen in Figure 3.2, DTBN enhanced DNA cleavage mediated by both isoforms but had a 

considerably larger effect on topoisomerase IIα. Whereas the compound increased levels of 

double-stranded DNA breaks generated by the α isoform ~8-fold (from ~2% to ~16% of the DNA 

substrate), it increased cleavage by the β isoform ~3-fold (from ~2% to ~6% of the DNA substrate).  
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Figure 3.1: Structure of 6,6’-dihydroxythiobinupharidine (DTBN). DTBN is the active 
compound in N. lutea. 
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Figure 3.2: DTBN increases levels of DNA double-stranded cleavage mediated by human 

type II topoisomerases. The effects of DTBN on double-stranded DNA cleavage mediated by 
human topoisomerase IIα (Topo IIα, blue) and topoisomerase IIβ (Topo IIβ, red) are shown. DNA 
cleavage levels were normalized by comparison to linear standards, which were set to 100%. Error 
bars represent standard deviations of three independent experiments. A representative ethidium 
bromide-stained agarose gel containing an experiment with topoisomerase IIα is shown at the top. 
The positions of negatively supercoiled (SC), nicked (nick), and linear (lin) plasmid are shown. 
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Because of the enhanced activity of DTBN against topoisomerase IIα, this isoform was used for 

all the mechanistic studies that follow.  

 Prior to further analysis, two experiments were carried out to ensure that the DNA cleavage 

observed in the presence of DTBN was mediated by topoisomerase IIα (Figure 3.3). In the first, 

500 µM DTBN was incubated with DNA in the absence of enzyme under the conditions of the 

DNA cleavage assay. No DNA cleavage was seen. In the second, topoisomerase IIα was included 

in assays, however, reactions were incubated with 25 mM EDTA prior to the addition of SDS 

(which traps the cleavage complex). The addition of this chelating agent removes the active site 

Mg2+ ions that are required for DNA scission (Osheroff 1987). Therefore, EDTA reverses DNA 

cleavage mediated by the type II enzyme (Osheroff 1987). This is seen in Figure 3.3; the addition 

of EDTA significantly diminished levels of double-stranded DNA scission. This reversal of 

cleavage is inconsistent with a non-enzymatic reaction and provides strong evidence that the DNA 

cleavage enhancement observed in the presence of DTBN is mediated by the human type II 

enzyme.  

 A previous study found that compounds that formed longer lasting cleavage complexes 

displayed greater cytotoxicity (Bandele and Osheroff 2008). Therefore, we determined the stability 

of cleavage complexes formed in the presence of DTBN (Figure 3.4). This was accomplished by 

establishing DNA cleavage-ligation equilibria and diluting samples 20-fold with buffer that 

included no divalent cation. Thus, once the DNA dissociates from topoisomerase IIα, it is unlikely 

that the enzyme will form new cleavage complexes. Whereas the t1/2 of the cleavage complex was 

less than 30 s when formed in the absence of DTBN, it was stable over a 4 h time course in the 

presence of the compound.  
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Figure 3.3: DNA cleavage induced by DTBN is mediated by human topoisomerase IIα. Assay 
mixtures contained DNA alone (DNA, black), DNA with DTBN in the absence of enzyme (DTBN, 
orange), topoisomerase IIα with DNA in the absence of DTBN (Topo II, blue), complete reactions 
stopped with SDS prior to the addition of EDTA (SDS, red), or complete reactions treated with 
EDTA prior to the addition of SDS (EDTA, green). Error bars represent the standard error of the 
mean of two independent experiments. A representative ethidium bromide-stained agarose gel is 
shown at the top and DNA positions are as indicated in Figure 3.2. 
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Figure 3.4: DTBN induces stable topoisomerase IIα-DNA cleavage complexes. Reactions were 
allowed to reach cleavage-ligation equilibrium, diluted with reaction buffer that lacked Mg2+, and 
persistence was measured by assessing the loss of double-stranded breaks. DNA cleavage at time 
zero was set to 100%. Reactions included no compound (black) or 500 µM DTBN (blue). Error 
bars represent standard deviations of three independent experiments. 
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 As discussed in Chapter 1, topoisomerase II poisons can be grouped into two different classes. 

Anticancer drugs such as etoposide interact noncovalently at the interface between the enzyme and 

its DNA substrate, contacting both (Pommier and Marchand 2012). Once DNA scission has taken 

place, the drug intercalates between the bases of the cleaved scissile bond, blocking ligation (Wu, 

Li et al. 2011, Pommier and Marchand 2012). Compounds that act in this non-covalent fashion are 

referred to as interfacial topoisomerase II poisons (Pommier and Marchand 2012).  

 In contrast, compounds such as benzoquinone interact covalently with topoisomerase II outside 

of the DNA cleavage active site (Lindsey, Bromberg et al. 2004, Deweese and Osheroff 2009, 

Ketron and Osheroff 2014). These compounds adduct cysteine (and potentially other) residues and 

are believed to enhance cleavage by stabilizing the dimerization of the N-terminal domain of the 

enzyme (Wang, Mao et al. 2001, Bender, Lehmler et al. 2006, Bender and Osheroff 2007, Lin, 

Zhou et al. 2011, Lindsey, Pendleton et al. 2014). Compounds that act by adducting the enzyme 

are referred to as covalent topoisomerase II poisons (Bender, Lehmler et al. 2006, Deweese and 

Osheroff 2009, Ketron and Osheroff 2014). In contrast to interfacial poisons, covalent poisons can 

have variable effects on enzyme-mediated DNA ligation. Whereas compounds such as 

benzoquinone strongly inhibit ligation, others such as hydroxytyrosol have relatively little effect 

(Lindsey, Bromberg et al. 2004, Vann, Sedgeman et al. 2015).  

 As a first step towards characterizing the mechanism by which DTBN enhances DNA 

cleavage, we examined the effects of the compound on the rate of DNA ligation mediated by 

human topoisomerase IIα. Unlike etoposide and other anticancer drugs, DTBN had very little 

effect on the rate of ligation (t1/2 = 11 s versus 12.5 s in the presence or absence of DTBN, 

respectively). This finding suggests that the compound may act as a covalent poison of 

topoisomerase IIα.  
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 To further elucidate the mechanistic basis for the actions of DTBN, we took advantage of 

several hallmark characteristics of covalent poisons that they do not share with interfacial poisons. 

First, because covalent poisons often adduct cysteine residues and require redox cycling, their 

activity against the type II enzyme can be diminished in the presence of thiol-containing 

compounds or reducing agents (Wang, Mao et al. 2001, Lindsey, Bromberg et al. 2004, Deweese 

and Osheroff 2009, Ketron, Gordon et al. 2013). Therefore, we examined the effects of these 

compounds on the activity of DTBN. It is possible that DTBN forms an iminium that may be 

reduced. As seen in Figure 3.5, the thiol reagents dithiothreitol and glutathione (1 mM) decreased 

the ability of DTBN to induce DNA cleavage by ~50%. In addition, the reducing agent ascorbic 

acid (2.5 mM) abrogated the effects of DTBN on DNA cleavage mediated by human 

topoisomerase IIα. These results are consistent with the covalent mechanism of poisoning.  

 Second, when covalent poisons are incubated with topoisomerase II prior to the addition of 

DNA, they inactivate the enzyme (Wang, Mao et al. 2001, Lindsey, Bromberg et al. 2004, Deweese 

and Osheroff 2009, Ketron, Gordon et al. 2013). This is likely due (in part) to the fact that they 

close the N-terminal protein gate which prevents plasmid DNA from entering the active site of the 

enzyme (Bender, Lehmler et al. 2006, Bender and Osheroff 2007, Mondrala and Eastmond 2010). 

There is also evidence that in the absence of DNA, covalent poisons may adduct a critical residue 

in the active site of the enzyme (Bender, Lehmler et al. 2006). When incubated with topoisomerase 

IIα prior to the addition of DNA, DTBN completely inactivated the enzyme within 120 s (t1/2 = 30 

s) (Figure 3.6). Once again, this finding indicates that DTBN acts as a covalent poison.  

 Third, because of their mechanism of action, covalent poisons require the presence of the N-

terminal domain of topoisomerase II (Bender, Lehmler et al. 2006, Bender and Osheroff 2007, 

Mondrala and Eastmond 2010, Lindsey, Pendleton et al. 2014). Therefore, we examined the ability  
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Figure 3.5: The ability of DTBN to poison topoisomerase IIα is diminished by thiol containing 

compounds and reducing agents. DNA cleavage reactions were carried out in the presence of 1 
mM dithiothreitol (DTT) (red), 1 mM glutathione (yellow), or 2.5 mM ascorbic acid (purple). Error 
bars represent standard deviations of three independent experiments. 
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of DTBN to induce DNA cleavage with the catalytic core of human topoisomerase IIα. The 

catalytic core (residues 431 to 1193; see Chapter 1, Figure 1.3) includes the active site tyrosine 

residues that act as the nucleophiles for DNA scission as well as the TOPRIM domain that contains 

the residues necessary to bind the active site divalent metal ions (Lindsey, Pendleton et al. 2014). 

Although the catalytic core of the enzyme is competent to cleave and ligate DNA substrates, it 

lacks both the N-terminal and C-terminal domains of the enzyme and cannot carry out the DNA 

strand passage reaction (Lindsey, Pendleton et al. 2014). As seen in Figure 3.7, DTBN 

concentrations as high as 1 mM were unable to induce enzyme-mediated DNA cleavage with the 

catalytic core. This result contrasts with that with etoposide, which induced DNA cleavage at 50 

and 100 µM.  

 To ensure that results with the catalytic core were due to the loss of the N-terminal domain, we 

examined the effects of DTBN on a topoisomerase IIα deletion construct that contained the N-

terminal portion of the protein but lacked the C-terminal domain (Dickey and Osheroff 2005). The 

compound still retained the ability to induce cleavage with the C-terminal deletion construct 

(Figure 3.8). As a final control, we determined whether DTBN could interfere with the actions of 

etoposide in the catalytic core. Because etoposide is known to interact at the DNA cleavage active 

site of topoisomerase II (Deweese and Osheroff 2009, Wu, Li et al. 2011, Pommier and Marchand 

2012, Ketron and Osheroff 2014) and covalent poisons act at residues outside the active site that 

impact the actions of the N-terminal domain, if DTBN is acting as a covalent poison, it should not 

be able to interfere with the actions of etoposide in the catalytic core of topoisomerase IIα (Lindsey, 

Pendleton et al. 2014). As seen in Figure 3.9, this was the case. DTBN had no effect on the ability 

of etoposide to induce enzyme-mediated DNA cleavage.  
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Figure 3.6: DTBN inhibits the activity of human topoisomerase IIα when incubated with the 

enzyme prior to the addition of DNA. Data represent incubation times for 500 µM DTBN and 
topoisomerase IIα prior to the addition of DNA. The effects on double-stranded breaks are shown. 
DNA cleavage levels were calculated relative to that at time zero which was set to 1.0. Error bars 
represent standard deviations of three independent experiments. 
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Figure 3.7: DTBN acts outside the active site of topoisomerase IIα. DNA cleavage assays 
utilized a human topoisomerase IIα deletion construct that was lacking both the N- and C-terminal 
domains (catalytic core; Topo IIαcc). The bar graph shows results for reactions that contained no 
compound (Topo IIαcc, black), 500 µM DTBN (DTBN 500, blue), or 50 or 100 µM etoposide 
(Etop 50, red; Etop 100, green). Error bars represent standard deviations of three independent 
experiments. A representative ethidium bromide-stained gel is shown at the top. The gel shows an 
assay with DNA alone (DNA), assays containing Topo IIαcc, and 0-1000 µM DTBN or 50 and 
100 µM etoposide. A linear standard (Lin) is shown. DNA positions are as indicated in Figure 3.2. 
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Conclusions 

 Taken together, the findings described above provide strong evidence that DTBN is a covalent 

poison of human type II topoisomerases. They further suggest that at least some of the  

biological/medicinal effects of the compound may result from this activity. Finally, DTBN is 

unusual in that it has a greater effect on topoisomerase IIα than topoisomerase IIβ, which may 

mitigate some of the leukemogenic potential of the β isoform. 
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Figure 3.8: DTBN enhances DNA cleavage with a deletion construct of topoisomerase IIα 

that lacks the C-terminal domain. Assays utilized either the deletion construct (Topo IIαΔCTD, 
red) or full-length topoisomerase IIα (Topo IIα, blue). DNA cleavage levels were compared to 
linear standards, which were set to 100%. Error bars represent standard deviations of three 
independent experiments. 
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Figure 3.9: DTBN does not compete with etoposide at the DNA cleavage-ligation active site 

of the enzyme. DNA cleavage assays utilized the human topoisomerase IIα deletion construct that 
was lacking both the N- and C-terminal domains (Topo IIαcc). Assays were carried out in the 
absence of compound (Topo IIαcc, black), or in the presence of 50 µM etoposide (Etop 50, red), 
500 µM DTBN (DTBN 500, blue), or both 50 µM etoposide and 500 µM DTBN simultaneously 
(Both, purple). DNA cleavage levels were compared to linear standards, which were set to 100%. 
Error bars represent standard deviations of three independent experiments. A representative 
ethidium bromide-stained gel is shown at the top. DNA positions are as indicated in Figure 3.2. 
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CHAPTER FOUR 

 

RECOGNITION OF DNA SUPERCOIL HANDEDNESS DURING CATENATION 

CATALYZED BY TYPE II TOPOISOMERASES 

 

Introduction 

 Previous studies suggest that catenation catalyzed by type II topoisomerases plays an 

important role in stabilizing interactions between sister chromatids as cells transition into mitosis 

(Nitiss 2009, Bauer, Marie et al. 2012, Sen, Leonard et al. 2016). Prior to the uncoupling of sister 

chromatids, eukaryotic topoisomerase II and bacterial topoisomerase IV appear to catalyze 

multiple cycles of catenation/decatenation, which switches to decatenation at the onset of anaphase 

(Sen, Leonard et al. 2016). 

 Immediately prior to decatenation of sister chromatids during mitosis in yeast and E. coli, the 

DNA becomes positively supercoiled. However, during the same time frame, it becomes 

associated with condensins and other mitotic factors that may influence the process (Baxter, Sen 

et al. 2011, Zawadzki, Stracy et al. 2015). These studies suggest that type II topoisomerases may 

preferentially decatenate positively over negatively supercoiled DNA (Baxter, Sen et al. 2011, 

Zawadzki, Stracy et al. 2015). In support of this conclusion, single molecule experiments indicate 

that human topoisomerase IIα decatenates positively intertwined molecules approximately 2-fold 

faster than negatively supercoiled substrates (Seol, Gentry et al. 2013). 

 As discussed in Chapter 1, DNA supercoil handedness has an important effect on type II 

topoisomerase activity. One important cellular function of type II topoisomerases is the 
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catenation/decatenation of DNA (Nitiss 2009, Bauer, Marie et al. 2012, Sen, Leonard et al. 2016). 

However, little is known about the influence of DNA supercoil handedness on this latter reaction.  

 Therefore, as a first step toward understanding the molecular conditions that influence the 

catenation/decatenation cycle, we investigated the effects of DNA topology on the ability of 

human topoisomerase IIα and IIβ and three species of bacterial topoisomerase IV to catenate DNA. 

As previously shown for relaxation reactions (McClendon, Rodriguez et al. 2005, Ashley, 

Dittmore et al. 2017), topoisomerase IIα and topoisomerase IV are able to distinguish supercoil 

geometry during the catenation reaction. However, the supercoil preference for topoisomerase IIα 

during the catenation process is opposite from that of relaxation.  

 

Results 

Effects of Supercoil Handedness on DNA Catenation Catalyzed by Human Topoisomerase IIα and 

IIβ 

 Previous studies demonstrated that human topoisomerase IIα can discern supercoil 

handedness during the intramolecular DNA relaxation reaction, preferentially removing positive 

over negative supercoils by an order of magnitude (McClendon, Rodriguez et al. 2005). In contrast, 

the β isoform was unable to distinguish supercoil geometry and relaxed positive and negative 

supercoils at similar rates (McClendon, Rodriguez et al. 2005). Therefore, to determine whether 

these relationships hold true for intermolecular double-stranded DNA strand passage events, the 

effects of supercoil handedness on the ability of topoisomerase IIα and β to catenate DNA 

substrates were examined. 

 Given DNA with superhelical twists, type II topoisomerases generally carry out an 

intramolecular double-stranded DNA passage reaction, relaxing plasmids as opposed to catenating 
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them (Osheroff 1998, Champoux 2001, Fortune and Osheroff 2001). This is likely due to the 

repulsion of plasmids from one another because of the strong negative charge of the sugar-

phosphate backbone. However, if the negative charges on the DNA are neutralized by the presence 

of a polycation, such as histone H1, type II topoisomerases switch from catalyzing intramolecular 

DNA relaxation to intermolecular catenation (Krasnow and Cozzarelli 1982). Under these 

conditions, no relaxation of the DNA is observed (see the gel in Figure 4.2). Therefore, unless 

stated otherwise, histone H1 was included as the “DNA condensing agent” in all assays discussed 

below. 

 In parallel to relaxation, topoisomerase IIα was able to distinguish supercoil handedness 

during catenation whereas topoisomerase IIβ catenated negatively supercoiled, positively 

supercoiled, and relaxed DNA at similar rates (t1/2 » 6 min, 4 min, and 10 min, respectively, k » 

0.11, 0.19, and 0.07 %/min, respectively) (Figure 4.1, Table 4.1). However, in contrast to the 

intramolecular reaction, the α isoform displayed a different substrate preference during 

intermolecular DNA strand passage. Indeed, topoisomerase IIα catenated negatively supercoiled 

DNA (t1/2 » 7.5 min, k » 0.09 %/min) nearly 5 times faster than positively supercoiled substrates 

(t1/2 » 37 min, k » 0.02 %/min) (Table 4.1). Furthermore, positively supercoiled DNA did not 

become fully catenated even after 120 min. 

 There are two potential caveats to the results shown in Figure 4.1: first, even though the 

presence of histone H1 in reactions neutralizes the charge in DNA and shifts topoisomerase II-

catalyzed reactions from relaxation to catenation, there is still a chance that relaxation is taking 

place prior to catenation. If this were the case, the interconversion of substrates from supercoiled 

to relaxed could alter the kinetics of catenation. However, this does not appear to be the case as no  
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Figure 4.1: Human topoisomerase IIα shows supercoil preference during DNA catenation, 

while topoisomerase IIβ does not. Catenation of negatively supercoiled [(-)SC], positively 
supercoiled [(+)SC], and relaxed DNA by human topoisomerase IIα (left panel) and human 
topoisomerase IIβ (right panel). Topoisomerase IIα displays a preference for catenating relaxed 
DNA and (-)SC DNA over (+)SC DNA. Topoisomerase IIβ displays little discrimination between 
the three DNA substrates. Error bars represent the standard deviations of at least three independent 
experiments. 
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Table 4.1: t1/2 and k values for Figure 4.1 and Figure 4.5 

 

 

Topoisomerase IIα Topoisomerase IIβ 
Topoisomerase 

IIαDCTD 

t1/2 
(min)* 

Rate 

(k) 

(%/min) 

95% 

CI of 

k† 
 

t1/2 

(min)* 

Rate 

(k) 

(%/min) 

95% 

CI of 

k† 

t1/2 

(min)* 

Rate 

(k) 

(%/min) 

95% 

CI of 

k† 

(-)SC 7.5 0.092 

0.054 
to 

0.15 
 

6.2 0.11 

0.076 
to 

0.16 
 

43 0.016 
0.013 

to 
0.02 

(+)SC 37 0.019 

0.014 
to 

0.024 
 

3.6 0.19 

0.11 
to 

0.32 
 

25 0.027 
0.019 

to 
0.037 

Rel 0.81 0.85 

0.59 
to 

1.18 
 

9.6 0.072 

0.036 
to 

0.17 
 

51 0.014 
0.009 

to 
0.018 

*t1/2 = 0.693/k 
†CI: Confidence Intervals 
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Figure 4.2: Catenation of DNA by human topoisomerase IIα. Catenation of negatively 
supercoiled [(-)SC] (top), relaxed (bottom left) and positively supercoiled [(+)SC] (bottom right) 
DNA by human topoisomerase IIα shows monomeric substrate disappearing as catenated product 
(Cat) appears as time progresses with no relaxed monomeric DNA intermediates. 
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relaxed monomer intermediates were observed during the course of catenation reactions (Figure 

4.2). 

 Second, although there is no evidence in the literature that the topological state of DNA 

influences its interactions with histones, it is possible that histone H1 displays different affinities 

for positively supercoiled, negatively supercoiled, and relaxed DNA. As changes in histone affinity 

could affect rates of catenation, two experiments were carried out to address this issue: in the first, 

electrophoretic mobility shift assays were used to assess the affinity of histone H1 for positively 

and negatively supercoiled DNA. The observed shifts for the different DNA species appeared to 

be similar (Figure 4.3). In the second experiment, catalytic levels of topoisomerase IIα and IIβ (8.8 

nM) were replaced with high concentrations of enzyme (440 nM), and histone H1 was omitted 

from the catenation assays. It has been shown previously that condensing agents such as histones 

are not necessary for catenation at high concentrations of topoisomerase II (Osheroff 1986). 

Presumably, the high levels of the enzyme are sufficient to neutralize charge of the DNA to allow 

the intramolecular double-stranded DNA passage reaction. Although the rates of catenation were 

considerably faster at high enzyme concentrations, topoisomerase IIα was still able to 

preferentially catenate negatively (t1/2 » 4 s) over positively supercoiled DNA (t1/2 » 12 s) (Figure 

4.4). Thus, it appears that the ability of topoisomerase IIα to distinguish supercoil handedness 

during catenation is not related to potential differences in the interactions of histone H1 with 

positively supercoiled, negatively supercoiled, and relaxed DNA. 

 The ability of topoisomerase IIα to recognize supercoil handedness during the intramolecular 

DNA relaxation reaction resides in the C-terminal domain of the enzyme (McClendon, Gentry et 

al. 2008). When this portion of the enzyme is deleted, topoisomerase IIα no longer preferentially 

relaxes positive DNA supercoils, and the rate of relaxation of the positively supercoiled substrate  
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Figure 4.3: Histone H1 shows similar affinity with different DNA topoisomers. 

Electrophoretic mobility shift assays were performed  with negatively supercoiled [(-)SC] and 
positively supercoiled [(+)SC] DNA incubated with varying amounts of histone H1. The observed 
shifts are similar suggesting that (-)SC and (+)SC DNA have similar affinities to histone H1. 
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Figure 4.4: The condensing agent histone H1 is not required for supercoil handedness 

preference by topoisomerase IIα. Left panel: Catenation of negatively supercoiled [(-)SC] and 
positively supercoiled [(+)SC] DNA with high concentrations of topoisomerase IIα was observed 
in the absence of histone H1. The enzyme showed preference for catenation of negatively 
supercoiled DNA. Right panel: Catenation of (-)SC and (+)SC DNA with high concentrations of 
topoisomerase IIβ was observed in the absence of histone H1. The enzyme showed little 
discrimination between the two substrates. Error bars represent the standard deviations of at least 
three independent experiments. 
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falls to those observed with negatively supercoiled substrates. To determine whether the ability to 

distinguish supercoil handedness during catenation also resides in the C-terminal domain of  

topoisomerase IIα, DNA catenation reactions were carried out using a deletion construct that 

terminated at residue 1175 and lacked this domain (Topo IIαΔCTD). Similar to results seen with 

DNA relaxation, Topo IIαΔCTD no longer preferentially catenated negatively supercoiled and 

relaxed substrates (Figure 4.5). In fact, rates of catenation for these DNA topoisomers were similar 

and dropped below those observed with positively supercoiled DNA (Table 4.1). Therefore, the 

C-terminal domain of topoisomerase IIα appears to play a critical role in allowing the enzyme to 

distinguish DNA substrates during both intra- and intermolecular double-stranded DNA passage 

reactions. 

 

Effects of Supercoil Handedness on DNA Catenation Catalyzed by Bacterial Topoisomerase IV  

 As discussed above, previous studies indicate that bacterial topoisomerase IV and gyrase 

preferentially remove positive supercoils in relaxation assays (Ashley, Blower et al. 2017, Ashley, 

Dittmore et al. 2017). However, because topoisomerase IV is the bacterial type II topoisomerase 

that is primarily responsible for catenating/decatenating DNA, we examined the effects of DNA 

topology on the ability of topoisomerase IV to catenate plasmid substrates. Topoisomerase IV from 

three species, Gram-negative E. coli and N. gonorrhea, and Gram-positive B. anthracis, were used 

for these experiments. The three enzymes displayed a strong preference for catenating positively 

supercoiled over negatively supercoiled substrates (Figure 4.6). In all cases, rates of catenation 

with positively supercoiled DNA were at least an order of magnitude faster than those observed 

with negatively supercoiled plasmid. Unlike human topoisomerase IIα, which displayed the 

opposite preference for supercoil handedness during catenation as opposed to DNA relaxation  
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Figure 4.5: The C-terminal domain of human topoisomerase IIα is required for preferential 

catenation of negatively supercoiled DNA. Catenation of negatively supercoiled [(-)SC], 
positively supercoiled [(+)SC], and relaxed DNA by a deletion construct of human topoisomerase 
IIα enzyme that lacked the C-terminal domain is shown. The enzyme construct lacked the ability 
to preferentially catenate (-)SC DNA. Error bars represent the standard deviations of at least three 
independent experiments. 
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assays, the preference of bacterial topoisomerase IV for positive supercoils during intermolecular 

catenation aligns with its preference for intramolecular relaxation reactions. This finding suggests  

that human topoisomerase IIα and bacterial topoisomerase IV may regulate 

catenation/decatenation reactions differently. 

 A curious difference between the three bacterial enzymes was observed regarding their 

catenation of relaxed substrates. Catenation rates for relaxed plasmids were slower than those for 

negatively supercoiled DNA with E. coli topoisomerase IV, faster than negatively supercoiled 

substrates with the enzyme N. gonorrhoeae topoisomerase IV, and similar to positively 

supercoiled DNA with B. anthracis. At the present time, the underlying basis for these differences 

is not known. 

 

Effects of Superhelical Density on DNA Catenation Rates  

 Given the differences between rates of DNA catenation for relaxed, negatively, and positively 

supercoiled substrates, we examined the influence of superhelical density on the reaction. Two 

potential outcomes can be envisioned. First, there could be an approximately “linear” relationship 

between superhelical density and catenation rates. In this case, increases in levels of supercoiling 

(either positive or negative) would lead to a proportional change in reaction rates. Second, there 

could be a sharp transition between levels of supercoiling and catenation rates. In this case, a 

distinct switch in reaction rates would be observed at a specific superhelical density.  

 To distinguish between these two possibilities, DNA species with a specific range of DNA 

supercoils were generated. Samples with differing degrees of negative supercoils were prepared 

by treating relaxed DNA with topoisomerase I in the presence of varying amounts of the 

intercalator chloroquine (Figure 4.7). Conversely, species with differing degrees of positive  
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Figure 4.6: Catenation of DNA by bacterial topoisomerase IV. Negatively supercoiled [(-)SC], 
positively supercoiled [(+)SC], and relaxed DNA were catenated by E. coli topoisomerase IV, B. 
anthracis topoisomerase IV, or N. gonorrhoeae topoisomerase IV. All three enzymes catenated 
(+)SC DNA faster than (-)SC DNA. Error bars represent the standard deviations of at least three 
independent experiments. 
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supercoils were created by treating DNA with varying amounts of reverse gyrase (Figure 4.8). 

These DNA species were evaluated for superhelical density using a 2D gel electrophoresis system 

(Figure 4.7) (Gibson, Oviatt et al. 2020). 

 Initial experiments were carried out with B. anthracis topoisomerase IV because of the large 

difference between rates of catenation observed between relaxed and negatively supercoiled DNA. 

As seen in Figure 4.9, rates of catenation decrease sharply between 0.15 and 0.25 mg/mL 

chloroquine. These values correspond to substrates containing ~3-8 negative supercoils (median » 

5 supercoils) and ~5-11 negative supercoils (median » 8). Thus, the transition for catenation rates 

between relaxed and negatively supercoiled substrates occurs relatively abruptly with substrates 

containing 5 or fewer supercoils acting like relaxed plasmids while those containing ~8 and above 

acting like negatively supercoiled substrates. Figure 4.10 shows catenation over the transition 

between relaxed and positively supercoiled DNA. As shown in Figure 4.6, B. anthracis 

topoisomerase IV catenates relaxed and positively supercoiled DNA at similar rates. Therefore, as 

expected, substrates with varying degrees of positive supercoiling show similar amounts of 

catenation. 

 

Pathway to DNA Catenation  

 Although high molecular weight catenanes (i.e., those that are too large to enter the gel) likely 

have very complex and diverse structures, two general pathways can be envisioned by which type 

II topoisomerases can mediate their formation. In the first, dimeric structures are formed and act 

as a nucleation point for the further incorporation of monomeric plasmids. In this case, dimers and 

potentially higher order structures would appear as steady-state intermediates in the generation of 

complexes that no longer enter the agarose gel. In the second pathway, the enzyme might display  
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Figure 4.7: 2D gel of DNA with varying levels of negative supercoiling. Left: Schematic 
depicting the migration of topoisomers during 2D gel electrophoresis. The positions of nicked, 
relaxed, negatively supercoiled [(−)SC], and positively supercoiled [(+)SC] DNA are shown as 
black bands. Gray bands represent DNA topoisomers of intermediate supercoiling. Partially 
negatively supercoiled molecules migrate as the arc between relaxed and (−)SC DNA and partially 
positively supercoiled molecules migrate as the arc between (+)SC and relaxed DNA. Figure 
adapted from Gibson and Oviatt et. al (Gibson, Oviatt et al. 2020). Right: 2D gel of DNA with 
varying levels of negative supercoiling. Increasing amounts of chloroquine was added to relaxed 
DNA and treated with topoisomerase I. The chloroquine was then removed to create products with 
different amounts of negative supercoiling. 
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Figure 4.8: 2D gel of DNA with varying levels of positive supercoiling. A titration of reverse 
gyrase was used on relaxed DNA and the DNA was purified to create products with increasing 
amounts of positive supercoiling. 
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Figure 4.9: Effects of DNA with increasing levels of negative supercoiling on catenation. DNA 
substrates with increasing amounts of negative supercoiling were created using a titration of 
chloroquine and topoisomerase I. When negatively supercoiled DNA species were catenated using 
B. anthracis topoisomerase IV for 10 minutes, catenation decreased after a ~5-8 negative 
supercoils were added. Sample labeled Top1 was an enzyme control for topoisomerase I that did 
not contain any chloroquine or topoisomerase IV. 
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Figure 4.10: Effects of DNA with increasing levels of positive supercoiling on catenation. 
DNA with increasing amounts of positive supercoiling was created using a titration of reverse 
gyrase. As relaxed DNA and positively supercoiled DNA has similar rates of catenation by B. 
anthracis, the amount of catenation was unchanged as positive supercoils were added. 
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a preference for monomeric plasmids, converting them all to dimers before higher-order structures 

are observed. The following set of experiments was carried out to examine the pathway by which 

type II topoisomerases catenate DNA and to determine if plasmids with different supercoil 

handedness follow the same pathway.  

 DNA catenation assays utilizing human topoisomerase IIα and B. anthracis topoisomerase IV 

were performed in the presence of histone H1 as described in Figure 4.2 and Figure 4.6, 

respectively, with the exception that reaction mixtures were incubated at 25 ºC (as opposed to 37 

ºC) to slow catenation rates. In addition, samples were treated with the nicking endonuclease 

Nt.BspQI after catenation was terminated but before gel electrophoresis to eliminate potential 

supercoiling differences between products and simplify the kinetic analysis. To maintain 

endonuclease activity, catenation reactions were terminated by incubation at 80 ºC rather than with 

the addition of SDS/EDTA mixtures. Catenation was effectively terminated by this heat protocol 

(Figure 4.11, Figure 4.12). 

 Results with topoisomerase IIα are shown in Figure 4.13. Starting with negatively supercoiled 

monomeric plasmids, steady-state intermediates presumed to be dimers and trimers are visible 

over the disappearance of monomeric substrates. Similar results were seen when positively 

supercoiled substrates were used, albeit at slower reaction rates. These results suggest that 

topoisomerase IIα catenates DNA via the second pathway in which monomers are linked to higher-

order structures. Furthermore, this pathway is unaffected by supercoil handedness. 

 To determine if these relationships also held for a bacterial type II topoisomerase, parallel 

experiments were carried out using B. anthracis topoisomerase IV (Figure 4.14). Similar 

conclusions appear to hold for the bacterial enzyme, although positively supercoiled substrates 

were catenated much more rapidly than negatively supercoiled plasmids.  
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Figure 4.11: Catenation stopped with high heat. Catenation of (-)SC DNA with human 
topoisomerase IIα was incubated at 25 °C for 5 min and then transferred to 80 °C and observed 
over time. Nicked DNA increased over time at high heat but amounts of catenation did not increase 
indicating that the catenation reaction was effectively stopped by incubation at the higher 
temperature. 
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Figure 4.12: Catenation stopped with SDS/EDTA versus high heat. Catenation of (-)SC DNA 
with human topoisomerase IIα was stopped with either high heat at 80 °C for 20 minutes (left) or 
with SDS/EDTA (stop solution) (right). Catenation stopped with high heat shows increased nicked 
DNA. 
  

0 0.5 1 2 5 10 15 30 45 0 0.5 1 2 10 15 30 455
Time (min)



 78 

 

 

Figure 4.13: Production of catenation intermediates by human topoisomerase IIα. Catenation 
of negatively supercoiled DNA [(-)SC] (top left) and positively supercoiled DNA [(+)SC] (top 
right) by human topoisomerase IIα was carried out at 25 °C, terminated at 80 °C, and nicked by 
nicking endonuclease Nt.BspQI. Monomeric unnicked substrate is displayed for comparison 
(bottom). As reaction proceeds, steady state intermediates are visible over the disappearance of 
monomeric substrates.  
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Figure 4.14: Production of catenation intermediates by B. anthracis topoisomerase IV. 

Catenation of negatively supercoiled DNA [(-)SC] (top left) and positively supercoiled DNA 
[(+)SC] (top right) by B. anthracis topoisomerase IV was carried out at 25 °C, terminated at 80 
°C, and nicked by nicking endonuclease Nt.BspQI. Monomeric unnicked substrate is displayed for 
comparison (bottom). As reaction proceeds, steady state intermediates are visible over the 
disappearance of monomeric substrates. 
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Effects of Catenation on DNA Cleavage Mediated by Type II Topoisomerases  

 Type II topoisomerases generate transient double-stranded breaks as requisite intermediates 

in their double-stranded DNA passage reactions (Pendleton, Lindsey et al. 2014). To maintain 

genomic integrity while the DNA is cleaved, these enzymes become linked to the DNA through 

covalent bonds made between the newly generated 5´-terminal DNA phosphates and the 4´-OH 

substituent of active site tyrosine residues (Deweese, Osheroff et al. 2008, Deweese and Osheroff 

2009, Nitiss 2009, Aldred, Kerns et al. 2014, Ketron and Osheroff 2014, Pendleton, Lindsey et al. 

2014, Pommier, Sun et al. 2016, Ashley and Osheroff 2019, Vann, Oviatt et al. 2021). These 

covalent enzyme-DNA complexes are known as cleavage complexes. If ligation of the double 

helix in cleavage complexes is impeded, they become extremely dangerous to the cell (Deweese, 

Osheroff et al. 2008, Deweese and Osheroff 2009, Nitiss 2009, Aldred, Kerns et al. 2014, Ketron 

and Osheroff 2014, Pendleton, Lindsey et al. 2014, Pommier, Sun et al. 2016, Ashley and Osheroff 

2019, Vann, Oviatt et al. 2021). Consequently, a number of compounds that stabilize cleavage 

complexes are used as front-line anticancer and antibacterial drugs that convert type II 

topoisomerases into lethal enzymes through generation of double-stranded breaks and 

fragmentation of the genome (Deweese, Osheroff et al. 2008, Deweese and Osheroff 2009, Nitiss 

2009, Aldred, Kerns et al. 2014, Ketron and Osheroff 2014, Pendleton, Lindsey et al. 2014, 

Pommier, Sun et al. 2016, Gibson, Ashley et al. 2018, Ashley and Osheroff 2019, Bax, Murshudov 

et al. 2019, Vann, Oviatt et al. 2021). Catenated sister chromatids might be particularly susceptible 

to the dangers of cleavage complexes as the forces induced by the mitotic spindle have the potential 

to pull apart these structures, generating double-stranded breaks. 

 To address the issues outlined above, the effects of catenation on DNA cleavage mediated by 

type II topoisomerases were examined. Kinetoplast DNA (kDNA), a highly catenated network of 
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mitochondrial DNA maxi- and minicircles (38 kb and 2.5 kb, respectively) from the unicellular 

eukaryote C. fasciculata, was used for this study (Lukeš, Guilbride et al. 2002). kDNA is generally 

nicked, and consequently is incapable of maintaining supercoils (Rauch, Perez-Morga et al. 1993, 

Chen, Rauch et al. 1995, Lukeš, Guilbride et al. 2002). DNA cleavage was monitored over the 

course of a decatenation assay carried out by human topoisomerase IIα (Figure 4.15). Cleavage 

complexes were trapped by terminating reactions with SDS, which rapidly denatures the type II 

enzyme before it can ligate the cleaved DNA (Bandele and Osheroff 2009). Levels of DNA 

cleavage in reaction mixtures were increased by the addition of etoposide, an anticancer drug that 

stabilizes cleavage complexes. Under the conditions employed, decatenation was completed in 

~120 s. Over the course of the decatenation assay, levels of enzyme-mediated DNA cleavage 

increased ~8-fold (Figure 4.15). This finding suggests that DNA that exists in a highly catenated 

network is less likely to contain DNA strand breaks generated by topoisomerase IIα than is DNA 

in monomeric substrates.  

 A caveat to the above conclusion is that the enhancement of DNA cleavage represents the 

time it takes to form an enzyme-DNA-drug-ATP complex rather than a conversion from catenated 

to monomeric DNA. Three controls suggest this is not the case. First, the enzyme-DNA-drug 

complex was formed and allowed to reach DNA cleavage-ligation equilibrium prior to the 

initiation of decatenation by the addition of ATP. Second, reactions were followed for 300 s, well 

beyond the time required for complete decatenation (Figure 4.16), and no additional increase in 

DNA cleavage was observed once decatenation was complete. Third, a parallel reaction was 

carried out using relaxed monomeric plasmid substrate to monitor the time to DNA cleavage-

ligation equilibrium in the presence of ATP. The relaxed monomeric substrate was used because 

it did not change topological state over the course of the reaction. As seen in Figure 4.17,  
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Figure 4.15: Catenation protects DNA from cleavage mediated by human topoisomerase IIα. 

kDNA was allowed to reach cleavage-ligation equilibrium and then decatenated over time with 
human topoisomerase IIα in the presence of etoposide. Reactions were stopped with 5% SDS to 
trap cleavage complexes. As kDNA (cat) decatenated into minicircles (min) and maxicircles 
(max), the amount of linear DNA (lin) increased suggesting that catenated kDNA maintains a 
lower level of cleavage complexes with catenated kDNA than with monomeric substrates. A 
representative graph is shown at right. 
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Figure 4.16: Amounts of linear kDNA do not increase after decatenation is complete. kDNA 
was allowed to reach cleavage-ligation equilibrium and then decatenated over 300 s with human 
topoisomerase IIα. Reactions were stopped with 5% SDS to trap cleavage complexes. kDNA (Cat) 
became completely decatenated by 120 s, after which point the amount of linear DNA (Lin) 
stopped increasing and remained constant. 
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cleavage-ligation equilibrium was reached within 10 s and no further increase in DNA cleavage 

was observed over the course of the 300 s assay. Taken together, these controls support the 

conclusion that catenation protects DNA from cleavage mediated by topoisomerase IIα.  

 To determine whether a similar conclusion can be drawn with bacterial type II 

topoisomerases, a parallel decatenation/DNA cleavage experiment was carried out using E. coli 

topoisomerase IV. This enzyme was chosen because it maintains high levels of cleavage 

complexes (Aldred, Breland et al. 2014, Ashley, Dittmore et al. 2017). Consequently, the 

experiment shown in Figure 4.18 was carried out in the absence of cleavage-enhancing 

antibacterial drugs. As seen with the human enzyme, DNA cleavage increased over the course of 

the decatenation assay. Although this increase was not as pronounced as seen with the human 

enzyme (cleavage rose a little over 2-fold over the course of the assay), it suggests that catenation 

also protects DNA from cleavage mediated by the bacterial type II topoisomerase. 

 

Discussion 

  Although the genomes of organisms ranging from bacteria to humans are globally 

underwound (negatively supercoiled) (Linka, Porter et al. 2007, Deweese and Osheroff 2009), 

regions that are upstream from replication forks, transcription complexes, and other DNA tracking 

machinery can be severely overwound (positively supercoiled) (Linka, Porter et al. 2007, Deweese 

and Osheroff 2009, Baxter, Sen et al. 2011). These changes in supercoil handedness can have 

profound effects on nucleic acid processes.  
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Figure 4.17: Increases in DNA cleavage during decatenation reactions are not due to 

equilibration time. Relaxed monomeric DNA was allowed to reach cleavage-ligation equilibrium 
and then decatenated over 300 s with human topoisomerase IIα. Reactions were stopped with 5% 
SDS to trap cleavage complexes. Cleavage-ligation equilibrium was reached within 10 s and no 
further increases in linear DNA (Lin) was seen, suggesting that increases seen with kDNA are not 
due to equilibration time. 
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Figure 4.18: Catenation protects DNA from cleavage mediated by E. coli topoisomerase IV. 

kDNA was allowed to reach cleavage-ligation equilibrium and then decatenated over time with E. 
coli topoisomerase IV. Reactions were stopped with 5% SDS to trap cleavage complexes. As 
kDNA (Cat) decatenated into minicircles (Min) and maxicircles (Max), the amount of linear DNA 
(Lin) increased suggesting that catenated kDNA holds lower levels of cleavage complexes than 
decatenated kDNA. A representative graph is shown at right. 
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 The generation of intertwined (i.e., catenated) DNA molecules represents one such nucleic 

acid process (Nitiss 2009, Bauer, Marie et al. 2012, Sen, Leonard et al. 2016). The presence of 

DNA catenanes is precarious. While their formation stabilizes interactions between daughter 

chromosomes, a lack of resolution can have serious consequences for genomic stability (Nitiss 

2009, Bauer, Marie et al. 2012, Sen, Leonard et al. 2016). Therefore, the current work was carried 

out to determine what the effects of supercoil handedness are on the ability of human and bacterial 

type II topoisomerases to catenate DNA. 

 In parallel to DNA relaxation reactions, topoisomerase IIα was able to distinguish between 

different supercoiled states of DNA whereas topoisomerase IIβ was not. Surprisingly, the α 

isoform catenated relaxed and underwound molecules faster than it did overwound substrates, a 

supercoil preference that is opposite from what was found for DNA relaxation. The reason for this 

opposite preference for supercoil handedness is not known, however it may have evolved to 

decrease the possibility of intertangling DNA molecules ahead of approaching replication 

complexes. In contrast, topoisomerase IV from three bacterial species preferentially catenated 

positively supercoiled DNA. However, as this enzyme acts primarily behind replication forks, this 

preference may not be deleterious to cellular processes. Furthermore, as DNA precatenanes appear 

to be positively supercoiled (Postow, Crisona et al. 2001), this behavior may help keep daughter 

chromosomes together until separation in anaphase.  

 Finally, both topoisomerase IIα and topoisomerase IV, the type II enzymes that are involved 

in chromosome segregation, maintain lower levels of cleavage complexes in catenated as opposed 

to monomeric DNA. This allows these enzymes to perform their cellular functions in a safer 

manner as catenated daughter chromosomes may be subject to stress generated by the mitotic 

spindle that could lead to irreversible DNA cleavage. 
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CHAPTER 5 

 

CONCLUSIONS AND IMPLICATIONS 

 

Covalent Poisons and Natural Products 

 Natural products are some of the most productive sources of compounds that have been used 

for drug development (Newman and Cragg 2012, Cragg and Newman 2013). Natural products and 

their derivatives have been used as the basis for almost half of the anticancer drugs used 

worldwide, and many of the topoisomerase II poisons derived from natural products show 

chemotherapeutic or chemopreventative properties (Austin, Patel et al. 1992, Champoux 2001, 

Bandele and Osheroff 2007, Lopez-Lazaro, Willmore et al. 2007, Bandele, Clawson et al. 2008, 

Bandele and Osheroff 2008, Deweese and Osheroff 2009, Nitiss 2009, Lopez-Lazaro, Willmore 

et al. 2010, Pommier, Leo et al. 2010, Lin, Zhou et al. 2011, Vos, Tretter et al. 2011, Ketron, 

Gordon et al. 2013, Timmel, Byl et al. 2013, Vann, Oviatt et al. 2021). Drugs such as etoposide 

and doxorubicin are used to treat a variety of hematological and solid tumors and mitoxantrone is 

used in the treatment of breast cancer and autoimmune diseases such as multiple sclerosis (Hasan, 

Mays et al. 2008, Pendleton, Lindsey et al. 2014). In addition to anticancer drugs, a number of 

phytochemicals with anticancer, chemopreventative, or other health-promoting properties act as 

topoisomerase II poisons (Ketron and Osheroff 2014). Among these compounds are bioflavonoids 

(Austin, Patel et al. 1992, Bandele and Osheroff 2007, Bandele, Clawson et al. 2008), catechins 

(Bandele and Osheroff 2008, Lopez-Lazaro, Calderon-Montano et al. 2011), curcumin (Lopez-

Lazaro, Willmore et al. 2007, Ketron, Gordon et al. 2013), isothiocyanates (Lin, Zhou et al. 2011), 
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and antioxidants such as hydroxytyrosol, oleuropein, and verbascoside (Vann, Sedgeman et al. 

2015). 

 Chapter 3 discusses the effects of 6,6’-dihydroxythiobinupharidine (DTBN), a natural product 

from Nuphar lutea, the yellow water lily, on human type II topoisomerases. DTBN enhanced DNA 

cleavage mediated by both topoisomerase IIa and IIb, a property required of a topoisomerase 

poison. Unusually, it showed greater effect on topoisomerase IIa, which may mitigate the 

leukemogenic potential of the b isoform. Further results suggested that DTBN may be a covalent 

poison of topoisomerase II. Cleavage complexes induced by DTBN were seen to be stable for over 

4 h, and incubation with the enzyme prior to the addition of DNA caused inhibition of DNA 

cleavage. Covalent poisons adduct cysteine residues and require redox cycling, and as a result their 

actions can be diminished by the use of a reducing agent or thiol containing compound. In the 

presence of the thiol compounds dithiothreitol and glutathione and the reducing agent ascorbic 

acid, the activity of DTBN on topoisomerase IIa decreased 50%, an effect that is consistent with 

covalent poisoning. It is possible that DTBN may form an iminium that is affected by reducing 

agents and thiol-containing compounds. 

 One of the major differences between covalent poisons and interfacial poisons is the location 

at which the compound acts. Interfacial poisons such as etoposide act at the enzyme active site, 

whereas covalent poisons act at a site distal to the active site, usually at the N-terminal domain 

(Wang, Mao et al. 2001, Bender, Lehmler et al. 2006, Bender and Osheroff 2007, Lin, Zhou et al. 

2011, Pommier and Marchand 2012, Lindsey, Pendleton et al. 2014). DTBN, consistent with the 

properties of a covalent poison, was unable to induce DNA cleavage in the absence of the N-

terminal domain.  
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 All these results taken together suggest that DTBN is a covalent poison of human type II 

topoisomerases. N. lutea extracts have previously been used as a treatment for inflammation in the 

traditional medicine of Lebanon, Japan, and the Gitskan people of British Columbia, Canada. They 

have also been reported to have antibacterial, antileishmanial, and potential anticancer properties 

(El-On, Ozer et al. 2009, El-On, Ozer et al. 2009, Ozer, El-On et al. 2010, Ozer, Levi et al. 2015, 

Ozer, Fishman et al. 2017, Levy, Chapple et al. 2019). As DTBN is the active compound in N. 

lutea, it is likely that some of these properties and medicinal uses come from interactions with 

topoisomerases. 

 Further studies with DTBN could include addition of the compound to cells to determine 

whether it still displays effects of a topoisomerase poison when not in a purified system. The 

compound may have to be modified to allow entry into cells, as it has a molecular weight of over 

500 g/mol. As mentioned earlier, many topoisomerase II poisons that are used as anticancer drugs 

were initially developed from natural products. If DTBN shows effectiveness as a topoisomerase 

poison in cells, it could be investigated further for potential as a therapeutic. 

 A caveat to studying DTBN would be the requirement of a very high dose. Results shown in 

Chapter 3 suggest that 1 mM DTBN induces ~16% cleavage of the DNA substrate. The high 

amount of the compound required to produce this DNA cleavage effect would mean that a 

concentration would need to be found for use in cells that is high enough to produce the desired 

outcome without causing an undue level of off-target effects on the cell.  

 

The Catenation/Decatenation Reaction and Recognition of DNA Supercoil Geometry 

 As mentioned in Chapter 1, the genomes of eukaryotes and bacteria are globally underwound 

(negatively supercoiled) (Linka, Porter et al. 2007, Deweese and Osheroff 2009). Despite this, 
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regions that are upstream from replication forks, transcription complexes, and other DNA tracking 

machinery can be severely overwound (positively supercoiled) (Linka, Porter et al. 2007, Deweese 

and Osheroff 2009, Baxter, Sen et al. 2011). These changes in supercoil handedness can have 

profound effects on nucleic acid processes.  

 Catenation of DNA is one such nucleic acid process. While catenane formation stabilizes 

interactions between daughter chromosomes, catenanes can pose a danger as well, as a lack of 

resolution can have serious consequences for genomic stability (Nitiss 2009, Bauer, Marie et al. 

2012, Sen, Leonard et al. 2016). Therefore, experiments discussed in Chapter 4 investigate the 

effects of DNA supercoil handedness on the intramolecular catenation reaction catalyzed by type 

II topoisomerases. 

 As mentioned earlier in this dissertation, several type II topoisomerases recognize supercoil 

handedness of DNA during enzymatic function. Notably, topoisomerase IIa and topoisomerase 

IV both show preference for positively supercoiled DNA over negatively supercoiled DNA during 

the intermolecular relaxation reaction (McClendon, Rodriguez et al. 2005) (Ashley, Dittmore et 

al. 2017). 

 Consistent with these previous findings, human topoisomerase IIa and bacterial topoisomerase 

IV both showed preference of supercoil handedness during catenation. However, topoisomerase 

IIa preferentially catenated negatively supercoiled DNA, which was the opposite preference to 

what had been seen with relaxation. The reason for this opposite preference for supercoil 

handedness is not known but may have evolved to decrease the possibility of intertangling DNA 

molecules ahead of approaching replication complexes. In contrast, topoisomerase IV from three 

bacterial species preferentially catenated positively supercoiled DNA, although, as this enzyme 

acts primarily behind replication forks, this preference may not be dangerous to cellular processes. 
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Furthermore, as DNA precatenanes appear to be positively supercoiled (Postow, Crisona et al. 

2001), this may help keep daughter chromosomes together until separation during anaphase. 

 Studies performed in bacterial and yeast cells indicate that DNA becomes positively 

supercoiled prior to decatenation in the presence of condensins and other mitotic factors (Baxter, 

Sen et al. 2011, Zawadzki, Stracy et al. 2015). As bacterial topoisomerase IV also preferentially 

relaxes and preferentially catenates positively supercoiled DNA over negatively supercoiled DNA, 

one can speculate that topoisomerase IV may show a general preference for positively supercoiled 

DNA during double-stranded DNA strand passage events. If this is the case, it is possible that 

topoisomerase IV acts by a different mechanism than human topoisomerase IIa, as the human 

enzyme shows different supercoil handedness preference between the relaxation and catenation 

reactions. 

 For future studies, it may be interesting to collaborate with a lab that does 3D modeling to 

determine how catenation with different supercoil handedness may vary between the substrate 

species. It would be interesting to model in particular how the different type II enzymes bind and 

interact differently with varying substrates during catenation and may help elucidate the 

differences between catenation by topoisomerase IIa and by topoisomerase IV. 

 Further investigation would also involve the study of the decatenation reaction to determine if 

the patterns seen with catenation by type II topoisomerases are also true of the reverse reaction. 

This would be studied by observing how catenated substrates of different supercoiling state 

decatenate into monomeric product. If topoisomerase IIa preferentially catenates negatively 

supercoiled DNA over positively supercoiled DNA, it may follow that the enzyme may 

preferentially decatenate positively supercoiled DNA over negatively supercoiled DNA. In yeast 

cells, the positive supercoiling of DNA drives decatenation by topoisomerase II prior to mitosis 



 93 

(Baxter, Sen et al. 2011). It remains to be seen if this is an intrinsic property of the enzyme that 

continues in a purified system devoid of mitotic factors. 

 Results discussed in Chapter 4 also showed that human topoisomerase IIa and E. coli 

topoisomerase IV maintain lower levels of cleavage complexes in catenated DNA than in 

decatenated DNA. The kDNA substrate used to test the cleavage of catenated versus decatenated 

DNA is characterized by being a highly catenated network of DNA circles (Lukeš, Guilbride et al. 

2002). It can be hypothesized that catenated daughter chromosomes may be subject to stress 

generated by the mitotic spindle which could lead to irreversible DNA cleavage, and therefore 

lower levels of DNA cleavage on catenated DNA may allow for an evolutionarily safer enzyme. 

 As it is possible that kDNA is too highly tangled for the enzyme to properly cleave the DNA, 

it would be beneficial to test the cleavage of lower order catenanes, such as dimers, as compared 

to monomeric substrate and thereby determine if the results are consistent with those observed 

with kDNA.  

 kDNA is also highly nicked and therefore cannot hold supercoils (Rauch, Perez-Morga et al. 

1993, Lukeš, Guilbride et al. 2002). It would be interesting to observe whether cleavage of 

catenated DNA changes with the addition of supercoiling. A collaboration was established with 

Dr. Tony Maxwell of the John Innis Centre to obtain a substrate that could be used to form dimers 

and could also be supercoiled, but unfortunately supply chain issues prevented me from obtaining 

and using it. The system involved an engineered plasmid that contained two resolvase sites that 

would allow for the creation of a singly-linked catenane (i.e., a dimer) that was small enough to fit 

into an agarose gel and could be supercoiled (Waraich, Jain et al. 2020). This substrate would still 

be a fascinating utility for future experiments to observe cleavage of dimers versus monomers. 
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 Catenation of DNA occurs at an important point in the cell cycle: catenation is used to stabilize 

interactions between daughter chromosomes, ensuring that separation does not occur too early as 

the cell prepares for mitosis (Nitiss 2009, Bauer, Marie et al. 2012, Sen, Leonard et al. 2016). 

However, as disruption of DNA replication and the mitotic process can have grave consequences 

on a cell, many factors must be considered, including the location of replication and mitotic 

machinery relative to the activity of topoisomerases. As discussed above and in Chapter 4, human 

topoisomerase IIa, for example, may show preference for catenation of negatively supercoiled 

DNA and for cleavage of decatenated DNA as an evolutionary response to protect the DNA from 

risk of breakage. Therefore, the study of the effects of supercoil handedness on catenation by type 

II topoisomerases allows for greater insight into a delicately balanced process and could be used 

to help tailor future therapeutics to destabilize a cancer cell during a critical moment in the cell 

cycle. 
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